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PREFACE 

Genesis of This Investigation 

Immediately following the terrorist attack on the World Trade Center (WTC) on September 11, 2001, the 
Federal Emergency Management Agency (FEMA) and the American Society of Civil Engineers began 
planning a building performance study of the disaster.  The week of October 7, as soon as the rescue and 
search efforts ceased, the Building Performance Study Team went to the site and began its assessment.  
This was to be a brief effort, as the study team consisted of experts who largely volunteered their time 
away from their other professional commitments.  The Building Performance Study Team issued its 
report in May 2002, fulfilling its goal “to determine probable failure mechanisms and to identify areas of 
future investigation that could lead to practical measures for improving the damage resistance of buildings 
against such unforeseen events.” 

On August 21, 2002, with funding from the U.S. Congress through FEMA, the National Institute of 
Standards and Technology (NIST) announced its building and fire safety investigation of the WTC 
disaster.  On October 1, 2002, the National Construction Safety Team Act (Public Law 107-231), was 
signed into law.  The NIST WTC Investigation was conducted under the authority of the National 
Construction Safety Team Act. 

The goals of the investigation of the WTC disaster were: 

• To investigate the building construction, the materials used, and the technical conditions that 
contributed to the outcome of the WTC disaster. 

• To serve as the basis for: 

− Improvements in the way buildings are designed, constructed, maintained, and used; 

− Improved tools and guidance for industry and safety officials; 

− Recommended revisions to current codes, standards, and practices; and 

− Improved public safety. 

The specific objectives were: 

1. Determine why and how WTC 1 and WTC 2 collapsed following the initial impacts of the 
aircraft and why and how WTC 7 collapsed; 

2. Determine why the injuries and fatalities were so high or low depending on location, 
including all technical aspects of fire protection, occupant behavior, evacuation, and 
emergency response;  

3. Determine what procedures and practices were used in the design, construction, operation, 
and maintenance of WTC 1, 2, and 7; and 

4. Identify, as specifically as possible, areas in current building and fire codes, standards, and 
practices that warrant revision. 
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NIST is a nonregulatory agency of the U.S. Department of Commerce’s Technology Administration.  The 
purpose of NIST investigations is to improve the safety and structural integrity of buildings in the United 
States, and the focus is on fact finding.  NIST investigative teams are authorized to assess building 
performance and emergency response and evacuation procedures in the wake of any building failure that 
has resulted in substantial loss of life or that posed significant potential of substantial loss of life.  NIST 
does not have the statutory authority to make findings of fault nor negligence by individuals or 
organizations.  Further, no part of any report resulting from a NIST investigation into a building failure or 
from an investigation under the National Construction Safety Team Act may be used in any suit or action 
for damages arising out of any matter mentioned in such report (15 USC 281a, as amended by Public 
Law 107-231). 

Organization of the Investigation 

The National Construction Safety Team for this Investigation, appointed by the then NIST Director, 
Dr. Arden L. Bement, Jr., was led by Dr. S. Shyam Sunder.  Dr. William L. Grosshandler served as 
Associate Lead Investigator, Mr. Stephen A. Cauffman served as Program Manager for Administration, 
and Mr. Harold E. Nelson served on the team as a private sector expert.  The Investigation included eight 
interdependent projects whose leaders comprised the remainder of the team.  A detailed description of 
each of these eight projects is available at http://wtc.nist.gov.  The purpose of each project is summarized 
in Table P–1, and the key interdependencies among the projects are illustrated in Fig. P–1.   

Table P–1.  Federal building and fire safety investigation of the WTC disaster. 
Technical Area and Project Leader Project Purpose 

Analysis of Building and Fire Codes and 
Practices; Project Leaders: Dr. H. S. Lew 
and Mr. Richard W. Bukowski 

Document and analyze the code provisions, procedures, and practices 
used in the design, construction, operation, and maintenance of the 
structural, passive fire protection, and emergency access and 
evacuation systems of WTC 1, 2, and 7. 

Baseline Structural Performance and 
Aircraft Impact Damage Analysis; Project 
Leader: Dr. Fahim H. Sadek 

Analyze the baseline performance of WTC 1 and WTC 2 under design, 
service, and abnormal loads, and aircraft impact damage on the 
structural, fire protection, and egress systems. 

Mechanical and Metallurgical Analysis of 
Structural Steel; Project Leader: Dr. Frank 
W. Gayle 

Determine and analyze the mechanical and metallurgical properties and 
quality of steel, weldments, and connections from steel recovered from 
WTC 1, 2, and 7. 

Investigation of Active Fire Protection 
Systems; Project Leader: Dr. David 
D. Evans; Dr. William Grosshandler 

Investigate the performance of the active fire protection systems in 
WTC 1, 2, and 7 and their role in fire control, emergency response, and 
fate of occupants and responders. 

Reconstruction of Thermal and Tenability 
Environment; Project Leader: Dr. Richard 
G. Gann 

Reconstruct the time-evolving temperature, thermal environment, and 
smoke movement in WTC 1, 2, and 7 for use in evaluating the 
structural performance of the buildings and behavior and fate of 
occupants and responders. 

Structural Fire Response and Collapse 
Analysis; Project Leaders: Dr. John 
L. Gross and Dr. Therese P. McAllister 

Analyze the response of the WTC towers to fires with and without 
aircraft damage, the response of WTC 7 in fires, the performance of 
composite steel-trussed floor systems, and determine the most probable 
structural collapse sequence for WTC 1, 2, and 7. 

Occupant Behavior, Egress, and 
Emergency Communications; Project 
Leader: Mr. Jason D. Averill 

Analyze the behavior and fate of occupants and responders, both those 
who survived and those who did not, and the performance of the 
evacuation system. 

Emergency Response Technologies and 
Guidelines; Project Leader: Mr. J. Randall 
Lawson 

Document the activities of the emergency responders from the time of 
the terrorist attacks on WTC 1 and WTC 2 until the collapse of WTC 7, 
including practices followed and technologies used.  
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Figure P–1.  The eight projects in the federal building and fire safety 

investigation of the WTC disaster. 

National Construction Safety Team Advisory Committee 

The NIST Director also established an advisory committee as mandated under the National Construction 
Safety Team Act.  The initial members of the committee were appointed following a public solicitation.  
These were: 

• Paul Fitzgerald, Executive Vice President (retired) FM Global, National Construction Safety 
Team Advisory Committee Chair 

• John Barsom, President, Barsom Consulting, Ltd. 

• John Bryan, Professor Emeritus, University of Maryland 

• David Collins, President, The Preview Group, Inc. 

• Glenn Corbett, Professor, John Jay College of Criminal Justice 

• Philip DiNenno, President, Hughes Associates, Inc. 
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• Robert Hanson, Professor Emeritus, University of Michigan 

• Charles Thornton, Co-Chairman and Managing Principal, The Thornton-Tomasetti Group, 
Inc. 

• Kathleen Tierney, Director, Natural Hazards Research and Applications Information Center, 
University of Colorado at Boulder 

• Forman Williams, Director, Center for Energy Research, University of California at San 
Diego 

This National Construction Safety Team Advisory Committee provided technical advice during the 
Investigation and commentary on drafts of the Investigation reports prior to their public release.  NIST 
has benefited from the work of many people in the preparation of these reports, including the National 
Construction Safety Team Advisory Committee.  The content of the reports and recommendations, 
however, are solely the responsibility of NIST. 

Public Outreach 

During the course of this Investigation, NIST held public briefings and meetings (listed in Table P–2) to 
solicit input from the public, present preliminary findings, and obtain comments on the direction and 
progress of the Investigation from the public and the Advisory Committee. 

NIST maintained a publicly accessible Web site during this Investigation at http://wtc.nist.gov.  The site 
contained extensive information on the background and progress of the Investigation. 

NIST’s WTC Public-Private Response Plan 

The collapse of the WTC buildings has led to broad reexamination of how tall buildings are designed, 
constructed, maintained, and used, especially with regard to major events such as fires, natural disasters, 
and terrorist attacks.  Reflecting the enhanced interest in effecting necessary change, NIST, with support 
from Congress and the Administration, has put in place a program, the goal of which is to develop and 
implement the standards, technology, and practices needed for cost-effective improvements to the safety 
and security of buildings and building occupants, including evacuation, emergency response procedures, 
and threat mitigation. 

The strategy to meet this goal is a three-part NIST-led public-private response program that includes: 

• A federal building and fire safety investigation to study the most probable factors that 
contributed to post-aircraft impact collapse of the WTC towers and the 47-story WTC 7 
building, and the associated evacuation and emergency response experience. 

• A research and development (R&D) program to (a) facilitate the implementation of 
recommendations resulting from the WTC Investigation, and (b) provide the technical basis 
for cost-effective improvements to national building and fire codes, standards, and practices 
that enhance the safety of buildings, their occupants, and emergency responders. 
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Table P–2.  Public meetings and briefings of the WTC Investigation. 
Date Location Principal Agenda 

June 24, 2002 New York City, NY Public meeting: Public comments on the Draft Plan for the 
pending WTC Investigation. 

August 21, 2002 Gaithersburg, MD Media briefing announcing the formal start of the Investigation. 
December 9, 2002 Washington, DC Media briefing on release of the Public Update and NIST request 

for photographs and videos. 
April 8, 2003 New York City, NY Joint public forum with Columbia University on first-person 

interviews. 
April 29–30, 2003 Gaithersburg, MD NCST Advisory Committee meeting on plan for and progress on 

WTC Investigation with a public comment session. 
May 7, 2003 New York City, NY Media briefing on release of May 2003 Progress Report. 
August 26–27, 2003 Gaithersburg, MD NCST Advisory Committee meeting on status of the WTC 

investigation with a public comment session. 
September 17, 2003 New York City, NY Media and public briefing on initiation of first-person data 

collection projects. 
December 2–3, 2003 Gaithersburg, MD NCST Advisory Committee meeting on status and initial results 

and release of the Public Update with a public comment session. 
February 12, 2004 New York City, NY Public meeting on progress and preliminary findings with public 

comments on issues to be considered in formulating final 
recommendations. 

June 18, 2004 New York City, NY Media/public briefing on release of June 2004 Progress Report. 
June 22–23, 2004 Gaithersburg, MD NCST Advisory Committee meeting on the status of and 

preliminary findings from the WTC Investigation with a public 
comment session. 

August 24, 2004 Northbrook, IL Public viewing of standard fire resistance test of WTC floor 
system at Underwriters Laboratories, Inc. 

October 19–20, 2004 Gaithersburg, MD NCST Advisory Committee meeting on status and near complete 
set of preliminary findings with a public comment session. 

November 22, 2004 Gaithersburg, MD NCST Advisory Committee discussion on draft annual report to 
Congress, a public comment session, and a closed session to 
discuss pre-draft recommendations for WTC Investigation. 

April 5, 2005 New York City, NY Media and public briefing on release of the probable collapse 
sequence for the WTC towers and draft reports for the projects on 
codes and practices, evacuation, and emergency response. 

June 23, 2005 New York City, NY Media and public briefing on release of all draft reports for the 
WTC towers and draft recommendations for public comment. 

September 12–13, 
2005 

Gaithersburg, MD NCST Advisory Committee meeting on disposition of public 
comments and update to draft reports for the WTC towers. 

September 13–15, 
2005 

Gaithersburg, MD WTC Technical Conference for stakeholders and technical 
community for dissemination of findings and recommendations 
and opportunity for public to make technical comments. 

• A dissemination and technical assistance program (DTAP) to (a) engage leaders of the 
construction and building community in ensuring timely adoption and widespread use of 
proposed changes to practices, standards, and codes resulting from the WTC Investigation 
and the R&D program, and (b) provide practical guidance and tools to better prepare facility 
owners, contractors, architects, engineers, emergency responders, and regulatory authorities 
to respond to future disasters. 

The desired outcomes are to make buildings, occupants, and first responders safer in future disaster 
events. 
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National Construction Safety Team Reports on the WTC Investigation 

A final report on the collapse of the WTC towers is being issued as NIST NCSTAR 1.  A companion 
report on the collapse of WTC 7 is being issued as NIST NCSTAR 1A.  The present report is one of a set 
that provides more detailed documentation of the Investigation findings and the means by which these 
technical results were achieved.  As such, it is part of the archival record of this Investigation.  The titles 
of the full set of Investigation publications are: 

NIST (National Institute of Standards and Technology).  2005.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Final Report on the Collapse of the World Trade 
Center Towers.  NIST NCSTAR 1.  Gaithersburg, MD, September. 

NIST (National Institute of Standards and Technology).  2008.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Final Report on the Collapse of World Trade Center 7.  
NIST NCSTAR 1A.  Gaithersburg, MD, November. 

Lew, H. S., R. W. Bukowski, and N. J. Carino.  2005.  Federal Building and Fire Safety Investigation of 
the World Trade Center Disaster: Design, Construction, and Maintenance of Structural and Life Safety 
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EXECUTIVE SUMMARY 

E.1 PURPOSE AND SCOPE 

One of the four objectives of the National Institute of Standards and Technology (NIST) investigation of 
the collapse of the World Trade Center (WTC) towers was to determine why and how the two towers 
(WTC 1 and WTC 2) collapsed following the initial impacts of the aircraft.  Both the north and south 
towers of the World Trade Center were severely damaged by the impact of Boeing 767 aircraft, yet they 
remained standing for some time. The ensuing fires were observed to move through both buildings and 
eventually, both buildings collapsed. The probable collapse sequence for each of the WTC towers as well 
as the extent and relative importance of the damage caused by the aircraft impact and subsequent 
weakening by fires were investigated under this project, Structural Response and Collapse Analysis of 
WTC Towers to Aircraft Impact Damage and Fire Conditions. 

Events that played a significant role in the structural performance of the towers were the aircraft impact, 
rapid ignition of fire on multiple floors, and the growth and spread of fire in each tower. Detailed 
information was required on the condition of the structural system and its passive fire protection system 
(also referred to as fireproofing or thermal insulation), both before and after the aircraft impact, and 
during the ensuing fires that elevated temperatures in the structural members. The purpose of this project, 
then, was to analyze the response of the WTC towers to fires—both with and without aircraft damage—
and to determine the probable sequence of structural collapse for each tower.  Specifically, the Structural 
Response and Collapse Analysis project intended to: 

• Determine the pre- and post-aircraft impact condition of the passive fire protection used to 
thermally insulate the structural members and provide resistance to fire damage, 

• Conduct tests of structural components and systems under fire conditions to quantify their 
behavior, 

• Evaluate the response of floor and column systems under impact and fire conditions to 
understand their response, 

• Evaluate the response of the WTC towers under impact and fire conditions, with and without 
aircraft impact damage, and 

• Develop and evaluate failure hypotheses, resulting in the probable sequence of structural 
events leading to collapse for each WTC tower. 

The unprecedented complexity and sophistication of these analyses required the use of various strategies 
for managing the computational demands while adequately capturing the essential physics.  The overall 
approach—from impact analysis to collapse initiation—combined mathematical modeling, statistical and 
probability-based analysis, laboratory testing, and analysis of photographic and videographic records. 

Data were collected from a number of sources and included structural plans and specifications, thermal 
and mechanical (adhesion/cohesion) properties of sprayed fire-resistive material (SFRM), SFRM 
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thickness and condition in the towers, and recorded observations of structural events subsequent to 
aircraft impact and prior to collapse. Information about tower construction was obtained from original 
drawings, design and construction specifications, project documents including correspondence and 
reports, and records provided by The Port Authority of New York and New Jersey (PANYNJ or Port 
Authority), Leslie E. Robertson Associates (LERA), Silverstein Properties, and a number of contractors 
that had worked on the design, construction, or modifications of the towers.  Information about the events 
that occurred in each tower on September 11, 2001, was obtained from analysis of available photographic 
and videographic records, eyewitness accounts, and mechanical and metallurgical analysis of recovered 
structural steel.  

Computer simulations were used to model the complete sequence of events leading to the initiation of 
collapse of the WTC towers.  The analyses simulated the damage to the towers resulting from aircraft 
impact, the spread of multi-floor fires, the heating and thermal weakening of structural components, and 
the progression of local structural failures that led to the collapse of the buildings.  The structural response 
analyses relied upon the following information: 

• Reference global structural models of the WTC 1 and WTC 2 towers, and typical floor and 
exterior wall subsystem models (NIST NCSTAR 1-2) 

• Extent of damage to the structural systems and interior contents of the WTC 1 and WTC 2 
towers resulting from aircraft impact (NIST NCSTAR 1-2) 

• Temperature-dependent mechanical properties of the steels, welds, and bolts used in the 
construction of the towers, including elastic, plastic, and creep properties from 20 ºC to 
700 ºC (NIST NCSTAR 1-3) 

• Time-temperature histories for structural components and connections for standard fires (e.g., 
ASTM E 119) and actual fires based on fire dynamics simulations (NIST NCSTAR 1-5). 

• Photographic and videographic records with time stamps that documented the observed 
sequence of events (NIST NCSTAR 1-5). 

E.2 METHODOLOGY AND ANALYSIS RESULTS 

E.2.1 Overview and Approach 

The interdependence of the analyses of significant events is illustrated in Fig. E–1.  Reference structural 
models were first developed and used to determine the baseline performance of each tower prior to 
September 11, 2001.  The reference models were then used as a basis for the aircraft impact damage 
models and the structural response models to ensure consistency between structural models.  The aircraft 
impact analysis determined damage to the interior of the building, including the structural system, passive 
fire protection, partition walls, and furnishings for each tower. The analysis also provided an estimate of 
the fuel dispersion in the towers. These results provided initial conditions to the fire dynamics analysis, 
thermal analysis, and structural analysis. The fire dynamics analysis simulated the growth and spread of 
fires and produced gas temperature histories for each floor involved in fire. The fire dynamics model 
accounted for window breakage and damage to interior partition walls and floors (both affecting 
ventilation conditions), and the distribution of debris and fuel. The thermal analysis used the heat transfer 
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model to determine temperature histories for the various structural components.  The thermal analysis 
required input from the structural analysis model, fire dynamics analysis results, damage to fire 
protection, and temperature-dependent thermal material properties. The structural temperature histories, 
also referred to as thermal loads, were input to the structural analysis, along with the structural impact 
damage and temperature-dependent material properties, to determine the structural response of each 
tower. 

 
Figure E–1. Critical analysis inter-dependencies. 

The WTC towers were large, complex structural systems.  To include all of the structural components and 
connections and their associated behavior and failure mechanisms using refined finite element meshes 
would have been prohibitive.  The analysis approach used was a variant of the well-established sub-
structuring approach, adapted for the analysis of structures with highly nonlinear behavior that progressed 
from individual components to major subsystems to global systems, as shown in Fig. E–2.  The 
component analyses were conducted to identify critical behavior and failure mechanisms that contributed 
to the global structural response of each tower.  The subsystem analyses incorporated the behavior and 
failure mechanisms identified in the component studies, with modifications to reduce the model size and 
complexity, thereby enhancing computational performance, without adversely affecting the quality of the 
results.  Whenever modeling modifications were used, they were validated against the detailed component 
model results.  The global analyses incorporated critical behavior and failure mechanisms, determined 
from subsystem analyses, while making necessary modifications in the level of modeling detail. 
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Figure E–2. Structural Analysis Sequence. 

Analysis of the global behavior and determination of probable collapse sequences for both WTC 1 and 
WTC 2, which included work performed by other projects, was divided into the following tasks: 

A. Develop finite element models based on reference models.  Reference models faithfully represented 
the actual structures.  These reference models became the basis for all subsequent finite element analyses. 

B. Develop the constitutive relationships for the materials used in the construction of the towers. 
Mechanical and chemical properties were determined for steel specimens recovered from the WTC site to 
assure that the materials used were in conformance with properties specified in the original design.  The 
mechanical properties at high loading rates for the aircraft impact analyses and at elevated temperatures 
(from room temperature to 800 °C) for the thermal and structural analyses were also determined from the 
steel specimens.   

C. Characterize the passive passive fire protection applied to the structural steel.  Neither the type of 
materials nor the required thicknesses of SFRM were identified in the contract documents or 
specifications.  Estimates of the characteristics and condition of SFRM were needed for the thermal and 
structural modeling of the towers.   

D. Conduct standard fire resistance tests of composite truss floor system.  Tests were conducted to: (1) 
establish the baseline fire resistance rating of the composite truss floor system used in the WTC towers, 
(2) understand the influence of thermal restraint by testing the floor system under both thermally 
unrestrained and restrained conditions, and (3) provide experimental data to validate and provide 
guidance to the development of the floor models and to interpret the analyses results.    
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E. Establish the damage to the structure, passive fire protection, and partition walls as a result of aircraft 
impact.  The aircraft impact resulted in significant damage to the exterior, floor, and core structures of the 
buildings.  The jet fuel dispersed inside the towers ignited the building contents and furnishings as well as 
influenced the amount of oxygen reaching the fires.  The fire protection of steel components was 
dislodged in areas of direct debris impact.    

F. Document observations and data related to structural events.  NIST validated analysis results with key 
observations obtained from its extensive collection of over 7,000 photographs and over 150 hours of 
videotape documenting the events at the World Trade Center on September 11, 2001.  Key observations 
were used in the analyses in three ways:  (1) to determine input parameters, (2) to impose time-related 
constraints upon an analysis, or (3) to validate analysis results.    

G. Compute temperature histories for structural components subjected to fires.  To determine how the 
towers were affected by the fires, estimates of the growth and spread of fires over time were developed 
using fire dynamics simulations.  Temperature histories of the steel structural components and concrete 
floor slabs were predicted in thermal analyses.   

H. Conduct component and subsystem analyses.  These analyses provided understanding of the nonlinear 
behavior of structural components and subsystems under gravity and thermal loading and were used to 
develop reduced models for the global analyses.  The components and subsystems considered included: 
(1) typical floor subsystem with (a) the shear knuckles, (b) truss seats, and (c) a single truss and concrete 
slab section; and (2) a nine-story by nine-column exterior wall subsystem with (a) bolted connection 
between exterior columns, (b) bolted connection between spandrels, (c) single exterior columns with 
spandrel sections, and (d) single exterior wall panel with three columns and three spandrels.   

I. Conduct analyses of major subsystems.  Analyses of three major subsystems - the isolated core framing 
subsystem, an exterior wall subsystem, and the composite floor subsystems - were analyzed to determine 
their ability to resist and redistribute loads after impact damage and response to elevated temperatures.  
The subsystem models used reduced models from the component analyses, which kept the analysis 
tractable while including nonlinear features and failure modes.  These analyses were crucial for 
determining critical structural behaviors, including floor sagging under thermal loading, the resulting pull-
in forces, and the inward bowing of the exterior walls.   

J. Conduct a separate global analysis for each tower.  These analyses determined the relative roles of 
impact damage and fires with respect to structural stability, sequential failures of components and 
subsystems, and probable collapse initiation sequences.  Each global model was first evaluated for 
stability under gravity loads with structural impact damage.  Temperature histories were applied in 10 min 
intervals and linearly ramped to the next temperature state.  Pull-in forces from sagging floors were also 
applied during the appropriate 10 min intervals. The question of how the WTC towers would have 
responded to the same fires without the aircraft impact damage was considered to determine the  
vulnerability of the towers to collapse initiated by conventional large fires.   

K. Determine the probable collapse sequence for each tower.   A probable collapse sequence for each 
tower was determined.  The collapse sequences were evaluated against key observables. 
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E.2.2 Structural Response  

To conduct the global analysis of each tower, input data were collected from numerous sources, including 
fire dynamics, thermal, and impact analyses, as already described.    

Thermal analyses to simulate the elevated temperatures of the structural components and consequent 
weakening required an assessment of the condition of the passive fire protection, including thermal 
properties and SFRM thicknesses.  Additionally, tests of the WTC floor system under standard fire 
conditions provided insights into the dominant behavior of the floors at elevated temperatures and 
allowed validation of analytical results.  Interpretation of the aircraft impact study results led to a 
determination of likely damage to load bearing structural elements and an estimation of damage to, and 
consequent loss of, passive fire protection of the floor trusses, core columns and beams, and exterior 
columns and spandrels.  Properties of the materials of construction, including mechanical properties at 
room and elevated temperatures as well as thermal characteristics, were needed.  The structural analyses 
of components, subsystems and, ultimately, the global systems could be accomplished with this 
information.  

Passive Fire Protection for Structural Components 

Passive fire protection delays the transfer of heat to structural components by providing an insulation 
barrier.  Increasing thickness of passive fire protection materials, commonly referred to as fireproofing, 
correspondingly increases the time delay before the structural component temperature begins to rise. The 
amount of time delay for a given fire protection method, such as SFRM,  is not predicted for design 
purposes because the actual fire conditions vary; instead, the relative performance is defined by 
comparative testing with the ASTM Standard Fire Test.    

The structural steel in the WTC towers was sprayed with SFRM or protected with rigid fire-rated gypsum 
panels.  SFRM is supplied as dry ingredients, and water is added at the time of application.  The water 
mixes with the cementitious materials and allows the SFRM to adhere weakly to the steel.  With time, the 
cementitious materials harden, and excess water evaporates resulting in a covering of insulation with 
some cohesive strength.   

Three SFRM products that were used in the towers include: 

• BLAZE-SHIELD DC/F for floor trusses, core columns, and the exterior surfaces of the 
exterior columns and spandrels 

• BLAZE-SHIELD II for upgrades to floor trusses, which started in the 1990’s 

• W.R. Grace and Co., Monokote (sprayed cementitious vermiculite) for the interior surfaces of 
the exterior columns and spandrels 

The gypsum panels were used to form fire resistant enclosures around steel core columns, stairwells, 
mechanical shafts, and the core area in the towers. The core column thermal insulation varied according 
to the column location and exposure to occupied spaces.  Column surfaces in public access areas were 
protected with gypsum enclosures, while the remaining surfaces were protected with SFRM. 
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The following information was required to determine the in-place condition of the passive fire protection 
before and after aircraft impact and to conduct thermal analysis of structural components: 

• Thermophysical properties of the passive fire protection materials, 

• Effect of gaps in thermal insulation and variability of insulation thickness, 

• Effective thickness of thermal insulation for use in thermal-structural analyses that accounts 
for thickness variability effects, 

• Adhesive and cohesive strengths of BLAZE-SHIELD SFRM products (vermiculite product is 
no longer available). 

Thermophysical properties were determined with ASTM standard tests for BLAZE-SHIELD DC/F, 
BLAZE-SHIELD II, and Monokote MK-5 SFRM products and for gypsum board.  The specific heat, 
thermal conductivity, and density of each material were determined for temperatures ranging from 25 °C 
to 1200 °C.  The standard tests used for SFRM products were ASTM C 1113 (1999), ASTM E 1269 
(2001), ASTM E 1131 (1998), and ASTM E 228 (1995).  The standard tests used for the gypsum board 
products were ASTM D 5334 (2000b) and ASTM E 1269 (2001).  Densities were calculated from the 
thermogravimetric analysis and linear thermal expansion measurements.   

Analyses showed that when the SFRM thickness is variable, the isotherms in the steel depend upon the 
shape of the SFRM surface contour.  Thus, the temperature history at any point in the steel depends on the 
local thickness of the insulation.  It was shown that an increase in thickness variability reduced the time to 
reach a certain temperature.   In addition to the effect of variation in thickness, the effect of gaps in the 
SFRM coating was studied.  As expected, thermal analysis results indicated that the exposed steel heated  
quickly and transmitted heat to the adjacent interior steel.  However, the temperature rise quickly 
dissipated as the distance from the gap increased.  Review of available photographs showed that gaps 
were a relatively infrequent occurrence in most floor truss areas.  Because there was insufficient 
information to determine the frequency of occurrence of these gaps or their typical locations, insulation 
gaps were not considered in the thermal modeling. 

SFRM thickness measurements were determined from analysis and interpretation of photographs showing 
the condition of the originally applied material.  Finite element simulations were used to determine a 
thermally equivalent uniform thickness of SFRM for the original variable-thickness applied to the floor 
trusses.  These values were used in the thermal analyses for determining temperature histories of 
structural components. 

No information was available about the condition of thermal insulation for the exterior columns and 
spandrel beams, and little information was available for the core beams and columns.  For thermal 
analyses of the towers, the SFRM on these elements was taken to have uniform thicknesses equal to the 
specified thickness.  

The adhesive strength of BLAZE-SHIELD DC/F to steel coated with primer paint (average value of 
171 psf to 185 psf) was found to be a third to a half of the adhesive strength to steel that had not been 
primed (average values of 450 psf to 666 psf). The SFRM products used in the WTC towers were applied 
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to steel components with primer paint.  Cohesive strengths varied from average values of 367 psf to 
610 psf. 

Tests of Truss Floor Components and Subsystem 

Review of available documents indicated that the fire performance of the composite floor system of the 
WTC towers was an issue of concern to the Port Authority and its contractors during the original design 
and throughout the service life of the buildings.  NIST conducted a series of four standard fire tests to 
establish the baseline performance of the floor system of the WTC towers as they were originally built, to 
differentiate the factors that most influenced the response of the floors, and to study the procedures and 
practices used to accept an innovative structural and fire protection system. The ASTM E 119 furnace 
tests were performed on representative floor sections with SFRM for the as-specified thickness of 0.5 in. 
given in the design documents and the average as-built thickness of 0.75 in. that was applied before a 
program was established in the 1990’s to upgrade the truss SFRM thickness to 1.5 in.  The conditions in 
the standard test specified a prescribed temperature rise and duration until failure criteria were met; the 
estimated fire conditions in the WTC towers imposed varied heating and cooling conditions as the fires 
grew and spread. 

The tested floor assemblies were similar, though not identical, to steel-joist-supported concrete floors that 
are widely used in low rise construction.  The test results provided valuable insight into the behavior of 
these widely used assemblies and also identified issues that require further study for other types of 
structural components such as beams, girders, columns, trusses, etc. 

The tests showed that the floors were capable of considerable sagging without collapse.  The tests also 
showed thermal damage to the bridging trusses and buckling of compression diagonals and the vertical 
strut near the supports.  No evidence of knuckle failures was seen in the tests. 

The NIST tests have identified areas where further study related to the standard test method is warranted.  
Among the issues related to the test method that NIST identified as requiring further study are:  

• the scale of the test for prototype assemblies that are larger than the tested assemblies,  

• the effect of restraint conditions on test results, 

• the repeatability of test results (e.g., do multiple fire resistance tests conducted under the 
same conditions yield the same results?), 

• effects of test scale, end restraint, and test repeatability on other types of structural 
components (beams, girders, columns, trusses, etc.), and 

• the acceptance criteria to evaluate the load carrying capacity of the tested assemblies 
(currently tests are stopped before the load carrying capacity of the assembly is reached 
because other acceptance criteria are met or if the deflection becomes excessive and assembly 
failure could damage the furnace).  
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Structural Response of Components and Detailed Subsystems to Assumed Damage 
and Fire 

Material Properties and Failure Criteria 

The WTC towers were designed and constructed using 14 grades of steel and two types of concrete.  
Nominal properties for these materials were provided in the design documents.  Additional information 
was required about the mechanical properties at room and elevated temperature for analysis of the towers’ 
response to the impact and elevated temperature conditions. 

The collapse analyses of the WTC towers concentrated on modeling failure mechanisms in steel rather 
than concrete components, since the WTC towers were essentially steel structures; concrete was used 
only for the floor slabs.  

The two general types of steel that were used in the towers are typically described as carbon steels and 
high strength steels.  Carbon steels generally have lower strengths but are more ductile.  The core 
columns, floor trusses, and beams and spandrel plates in the exterior wall were constructed with carbon 
steels, ranging from 36 ksi to 50 ksi specified yield strengths.  The exterior columns were designed with 
various grades of high strength steels, ranging from 55 ksi to 100 ksi yield strength.   

Normal weight concrete (150 pcf) was used in the core and mechanical floors, and lightweight concrete 
(110 pcf) was used in the floor system for the tenant spaces between the building core and exterior.  

The mechanical properties of both steel and concrete are significantly affected by elevated temperatures.  
Steel and concrete properties that are temperature sensitive include modulus of elasticity, instantaneous 
coefficient of thermal expansion, tensile strength, and compressive strength.  Additionally, creep strain 
rates for steel are also temperature dependent.   

Mechanical properties of the various grades of steel used and normal and lightweight concrete, both at 
room temperature and throughout the expected temperature range, were determined.  This information 
provided the bases for describing the material models used in the finite element analyses.  In addition to 
material models, failure criteria were also developed for concrete and steel components.  Failure criteria 
defined the necessary conditions to characterize and quantify the expected failure modes or mechanisms, 
including elastic or plastic buckling, yielding, or fracture.  The state of component loads, material 
properties, and temperature also affected the mode of failure.    

In addition, the following observations can be made: 

• Modulus of elasticity is reduced by 25 percent at 600 °C for steel and by 50 percent to 
75 percent for concrete. 

• Steel yield strength reduces to 20 percent of its initial (room temperature) value and ultimate 
tensile strength is reduced to 40 percent of its initial value at 600 °C.  Concrete compressive 
strength is reduced to between 30 percent and 50 percent of its initial value.  Concrete tensile 
strength, which is already low, is also reduced to 30 percent. 

• The instantaneous coefficient of thermal expansion for steel lies between that of lightweight 
and normal weight concrete for a given temperature.  If steel truss and lightweight concrete 
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components are at the same temperature, the steel components will thermally expand more 
than the lightweight concrete.  For steel beams and normal weight concrete in the core area, 
the normal weight concrete will expand more than the steel beams. 

Floor Subsystem Analysis 

The floors supported the occupants and furnishings and transferred these loads to the columns, acted as 
diaphragms to transfer loads between exterior faces when under wind loads, and provided lateral stability 
for columns.  With damage to the SFRM on the floor trusses, fires caused thermal expansion and sagging 
of the floors in the impact damage areas. 

The analysis of floors progressed from individual components to major subsystems to global systems.  
Three truss components were studied with detailed models using ANSYS, a general purpose finite 
element software package, before developing a model of a full floor subsystem:  

• Shear connector between the truss and concrete slab,  

• Truss seat connection to the columns, 

• Composite section of a single floor truss and concrete slab that included the truss seats, 
knuckles, and section of the supporting exterior and core channel beam. 

Shear connector tests conducted by the truss manufacturer, Laclede Steel, in the early 1960s were 
reviewed and modeled.  The shear connector between the truss and the concrete slab was referred to as a 
knuckle, due to the bent bar configuration that extended past the top chord of the truss, instead of the 
studs that are typically welded to the top chord.  Detailed ANSYS models of the knuckle and concrete 
slab were analyzed and compared to the measured transverse and longitudinal shear capacities of a 
knuckle.  A reduced model of the knuckle for use in the single truss and full floor models was developed 
that captured the dominant temperature-dependent behavior and failure modes.   

Truss seats connected the trusses to the core and exterior columns.  Truss seats were constructed with 
standoff plates, seat angles, bolts, and welded gusset plates; details varied for each truss seat depending 
upon its location within the floor plan. Truss seats were designed to carry floor gravity loads and small 
horizontal loads, typically a few percent of the column capacity to which it was attached.  Typical truss 
seats were analyzed to determine their failure modes and associated loading and thermal conditions. A 
series of analyses were conducted to determine the truss seat response to thermal expansion of the floor 
slab, floor sagging or deformation, and heating of the truss seat. A model of reduced complexity was 
developed that captured the behavior and failure modes of the truss seats for use in the single truss and 
full floor models. 

With reduced models of the knuckle and truss seat, a composite section of a full single truss and concrete 
slab was modeled to determine its behavior and failure modes for elevated temperatures and additional 
debris loads.  Steel components with damaged fire resistant coatings heated and softened within 10 to 
15 minutes.  The bottom surface of the concrete slab heated quickly, but the rate of heating through the 
slab depth was slower, so that the slab response to fire lagged behind the steel response.  Concrete 
spalling was not included in the model.  Analysis was conducted using uniform temperatures across the 
truss and an imposed linear thermal gradient across the slab depth to study the floor section response.  
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These conditions were assumed prior to completion of the fire and heat transfer analyses used for the full 
floor subsystem analysis.  Two failure modes of interest were (1) floor component failures leading to 
sagging (i.e. buckling of truss components or knuckle separation from the concrete slab) and the truss 
pulling inward on the columns and (2) failure of the truss seats.  Analysis results were used to develop a 
model of reduced complexity with break elements that captured the behavior and failure modes of the 
floor section for use in the full floor model. 

The full floor model included core columns and floor beams, exterior columns and spandrel beams, floor 
trusses and bridging trusses, and normal and lightweight concrete in the core and floor truss areas, 
respectively. The columns were extended one floor level above and below the floor subsystem and were 
required to include the interaction between the floor subsystem and the core and exterior columns.  The 
full floor model contained a number of modifications from the model developed using the SAP2000 
software of Floor 96 (NIST NSTAR 1-2) that reduced the number of finite elements and incorporated the 
features for analyzing the structural response to thermal conditions.      

Results of the floor system analyses showed that: 

• Knuckle failures did not occur under gravity loading and elevated temperatures anticipated. 

• Truss web diagonals buckled at loads and temperatures expected and, as a consequence, the 
floor system sagged. 

• Sagging of the floor system resulted in possible inward pull on the exterior columns, although 
the magnitude of the force depended on fire conditions on surrounding floors. 

• Truss seat connections could fail under elevated temperature conditions, and their behavior 
was included to accurately capture the overall performance of the floor system to impact and 
fire conditions. 

• Essential floor behavior, including buckling of web diagonals and connection failures, could 
be achieved with reduced models. 

Core Column and Exterior Column and Panel Analysis 

The primary function of the core columns was to carry the building gravity loads. The exterior columns 
resisted wind loads and, in addition, carried approximately half of the gravity loads.   

Preliminary analysis of the core and exterior columns considered their individual buckling behavior and 
how it varied for uniform elevated temperatures.  The columns were found to have sufficient capacity for 
tower gravity loads even under elevated temperatures and a loss of lateral support at several floors.  This 
was also found in more detailed finite element models of the columns. 

The core columns were studied to determine the most efficient way to reduce the complexity of the model 
while still capturing buckling behavior at room and elevated temperatures.   

Four exterior wall components were studied with detailed ANSYS models before developing a model of a 
nine-story by nine-column wall area:  
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• Bolted connection for exterior columns  

• Bolted connections for spandrels 

• Single exterior columns with spandrel sections 

• Single exterior wall panel, fabricated as a single unit for construction purposes with 
three columns and three spandrels 

The column and spandrel connections were analyzed to determine their failure modes and associated 
loading and thermal conditions.  A reduced model was developed that captured the connector behavior 
and failure modes for use in exterior wall models. 

The single column model with spandrel sections was loaded axially to determine its buckling load and 
post-buckling behavior at room and elevated temperatures for one, two, three, and nine story column 
heights. 

The computer model of a single wall panel was validated against the reference structural models for the 
towers.  The models were subjected to vertical and horizontal forces in the plane of the wall, representing 
intended design behavior, and a horizontal force transverse to the wall, representing a possible floor load. 

The exterior wall had three connections: the column splice, the spandrel splice, and the truss seat (for the 
floors).  The column splice had four bolts that connected columns through their end plates.  The spandrel 
connection had a splice plate to connect the two spandrel plates using high strength bolts.  The spandrel 
and column splices were represented in the nine by nine wall subsystem model and captured the spandrel 
failure modes of bolt shear, tearing of the spandrel plate, and tearout of the spandrel plate at the bolt 
holes.   

The nine by nine wall model had a coarser mesh that used beam elements for the columns, shell elements 
for the spandrels, and break elements for the connections.  The wall model was subjected to axial loads 
from above, lateral out-of-plane loads at the floor levels, and elevated temperature representative of fire 
conditions. The effect of missing floor supports was also evaluated.  

Several analyses were run for a variety of temperature load cases and for various combinations of axial 
load, disconnected floors simulating floor failure and loss of lateral column support, and inward pull 
applied at one or more floor levels modeling floor sag due to elevated temperatures.  Results showed that: 

• Although spandrel plates experienced large distortions and high strains, column buckling did 
not occur under the various temperature loadings applied when floors remained in place and 
able to provide lateral support to the columns. 

• Column buckling did not occur when lateral support was lost at three floors under the 
expected gravity load that included dead plus service live loads. 

• Column buckling did occur when lateral support was lost at three floors and the gravity load 
was increased to 150 percent of the expected gravity load simulating redistribution of load to 
the exterior wall. 
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• Column buckling was found to occur when an inward lateral load (pull-in) of approximately 
12 kips was applied to three adjacent floor levels.  The inward deflection of the exterior wall 
when it could no longer support the gravity load (i.e., at the buckling load) was 
approximately 10 in. 

Aircraft Impact Damage 

The aircraft impact of the WTC towers caused extensive damage to the buildings’ exterior, penetrated 
into the interior causing further damage to the structural system, dislodged thermal insulation, and ignited 
multi-floor fires.  The structural damage to each tower resulting from the aircraft impact was estimated 
using a transient finite element analysis.  Results of this analysis were used to predict damage to the 
structure, insulation, and partition walls in the path of the debris field.    

The fire dynamics, thermal, and structural analyses all required input data derived from the aircraft impact 
analyses.  The fire dynamics analyses used estimates of damage to the floors and partition walls to 
describe ventilation paths and to identify the distribution of fuel and debris immediately following impact.  
The thermal analysis required estimation of the areas that had dislodged insulation on the structural 
components of the towers.  For the structural analyses, elements that represented severed or heavily 
damaged floors and columns were removed from the structural models of the towers.   

The aircraft impact analyses considered three cases for each tower, where each case had a different set of 
input parameter values, based upon sensitivity studies and detailed component analyses.  The results for 
the three cases were compared to observations from photographs and videos.  Damage to the exterior 
walls predicted by the impact simulations matched reasonably well the exterior damage in photographic 
and video records. The observed exterior damage was used in the structural analyses. The analysis results 
from two cases for each tower were found to match observations reasonably well and were selected for 
continued analysis by the fire dynamics, thermal, and structural analyses. The cases for each tower were 
referred to as Case A and Case B for WTC 1 and Case C and Case D for WTC 2.  However, prior to 
determining the final aircraft impact analysis results, earlier aircraft impact analyses produced an initial 
set of aircraft impact cases for each tower.  These initial cases, referred to as Case Ai and Case Bi for 
WTC 1 and Case Ci and Case Di for WTC 2, were used to develop experience and gain understanding of 
the fire spread and growth, the rate of structural component heating, and the structural response to damage 
and elevated temperatures.   

The final set of impact damage data for fire dynamics, thermal, and structural analyses was Cases A, B, 
C, and D, with the exception of the full floor subsystem analyses which used initial damage Cases Ai to 
Di.  The use of the aircraft impact data in the sequence of structural analyses was as follows: 

1. Full floor subsystem models were analyzed for all initial damage Cases Ai to Di before the 
final damage cases were available. 

2. Full floor subsystem models were evaluated for changes in damage between final Cases A to 
D and initial Cases A i to Di.  Changes in impact damage to the structural components and 
insulation reflected in the two sets of Cases (i.e., initial and final) were found to have little 
effect on the floor subsystem structural response.  The full floor subsystem structural 
response for Cases Ai to Di and Cases A to D were found to be equivalent.  
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3. Isolated core and exterior wall subsystem models were analyzed for Cases A, B, C, and D. 

4. The global model of WTC 1 and WTC 2 were analyzed for Case B and D, respectively, based 
upon the results of the subsystem analyses. 

Four classifications of core column structural damage were established: severed, heavy damage, moderate 
damage, and light damage.  Classification criteria included plastic strain levels and lateral deformation 
from the column centerline.  Columns that were severed or heavily damaged were removed to simulate 
impact damage in the global analysis of each tower.  Two types of floor structural damage were identified 
from the impact analysis results: (1) missing floor areas and (2) severely damaged floor areas incapable of 
supporting loads.   

Thermal insulation was assumed to be dislodged from core columns only if the columns were subject to 
direct debris impact that failed wall partitions in the immediate vicinity of the column1.  For exterior 
columns, the debris impact was required to be strong enough to damage or destroy room furnishings 
(modular office workstations) adjacent to the columns. For floor trusses, the debris impact was required to 
be strong enough to damage or destroy room furnishings (modular office workstations) in the same area 
of the affected floor.  

The structural damage in WTC 1 extended from the north exterior wall into the north side of the core.  An 
exterior panel was knocked out of the south wall by aircraft debris.  Damage to the insulation from direct 
debris impact extended over a larger region and extended to central regions of the south floor areas.  Case 
B predicted more damage to core columns and a larger extent of insulation damage to the south floor area 
than Case A, including damage to the south exterior wall insulation on the inside face, as shown in 
Fig. E–3. 

The structural damage in WTC 2 extended from the south exterior wall to southeast region of the core.  
Exterior columns were severed by debris near the northeast corner.  Damage to the insulation from direct 
debris impact extended over a larger region and extended over most of the east floor area to the north 
face.  Case D predicted more damage to core columns than Case C, but the extent of the insulation 
damage was similar, as shown in Fig. E–4. 

                                                      
1 The Pentagon was impacted by an aircraft of similar size and at a similar speed as the WTC towers.  The observed stripping of 

the concrete cover from columns in similar circumstances provides an independent set of data that supports the criteria 
established for the removal of fireproofing materials subject to direct debris impact in the WTC towers. 
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Figure E–3. Plan view of WTC 1 cumulative damage for Floors 93 to 99. 
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Figure E–4. Plan view of WTC 2 cumulative damage for Floors 78 to 84. 
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Observations and Timeline of Structural Events 

NIST assembled a collection of nearly 150 hours of video footage and over 7,000 photographs, which 
were reviewed for insights into the structural performance of the towers.  A timeline of significant events 
that characterized the weakening and eventual collapse of the WTC towers was developed with the 
photographs and videos that were time stamped.  Quantitative information, such as the amount of inward 
bowing observed on the exterior walls of the buildings, was extracted from key photographs through 
image enhancement and scaled measurements. Key observations and the timelines were used to guide the 
global collapse analyses.  

Development of the probable collapse sequence for each tower was shaped by evidence gathered in the 
investigation. Data about the events following the aircraft impact were primarily obtained from three 
sources: 

• Photographic and videographic records that had been catalogued and time stamped for the 
NIST Investigation (NIST NCSTAR 1-5A)   

• Interviews of individuals in the towers who survived and those who received telephone calls 
from individuals in the tower (NIST NCSTAR 1-7)   

• Interviews of emergency response personnel and emergency communication records (NIST 
NCSTAR 1-8)   

Photographs and videos provided knowledge about aircraft impact damage to the exterior walls, fire 
growth and spread at the building exterior, inward bowing of an exterior wall in each tower, and the 
direction of tilt for the building section above the impact and fire zone as the towers collapsed.  

Changes in structural performance are generally difficult, if not impossible, to perceive until significant 
deformation has taken place relative to the dimensions of the structure and depend on the detail and 
resolution of the image being examined and the vantage point of the photographer.  Observations of 
structural performance for the WTC towers included severed components, local deflections or buckling, 
possible sagging of floors, and relative alignment of columns or building sections.   

Evidence was used in the analyses in three ways:  (1) to determine input parameters, such as the aircraft 
speed and direction upon impact, (2) to impose time-related constraints upon an analysis, such as 
imposing observed broken windows over time to constrain the spread of fire, or (3) to validate analysis 
results, such as global stability after impact and during thermal loading.   

Observations of structural behavior were broken into two groups: key observations and noted 
observations.  Key observations were significant structural events that were explicitly addressed in or 
used to validate the structural analyses.  Noted observations were events that may have been a structural 
response, but could not be conclusively identified as a structural response. 

Key observations were used to develop a timeline of structural events for each tower.  Structural analyses 
were used to support development of the collapse hypothesis for each tower and to develop and refine 
understanding of the probable sequence of events.   

 



Executive Summary   

liv  NIST NCSTAR 1-6, WTC Investigation 

WTC 1 key observations were: 

• Inward bowing of the south exterior wall was first observed at 10:23 a.m., as shown in 
Fig. E–5. 

• The time to collapse initiation was 102 minutes from the aircraft impact (9:46:30 a.m. until 
10:28:22 a.m.). 

• From exterior observations, tilting of the building section appeared to take place near 
Floor 98.  Column buckling was then observed to progress rapidly across the east and west 
faces. 

• The WTC 1 building section above the impact and fire area tilted to the south as the structural 
collapse initiated, as shown in Fig. E–6.  A tilt to the south of at least 8 degrees occurred 
before dust clouds obscured the view and the building section began to fall downward. 

WTC 2 key observations were: 

• Following the aircraft impact and fireballs, hanging objects were observed through the 
windows of the east and north faces.   The hanging objects suggest that there was structural 
damage to WTC 2 Floor 83 along the east face and to Floors 81 to 83 of the north face near 
the northeast corner.   

• Inward bowing of the east wall was first observed at 9:21 a.m.  The inward bowing was 
approximately 10 in. at Floor 80.  

• An increase of the inward bowing of the east wall was observed at 9:53 a.m. The greatest 
bowing was approximately 20 in.±1.0 in. at Floor 80 on the east face of WTC 1.   

• Collapse initiated 56 minutes after the aircraft impact (9:02:59 a.m. to 9:58:59 a.m.).   

• From a northeast viewpoint, initial downward motion was observed as columns moved 
inward on the north side of the east face, as shown in Fig. E–7. Tilt of the building section 
above the impact and fire area appeared to take place near Floor 82.  Column buckling was 
then seen to progress across the north face. 

• The building section above the impact and fire area tilted to the east and south as the 
structural collapse initiated as shown in Fig. E–8.  There was approximately a 3 to 4 degree 
tilt to the south and a 7 to 8 degree tilt to the east prior to significant downward movement of 
the upper building section.   
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1. Measurements were based on calibration measures shown on 

the west face 
2. Foreshortening into depth of field across the south face of 17% 

was included in the measurements 
3. Measurement error was at least ± 6 inches 

Figure E–5. WTC 1 exterior columns bowing inward across most of the south face 
between Floors 95 to 98 at 10:23 a.m. 
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Figure E–6. WTC 1 building section above impact damage zone tilts to the south. 

 
Figure E–7. View of WTC 2 buckling of east wall near northeast corner as collapse 

initiates from southeast. 
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Figure E–8. View of upper building section of WTC 2 tilting to the east. 

Structural Response of Major Tower Subsystems  

Prior to conducting the analysis of the global structural response of each tower, major structural 
subsystems were analyzed to provide insight into their behavior within the WTC global system.  The 
three major structural subsystems, the core framing, a single exterior wall, and full tenant floors, were 
analyzed separately for their response to impact damage and fire. The hat truss was not analyzed 
separately as its structural behavior did not require significant reduction in the global analysis.  The 
component analyses provided a foundation for these large, nonlinear analyses with highly redundant load 
paths by determining component behavior and failure modes and enabling a significant reduction in finite 
element model complexity and size. The major subsystem models used final estimates of impact damage 
and elevated temperatures determined from the aircraft impact analysis and the fire dynamics and thermal 
analyses. 

The capacity of each subsystem to sustain loads for the imposed damage and elevated temperatures was 
evaluated. The isolated subsystem models lacked the restraint and load paths to other subsystems found in 
the global analysis.  Even so, the isolated subsystem response was useful for refining the global models 
and interpreting subsystem behavior in the global system. For instance, when the column connections to 
the hat truss in WTC 2 failed at the southeast corner of the core, the only load path available to carry 
those column loads was the floor system within the core structure.  However, in the global structure, the 
hat truss at the top of the core would transfer loads to other core columns or the exterior walls, assuming 
the connections between the core columns and hat truss remained intact.    

The subsystem models used modeling reductions from the component analyses, which kept the analysis 
tractable while maintaining required nonlinear feat
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Figure E–9.  Inward displacement of the WTC 1 south wall at 100 min of the Case B 

temperatures with floor disconnections and 6 kip pull-in forces over five floors. 
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Figure E–10.  Out-of-plane displacements of east wall of WTC 2 calculated with pull-in 

forces of 1.5 kip on the south half and 5.0 kip on the north half. 

At 50 min 
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Structural Response of the WTC Towers 

A separate global analysis of each tower helped determine the relative roles of impact damage and fires 
with respect to structural stability and sequential failures of components and subsystems and was used to 
determine the probable collapse initiation sequence.  

Results of the major subsystem analyses were incorporated into the global models, reducing the 
complexity of the modeling approach and/or level of detail where possible, while retaining sufficient 
detail for nonlinear structural responses.  The global models of the towers extended from several stories 
below the impact area to the top of the structure.  WTC 1 was truncated at Floor 91 and WTC 2 was 
truncated from Floor 77. The global models included the core subsystem, the exterior wall subsystem, the 
hat truss, and an equivalent plate representation of the floor system.  The core columns and exterior 
columns and spandrels were modeled with elements and features similar to those used in the isolated core 
and exterior wall analyses.  Column analysis features included the effects of thermal expansion, plastic, 
and creep strains on column behavior within the global structural system.  The full floor model was not 
included in the global models, as it would have made the models computationally too large.  Instead, 
office area and core floors were modeled with an equivalent floor slab thickness and modulus calculated 
to match the in-plane stiffness of the composite floor system, including the concrete slab, floor trusses, 
and the floor seats.  Floor loads applied as concentrated loads at the column connections.  These modeling 
simplifications of the floor system were able to capture the floor behaviors observed in the full floor 
subsystem analyses while keeping the analysis tractable.   

Each global model was first evaluated for stability under gravity loads, with structural impact damage 
modeled by removing severed and heavily damaged columns and floor areas.  Temperature histories were 
applied in 10 min intervals and linearly ramped to the next temperature state.  Pull-in forces from sagging 
floors were also applied during the appropriate 10 min intervals. The global analysis results provided a 
sequence of component and subsystem failures that led to the onset of global instability and collapse 
initiation. 

WTC 1 Global Analysis Results 

After the aircraft impact, gravity loads that were previously carried by severed columns were redistributed 
to other columns.  The north wall lost about 7 percent of its loads after impact.  Most of the load was 
transferred by the hat truss, and the rest was redistributed to the adjacent exterior walls by spandrels.  Due 
to the impact damage and the tilting of the building to the north after impact, the south wall also lost 
gravity loads, and about 7 percent was transferred by the hat truss.  As a result, the east and west walls 
and the core gained the redistributed loads through the hat truss. 

In the early stages of the fire, structural temperatures in the core rose, and the thermal expansion of the 
core was greater than the thermal expansion of the exterior walls.  The difference in the thermal 
expansion increased the loads in the core columns at about 20 min.  Thereafter, the core lost gravity loads 
due to its thermal weakening and shortening until the south wall started to bow inward.  At about 
100 min, approximately 20 percent of the core loads were transferred by the hat truss to the exterior walls 
due to thermal weakening of the core; the north and south walls each gained about 10 percent more loads, 
and the east and west walls each gained about 25 percent more loads.  Since the hat truss outriggers to the 
east and west walls were stiffer then the outriggers to the north and south walls, they transferred more 
loads to the east and west exterior walls.   
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The inward bowing of the south wall caused failure of exterior column splices and spandrels, and induced 
column instability.  The instability progressed horizontally across the entire south face.  The south wall 
unloaded and redistributed its gravity loads to the thermally weakened core through the hat truss and to 
the east and west walls through the spandrels.  The building section above the impact zone began tilting to 
the south as column instability progressed rapidly from the south wall along the adjacent east and west 
walls, and increased the gravity load on the core columns.  The change in potential energy due to 
downward movement of building mass above the buckled columns exceeded the strain energy that could 
have been absorbed by the structure.  Global collapse then ensued. 

WTC 2 Global Analysis Results 

Before aircraft impact, the load distribution across the exterior walls and core was symmetric with respect 
to the centerline of each exterior wall.  After aircraft impact, the exterior column loads on the south side 
of the east and west walls and on the east side of south wall increased.  This was due to the leaning of the 
building toward the southeast. After aircraft impact, the core carried 6 percent less loads.  The north wall 
loads reduced by 6 percent, and the east face loads increased by 24 percent.  The south and west walls 
carried 2 percent to 3 percent more load. 

In contrast to the fires in WTC 1, which generally progressed from the north side to the south side over 
approximately an hour,  the fires in WTC 2 were located on the east side of the core and floors for the 
entire duration, with the fires spreading from south to north.  With insulation dislodged over much of the 
same area, the structural temperatures became elevated in the core, floors, and exterior walls at similar 
times. During early stages of the fires, columns with dislodged insulation elongated due to thermal 
expansion.  As the structural temperatures continued to rise, the thermal expansion was overcome by 
plastic and creep deformations under compressive loads.   

Vertical displacements of the south and east exterior columns were essentially constant after impact and 
remained around 7.5 in. (over the severed columns) on the south face and about 3.5 in. on the east face 
until the east wall became unstable at 43 min. The east wall, which had bowed inward to a total of 
approximately 62 in., suddenly unloaded.  The west wall also unloaded.  Loads increased on the core and 
on the north and south walls.  The core had weakened on the east side and shortened by 3.0 in. at the 
southeast corner. At the same time, the northwest corner of the exterior wall displaced upward about 
2.0 in., as the tower was tilting to the southeast around an axis passing through the southwest and 
northeast corners.   

The inward bowing of the east wall caused failure of exterior column splices and spandrels, and induced 
column instability.  The instability progressed horizontally across the entire east face.  The east wall 
unloaded and redistributed its gravity loads to the thermally weakened core through the hat truss and to 
the north and south walls through the spandrels.  The building section above the impact zone began tilting 
to the east as column instability progressed rapidly from the east wall along the adjacent north and south 
walls, and increased the gravity load on the weakened east core columns.  The change in potential energy 
due to downward movement of building mass above the buckled columns exceeded the strain energy that 
could have been absorbed by the structure.  Global collapse then ensued. 
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Structural Response of the WTC Towers to Fire Without Impact Damage 

Whether the towers would have collapsed if subjected to the same fires with no aircraft impact damage 
was considered as part of understanding the relative roles of the impact damage and fires.  It was found 
from the global analyses that both WTC 1 and WTC 2 were stable after the aircraft impact and that they 
had considerable reserve capacity with structural impact damage. The global analyses also found that the 
combined effect of structural and insulation impact damage with the ensuing fires caused both towers to 
collapse. The effect of the fires on the towers without structural or insulation damage was considered by 
examining the subsystem and global analysis results for portions of the structures with intact insulation 
that were subject to the fires. 

The towers would likely not have collapsed under the combined effects of aircraft impact and the 
subsequent multi-floor fires if the insulation had not been dislodged or had been only minimally 
dislodged by aircraft impact. The existing condition of the insulation prior to aircraft impact and the 
SFRM thickness on the WTC floor system did not play a significant role in initiating collapse of the 
towers. 

Probable Collapse Sequences 

To determine the probable collapse sequence for each tower, NIST adopted an approach that combined 
mathematical modeling, statistical and probability based analysis methods, laboratory experiments, and 
analysis of photographs and videos.  The approach accounted for variations in models, input parameters, 
analyses, and observed events.  It included the evaluation and comparison of possible collapse hypotheses 
based on different damage states, fire paths, and structural responses to determine the following:  

• The probable sequence of events from the moment of aircraft impact until the initiation of 
global building collapse;  

• How and why WTC 1 stood nearly twice as long as WTC 2 before collapsing (102 min for 
WTC 1 versus 56 min for WTC 2), though they were hit by virtually identical aircraft 
(Boeing 767-200ER); 

• What factors, if any, could have delayed or prevented the collapse of the WTC towers. 

Collapse hypotheses were developed over the course of the NIST Investigation.  The first hypotheses 
were published in the May 2003 NIST Progress Report, and were updated in the June 2004 NIST 
Progress Report and October 2004 Public Meeting at NIST.  The Probable Collapse Sequence for each 
tower was presented at the April 2005 Public Meeting in New York City. The stages of hypothesis 
development are summarized as follows: 

• Possible Collapse Hypotheses (May 2003) – not building specific; key events not identified 

• Working Collapse Hypothesis (June 2004) – single hypothesis for both WTC towers; 
identified chronological sequence of major events 
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• Leading Collapse Hypotheses (October 2004) – separate hypothesis for each WTC tower; 
identified building-specific load redistribution paths and damage scenarios in addition to 
chronological sequence of major events 

• Probable Collapse Sequences (April 2005) – refined building specific collapse sequences 
with chronological sequence of major events, load redistribution paths, and damage 
scenarios. 

To determine the probable collapse sequence for each tower, the following steps were required: 

• identification of key observables, primarily from photographs and videos 

• development of collapse hypotheses, which were updated periodically through the course of 
the investigation with the acquisition of new data and analysis results 

• sensitivity studies to identify influential parameters, through the application of a formal 
statistical approach, orthogonal factorial design (OFD) 

• development and refinement of mathematical modeling –fire dynamics simulation with 
computational fluid dynamics and structural response to aircraft impact and fire with finite 
element analyses 

• evaluation of analysis results against observed and expected structural behavior, with 
adoption of the event tree concept, and pruning and updating branches based upon 
comparisons with observed data 

These steps were applied to the degree needed for the sequence of analyses, from aircraft impact to 
structural response.   

E.3 Probable Collapse Sequence of WTC 1 and WTC 2 

The specific factors in the collapse sequences relevant to both towers (the sequences vary in detail for 
WTC 1 and WTC 2) are: 

• Each aircraft severed exterior columns, damaged interior core columns, and knocked off 
insulation from steel as the planes penetrated the buildings. The weight carried by the severed 
columns was distributed to other columns.  

• Subsequently, fires began that were initiated by the aircraft’s jet fuel but were fed for the 
most part by the building contents and the air supply resulting from breached walls and fire-
induced window breakage.  
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• These fires, in combination with the dislodged insulation, were responsible for a chain of 
events in which the building core weakened and began losing its ability to carry loads.  

• The floors weakened and sagged from the fires, pulling inward on the exterior columns.  

• Floor sagging and exposure to high temperatures caused the exterior columns to bow inward 
and buckle—a process that spread across the faces of the buildings.  

• Collapse then ensued.  

The sequences are supported by extensive computer modeling and the evidence held by NIST. The 
probable collapse sequences for WTC 1 and WTC 2 are presented in Figs. E–11 and E–12, respectively. 
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Figure E–11. WTC 1 probable collapse sequence. 

1. Aircraft Impact Damage 
 
• Aircraft impact severed a number of exterior columns on the north wall from Floors 93 to 98, 

and the wall section above the impact zone moved downward.   
• After breaching the building’s exterior, the aircraft continued to penetrate into the building, 

severing floor framing and core columns at the north side of the core.  Core columns were also 
damaged toward the center of the core and, to a limited extent, on the south side of the core.  
Fireproofing was damaged from the impact area to the south exterior wall, primarily through 
the center of WTC 1 and at least over a third to a half of the core width. 

• Aircraft impact severed a single exterior panel at the center of the south wall between Floors 94 
and 96. 

• The impact damage to the exterior walls and to the core resulted in redistribution of severed 
column loads, mostly to the columns adjacent to the impact zones.  The hat truss resisted the 
downward movement of the north wall, and rotated about the east-west axis.   

• As a result of the aircraft impact damage, the north and south walls each carried about 7 percent 
less gravity loads after impact, and the east and west walls each carried about 7 percent more 
loads.  The core carried about 1 percent more gravity loads after impact. 

2. Effects of Subsequent Fires and Impact Damaged Fireproofing 
 
A. Thermal Weakening of the Core: 

• The undamaged core columns developed high plastic and creep strains over the duration the 
building stood, since both temperatures and stresses were high in the core area.  The plastic 
and creep strains exceeded thermal expansion in the core columns.   

• The shortening of the core columns (due to plasticity and creep) was resisted by the hat 
truss, which unloaded the core over time and redistributed loads to exterior walls. 

• As a result of the thermal weakening (subsequent to impact and prior to inward bowing of 
the south wall), the north and south walls each carried about 10 percent more gravity loads, 
and the east and west walls each carried about 25 percent more loads. The core carried 
about 20 percent less gravity loads after thermal weakening.   

B. Thermal Weakening of the Floors: 

• Floors 95 to 99 weakened, with increasing temperatures over time on the long-span floors, 
and sagged. The floors sagged first and then contracted due to cooling on the north side; 
fires reached the south side later, the floors sagged, and the seat connections weakened.  

• Floor sagging induced inward pull forces on the south wall columns.  
• About 20 percent of the connections to the south exterior wall on Floors 97 and 98 failed 

due to thermal weakening of the vertical supports. 
C. Thermal Weakening of the South Wall:   

• South wall columns bowed inward as they were subjected to high temperatures and inward 
pull forces in addition to axial loads. 

• Inward bowing of the south wall columns increased with time. 
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Figure E–11.  WTC 1 probable collapse sequence (cont). 

 

 
Figure E–12. WTC 2 probable collapse sequence. 

1. Aircraft Impact Damage 
 

• Aircraft impact severed a number of exterior columns on the south wall from Floors 78 to 84, 
and the wall section above the impact zone moved downward.   

• After breaching the building’s exterior, the aircraft continued to penetrate into the building, 
severing floor framing and core columns at the southeast corner of the core.  Fireproofing was 
damaged from the impact area through the east half of the core up to the north and east 
exterior walls. The floor truss seat connections over about one quarter to one half of the east 
side of the core were severed on Floors 80 and 81 and over about one third of the east exterior 
wall on Floor 83. 

• Aircraft impact severed a few columns near the east corner of the north wall between Floors 
80 and 82. 

• The impact damage to the exterior walls resulted in redistribution of severed column loads, 
mostly to the columns adjacent to the impact zones.  The impact damage to the core columns 
resulted in redistribution of severed column loads mostly to other intact core columns and the 
east exterior wall. The hat truss resisted the downward movement of the south wall, and 
rotated about the east-west axis.   

• As a result of the aircraft impact damage, the core carried 6 percent less gravity loads after 
impact and the north face carried 10 percent less loads.  The east face carried 24 percent more 
gravity load, while the west face and the south face carried 3 percent and 2 percent more 
gravity load, respectively. 

• After impact, the core was leaning toward the east and south exterior walls.  The exterior 
walls acted to restrain the core structure. 

3. Collapse Initiation 
 

• The inward bowing of the south wall induced column instability, which progressed rapidly 
horizontally across the entire south face. 

• The south wall unloaded and tried to redistribute the loads via the hat truss to the thermally 
weakened core and via the spandrels to the adjacent east and west walls. 

• The entire section of the building above the impact zone began tilting as a rigid block (all 
four faces, not only the bowed and buckled south face) to the south (at least about 8º) as 
column instability progressed rapidly from the south wall along the adjacent east and west 
walls. 

• The change in potential energy due to downward movement of building mass above the 
buckled columns exceeded the strain energy that could be absorbed by the structure.  
Global collapse then ensued. 
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Figure E–12.  WTC 2 probable collapse sequence (cont). 

3. Collapse Initiation 
 

• The inward bowing of the east wall induced column instability, which progressed rapidly 
horizontally across the entire east face. 

• The east wall unloaded and tried to redistribute the loads via the hat truss to the weakened 
core and via the spandrels to the adjacent north and south walls. 

• The entire section of the building above the impact zone began tilting as a rigid block (all four 
faces, not only the bowed and buckled east face) to the east (about 7º to 8º) and south (about 
3º to 4º) as column instability progressed rapidly from the east wall along the adjacent north 
and south walls. The building section above impact continued to rotate to the east as it began 
to fall downward, and rotated to at least 20 to 25 degrees. 

• The change in potential energy due to downward movement of building mass above the 
buckled columns exceeded the strain energy that could be absorbed by the structure.  Global 
collapse then ensued. 

2. Effects of Subsequent Fires and Impact Damaged Fireproofing 
 
A. Thermal Weakening of the Core: 

• Several of the undamaged core columns near the damaged and severed core columns 
developed high plastic and creep strains over the duration the building stood, since both 
temperatures and stresses were high in the core area.  The plastic and creep strains exceeded 
thermal expansion in the core columns.   

• The core continued to tilt toward the east and south due to the combination of column 
shortening (due to plasticity, creep, and buckling) and the failure of column splices at the hat 
truss in the southeast corner. 

• As a result of thermal weakening (subsequent to impact), the east wall carried about 5 percent 
more gravity loads, and the core carried about 2 percent less loads.  The other three walls 
carried between 0 and 3 percent less loads. 

 
B. Thermal Weakening of the Floors: 

• Floors 79 to 83 weakened, with increasing temperatures over time on the long-span floors on 
the east side, and sagged.  

• Floor sagging induced inward pull forces on the east wall columns.  
• About an additional one third of the connections to the east exterior wall on Floor 83 failed 

due to thermal weakening of the vertical supports. 
 

C. Thermal weakening of the east wall:   
• East wall columns bowed inward as they were subjected to high temperatures and inward pull 

forces in addition to axial loads. 
• Inward bowing of the east wall columns increased with time. 
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E.4 FACTORS THAT AFFECTED PERFORMANCE 

• From the collective knowledge and insights gained through the Investigation of the collapse of 
the WTC towers, the following factors were identified that enhanced the performance of both 
towers on September 11, 2001: The closely spaced columns, along with deep short spandrels, 
allowed a redistribution of loads as a result of aircraft impact damage to the exterior wall. 

• Because there was effectively no wind on the morning of September 11, 2001, the capacity of the 
exterior wall provided to accommodate design wind loads was available to carry redistributed 
gravity loads. 

• The large dimensional size of the WTC towers helped the buildings withstand the aircraft impact.   

• The composite floor system with primary and bridging trusses forming a 2-way grid, and the two 
layers of welded wire fabric in the slab, acted to bridge over damaged areas without propagation 
of collapse from areas of aircraft impact damage to other locations, thereby avoiding larger scale 
floor collapse upon impact. 

• The hat truss played a major role in the post-impact performance of the building.  This was 
accomplished through redistribution of the loads from the significant weakening of the core, due 
to aircraft impact damage and subsequent thermal effects, by redistributing loads from the 
damaged core columns to adjacent intact columns and, ultimately, by redistributing loads to the 
exterior walls from the thermally weakened core columns that lost their ability to support the 
buildings’ weight. 

• The buildings would likely not have collapsed under the combined effects of aircraft impact and 
the subsequent jet-fuel ignited multi-floor fires, if the insulation had not been dislodged or had 
been only minimally dislodged by aircraft impact. The existing condition of the insulation prior to 
aircraft impact and the SFRM thickness on the WTC floor system did not play a significant role 
in initiating collapse on September 11, 2001. 

E.5 FINDINGS 

E.5.1 PASSIVE FIRE PROTECTION 

The passive fire protection applied to the steel structural components in the WTC towers was investigated 
to provide information on the in-place condition of the thermal insulation before and after aircraft impact.  
The specified and “as applied” thicknesses, the variability in thickness, the condition of the insulation 
over a 30-year service life, and the effects that the variability and condition have on the structural 
behavior of insulated steel members were studied. The rationale behind the selection of the effective 
thickness of thermal insulation for use in thermal analyses was presented.  Additionally, the procedures 
and practices used to provide the passive fire protection for the floor system of the WTC tower structures 
was documented.   
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Building Code Requirements for Structural Fire Resistance 

Finding 1:  The WTC towers were classified as Class 1B, as defined by the 1968 New York City 
Building Code.  This classification required a 3 h fire rating for columns and 2 h for floors.  The towers 
could have been classified as Class 1A since both Class 1A and 1B permitted buildings of unlimited 
height.  Class 1A required a 4 h fire resistance rating for columns and a 3 h rating for floors. In 1969, the 
Port Authority specified the 0.5 in. SFRM for all beams, spandrels, and trusses, to maintain the Class 1A 
Fire Rating of the New York City Building Code.  A condition assessment conducted in 2000 reported 
that the WTC towers were classified as Class 1B—noncombustible, fire-protected, and retrofitted with 
sprinklers in accordance with Local Law 5/1973. 

Selection of Fire-Resistive Materials 

Finding 2:  The passive fire protection for the floor trusses was specified to be 0.5 in. of BLAZE-
SHIELD Type D, although the technical basis for the selection of this product and required thickness 
value is not known.  After applying the Type D sprayed fire-resistive material to the lower 40 floors of 
WTC 1, the BLAZE-SHIELD insulating material was switched to Type D/CF (reported to meet or exceed 
the insulating properties of Type D), which did not contain asbestos.  In 1995, the Port Authority 
conducted a study to establish the SFRM requirements for the floor trusses in areas undergoing major 
tenant renovation.  The thickness required to achieve a 2 h fire rating was determined to be 1.5 in. using 
the BLAZE-SHIELD II product.  At the time of the WTC disaster, SFRM had been upgraded on a 
number of floors in the WTC towers: 18 floors in WTC 1, including all of the floors affected by the 
aircraft impact and fires, and 13 floors in WTC 2, although none were directly affected by the aircraft 
impact and fires. 

Equivalent thickness of SFRM 

Finding 3:  Based on analyses of SFRM thickness measurements and interpretation of photographs 
showing the condition of the originally applied material, the average thickness of the original thermal 
insulation on the floor trusses was estimated to be 0.75 in. with a standard deviation of 0.3 in. (coefficient 
of variation of 0.40).  The average thickness of the upgraded thermal insulation was estimated to be 
2.5 in. with a standard deviation of 0.6 in. (coefficient of variation of 0.24).  Based on finite-element 
simulations, it was concluded that the original passive fire protection on the floor trusses was thermally 
equivalent to a uniform thickness of 0.6 in., and the upgraded insulation was thermally equivalent to a 
uniform thickness of 2.2 in.  These values were used in the thermal analyses for determining temperature 
histories of structural components. 

Finding 4:  No information was available on in-place conditions of the thermal protection on the exterior 
columns and spandrel beams, and little information was available on the conditions of fire-resistive 
material on core beams and columns.  For thermal analyses of the towers, the SFRM on these elements 
was taken to have uniform thicknesses equal to the specified thickness.  This assumption was supported 
by the observation that measured average thickness tended to be greater than the specified thickness 
while, due to variability, the effective thickness tended to be less than the average uniform thickness. The 
specified thickness values were 0.5 in. for beams and spandrels, 2.06 in. (2 1/16 in.) for columns lighter 
than 14WF228, and 1.19 in. (1 3/16 in.) for columns equal to or heavier than 14WF228. 
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Finding 5:  The adhesive strength of BLAZE-SHIELD DC/F to primed steel was found to be a third to a 
half of the adhesive strength to steel that had not been coated with primer paint. The SFRM products used 
in the WTC towers were applied to steel components with primer paint.   

E.5.2 FIRE RESISTANCE TESTS 

Four Standard Fire Tests (ASTM E 119) were conducted on floor assemblies constructed to duplicate, as 
closely as practical, the floor system used in the WTC towers.  Full scale tests with a 35 ft span, and 
having ¾ in. thick SFRM were tested; one in the restrained test condition and the other in the unrestrained 
test condition.  Tests of half-scale specimens, which spanned approximately 17 ft, were conducted using 
SFRM conditions simulating the “as specified” condition (0.5 in. thick) and the “as-applied” condition 
(0.75 in. thick).  The following findings are based on this series of four tests and a comparison of their 
results.  

Structural Performance 

Finding 6:  Test assemblies, representative of the WTC floor system, exposed to the Standard Fire Test 
(ASTM E 119) conditions resulted in extensive spalling on the underside of the floor slab, thermal 
damage to the bridging trusses, and buckling of compression diagonals and vertical struts of the main 
trusses.   

Finding 7:  All four tests demonstrated that the floor assemblies were capable of sagging without failure.  
The unrestrained test, which had two 0.875 in. bolts fastening the main truss to the truss seats, did not sag 
sufficiently to bear on the bolts.  In the three restrained tests, the main truss ends were welded to the truss 
seats to provide the required restraint.  The magnitude of the sagging observed in the tests was consistent 
with that computed from finite element structural analyses.  No evidence of knuckle failures was seen in 
the tests. 

Finding 8:  All four test assemblies supported their full design load under standard fire conditions for two 
hours without collapse. 

Fire Resistance Ratings 

Finding 9:  The 1968 New York City (NYC) Building Code—the code that the WTC towers were 
intended but not required to meet when they were built—required a 2 h fire rating for the floor system. 

Finding 10:  The restrained floor system obtained a fire resistance rating of 1.5 h while the unrestrained 
floor system achieved a 2 h rating.  This finding was unexpected since the unrestrained rating is typically 
less than the restrained rating.  

Finding 11:  The test of the 17 ft specimen with as-applied SFRM did not produce the same rating as the 
35 ft test specimen, giving 2 h and 1.5 h, respectively.  In both cases, the rating was established on the 
basis of temperatures of the unexposed surface (top of concrete slab) and not on the ability of the 
specimen to support the load. 
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Finding 12:  The 45 min rating for the standard 17 ft test with the specified 0.5 in. SFRM did not meet 
the 2 h requirement of the 1968 NYC Building Code.  This test had no SFRM on the bridging trusses nor  
on the underside of the metal deck. 

Finding 13:  The 2 h rating for the standard 17 ft test with the as-applied average 0.75 in. SFRM met the 
2 h requirement of the 1968 NYC Building Code.  This test had half the SFRM thickness on the bridging 
trusses (0.375 in.) and overspray on the underside of the metal deck. 

Finding 14: The difference in test results for the two 17 ft specimens is due primarily to the concrete slab 
performance (spalling and cracking) and the presence or lack of SFRM overspray on the metal deck and 
not due to the SFRM thickness on the trusses.  Differences in the degree of concrete spalling were 
possibly due to differences in moisture content and the slab cracking. 

E.5.3 RESPONSE OF STRUCTURAL COMPONENTS  

The response of the structural components and their connections for the tenant floors and exterior walls 
was examined with detailed structural models.  Results of the floor and exterior wall component and 
connection analyses identified structural behaviors and failure modes that were required for inclusion in 
the global analyses.  

Floor System 

Finding 15:   The interior truss seats had a greater vertical shear capacity than the exterior truss seats.  
The controlling failure mode for vertical shear was weld fracture.  However, the vertical load at the truss 
connection of approximately 16 kip had to increase by a factor of two to six to reach failure (weld 
fracture) for temperatures near 600 °C to 700 °C. 

Finding 16: Detailed structural analysis of a single truss section of the composite floor system subjected 
to elevated uniform temperatures was found to initially push out on the exterior columns as a result of the 
concrete slab thermal expansion and then pull inward as the web diagonals buckled and the truss sag 
increased.  The magnitude of the pull-in force was found to depend highly on the stiffness of the exterior 
box column which, in turn, depended on expansion of floors above and below. 

Finding 17: Detailed analysis of the knuckles (shear connectors in the floor system for composite action) 
through test simulation and detailed truss analysis found that failure of the knuckles in the floor system 
was unlikely.  This finding was also supported by the lack of any knuckle failures in the four standard fire 
resistance tests (ASTM E119) of the floor truss assemblies with twice the floor load that was on the WTC 
floors. 

Exterior Wall System 

Finding 18:  Large inelastic deformations and buckling of the spandrels at elevated temperatures were 
predicted, but were found not to significantly affect the stability of the exterior columns.  Partial 
separations of the spandrel splices were also predicted at elevated temperatures, but were found not to 
significantly affect the stability of the exterior columns.   
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Finding 19:  Analyses of bolted splices in the exterior columns found that the splice may slide or open 
when the exterior columns are bowing and subject to large lateral deflections. No column splice bolts 
were predicted to have failed. 

Finding 20:  An exterior wall section (9 columns wide and 9 floors high) was found to bow inward when 
the floor connections applied an inward pull force.  For the condition where three sequential floors were 
disconnected, there was no bowing of the columns for five different elevated temperature conditions. 
When the column section with three disconnected floors was subjected to increased axial column loads, 
the wall section bowed outward over the unsupported column length.    

E.5.4 FIRE PROTECTION AND PARTITION DAMAGE DUE TO AIRCRAFT IMPACT 

The aircraft impacts into the WTC towers caused extensive damage to the buildings’ exterior, penetrated 
into the interior causing further damage to the structural system, dislodged insulation, and ignited multi-
floor fires.  The structural damage to each tower resulting from the aircraft impact was estimated using a 
transient finite element analysis.  Results of this analysis were used to predict damage to the structure, 
insulation, and partition walls in the path of the debris field.    

Finding 21:  For WTC 1, partitions were damaged and insulation was dislodged by direct debris impact 
over five floors (Floors 94, 95, 96, 97, and 98) and included most of the north floor areas between the 
north face and the core, the core, and central regions of the south floor areas, and on some floors, 
extended to the south wall.  For WTC 2, partitions were damaged and insulation was dislodged by direct 
debris impact over six floors (Floors 78, 79, 80, 81, 82, and 83) and included the south floor area between 
the north face and the core, the central and east regions of the core, and most of the east floor area, and 
extended to the north wall.    

Finding 22: The insulation damage estimates were conservative as they ignored possibly damaged and 
dislodged insulation in a much larger region that was not in the direct path of the debris but was subject to 
strong vibrations during and after the aircraft impact.  Robust criteria to generate a coherent pattern of 
vibration-induced dislodging could not be established to estimate the larger region of damaged insulation. 

E.5.5 OBSERVATIONS AND TIMELINE 

Thousands of photographs and hours of video records were reviewed for insights into the structural 
performance of the towers.  A timeline of significant events that characterized the weakening and 
eventual collapse of the WTC towers was developed with the photographs and videos that were time-
stamped.  Quantitative information, such as the amount of inward bowing observed on the exterior walls 
of the buildings, was extracted from key photographs through image enhancement and scaled 
measurements. Key observations and the timelines were used to guide the global collapse analyses.  

WTC 1 

Finding 23:  Inward bowing of the south exterior wall was first observed at 10:23 a.m. The bowing 
appeared to extend between Floors 94 and 100 and Columns 305 and 359.  The maximum bowing was 
estimated from images to be 55 in.±6 in. at Floor 97 on the east side of the south face of WTC 1.  The 
central area in available images was obscured by smoke. The extent of fires observed on all faces of 
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WTC 1 was similar, although somewhat more extensive on the east and west faces (where short span 
floors were located) and similarly extensive on the north and south faces (where long span floors were 
located).  Inward bowing was observed only on the south face. The north face had extensive aircraft 
impact damage, and the damaged floors were not capable of imposing inward pull forces on the north 
face. 

Finding 24:  The time to collapse initiation was 102 minutes from the aircraft impact (8:46:30 a.m. until 
10:28:22 a.m.). 

Finding 25:  From exterior observations, tilting of the building section appeared to take place near 
Floor 98.  Column buckling was then observed to progress rapidly across the east and west faces. 

Finding 26: The WTC 1 building section above the impact and fire area tilted to the south as the 
structural collapse initiated.  The tilt was toward the side of the building that had long span floors. Video 
records taken from east and west viewpoints showed that the upper building section tilted to the south. 
Video records taken from a north viewpoint showed no discernable east or west component in the tilt. A 
tilt to the south of at least 8 degrees occurred before dust clouds obscured the view and the building 
section began to fall downward. 

WTC 2 

Finding 27:  On the east face and north face of WTC 2, draped objects were observed through the 
windows of Floor 82 on the east face and Floors 81 to 83 on the north face near the northeast corner.  The 
draped objects appeared to be hanging floors.  The drape of these objects was observed to increase with 
time and extend across approximately half of the east face.   

Finding 28:  Inward bowing of the east wall was first observed at 9:21 a.m.  The inward bowing was 
approximately 10 in.±1 in. at Floor 80 and extended between Floors 78 and 83 and Columns 304 and 344.  
The remaining portion of the face to the south of Column 344 was not included in the image.  The bowing 
appeared to extend over a large fraction of the east face and to be greatest near the center of the face. Fires 
were more extensive along the east face (where long span floors were located) and at the east side of the 
north and south faces (where short span floors were located). Fires were not observed on the west face 
(where long span floors were located).  Inward bowing was observed only on the east face. The south face 
had extensive aircraft impact damage, and the damaged floors were not capable of imposing inward pull 
forces on the south face. There was no impact damage or fire on the west floors to cause pull-in forces on 
the west face. 

Finding 29:  An increase of the inward bowing of the east wall was observed at 9:53 a.m. The inward 
bowing appeared to extend between Floors 78 and 84 and Columns 305 and 341.  The remaining portion 
of the face to the south of Column 344 was not included in the image.  The maximum bowing was 
estimated from images to be 20 in.±1 in. at Floor 80 on the east face of WTC 1. 

Finding 30: The time to collapse initiation was 56 minutes after aircraft impact (9:02:59 a.m. to 
9:58:59 a.m.). 

Finding 31:  From exterior observations, tilt of the building section above the impact and fire area 
appeared to take place near Floor 82.  Column buckling was then seen to progress across the north face. 
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Finding 32:  The building section above the impact and fire area tilted to the east and south at the onset 
of structural collapse.  The tilt occurred toward the east side with the long span floors. Estimates made 
from photographs indicate that there was approximately a 3 degree to 4 degree tilt to the south and a 7 
degree to 8 degree tilt to the east, prior to significant downward movement of the upper portion of the 
building.  The tilt to the south did not increase any further as the upper building section began to fall, but 
the tilt to the east continued, reaching 20 degrees to 25 degrees before dust clouds obscured the view. 

E.5.6 STRUCTURAL RESPONSE OF MAJOR TOWER SUBSYSTEMS 

Prior to conducting the analysis of the global structural response of each tower, major structural 
subsystems were analyzed to provide insight into their behavior within the WTC global system.  The 
three major structural subsystems, the core framing, a single exterior wall, and full tenant floors, were 
analyzed separately for their response to impact damage and fire. The hat truss was not analyzed 
separately as its structural behavior did not require significant simplification in the global analysis.  The 
component analyses provided a foundation for these large, nonlinear analyses with highly redundant load 
paths, and they enabled a significant reduction in finite element model complexity and size. The major 
subsystem models used final estimates of impact damage and elevated temperatures determined from the 
aircraft impact analysis and the fire dynamics and thermal analyses. 

Isolated Core Subsystem 

Finding 33:  The WTC 1 isolated core subsystem analysis found that the core structure was most 
weakened from impact and thermal effects at the center of the south side of the core. Smaller 
displacements occurred in the global model due to the constraints of the hat truss and floors. 

Finding 34:  The WTC 2 isolated core subsystem analysis found that the core structure was unstable for 
the estimated structural damage to core columns.  The core was most weakened from impact and thermal 
effects at the southeast corner and along the east side of the core. Larger displacements occurred in the 
global model as the isolated core model had lateral restraints imposed that were somewhat stiffer than in 
the global model.   

Full Floor Subsystem 

Finding 35:  Floor sagging was caused primarily by either buckling of truss web diagonals or 
disconnection of truss seats at the exterior wall or the core perimeter.  Except for the truss seat failures 
near the southeast corner of the core in WTC 2 following the aircraft impact, web buckling or truss seat 
failure was caused primarily by elevated temperatures of the structural components. 

Finding 36:  Analysis results from both the detailed truss model and the full floor models found that the 
floors began to exert inward pull forces when floor sagging exceeded approximately 25 in. for the 60 ft 
floor span. 

Finding 37:  Sagging at the floor edge was due to loss of vertical support at the truss seats.  The loss of  
vertical support was caused in most cases by the reduction in vertical shear capacity of the truss seats due 
to elevated steel temperatures.   
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Isolated Exterior Wall Subsystem 

Finding 38:  Inward pull forces were required to produce inward bowing that was consistent with 
displacements measured from photographs. The inward pull was caused by sagging of the floors.  Heating 
of the inside face of the exterior columns also contributed to inward bowing. 

Finding 39:  The observed inward bowing of the exterior wall indicated that most of the floor 
connections were intact to cause the observed bowing.     

Finding 40:  The floors that were identified through analysis to be affected by the fires and the dislodged 
insulation matched well with the floors that were observed to have participated in the inward bowing of 
the exterior walls. 

Finding 41:  The extent of floor sagging required at each floor was greater than that predicted by the full 
floor models.  The estimates of the extent of sagging at each floor were governed by the combined effects 
of insulation damage and fire; insulation damage estimates were limited to areas subject to direct debris 
impact.  Other sources of floor and insulation damage from the aircraft impact and fires (e.g., insulation 
damage due to shock and subsequent vibrations as a result of aircraft impact or concrete slab cracking and 
spalling as a result of thermal effects) were not included in the floor models. 

E.5.7 STRUCTURAL RESPONSE TO AIRCRAFT IMPACT DAMAGE AND FIRE 

Global analysis of WTC 1 and WTC 2 used final estimates of impact damage and elevated temperatures 
to determine the structural response and sequence of component and subsystem failures that led to 
collapse initiation.   

General Findings  

Finding 42:  The structural analyses of WTC 1 and WTC 2 found that the collapse of the towers was due 
to the combined effects of structural and insulation damage from aircraft impact and the subsequent fires 
on the core, floor systems and exterior walls.  The towers collapsed when the weakened core and exterior 
columns could no longer redistribute or support the building loads with their reduced load carrying 
capacity.   

Finding 43:  Impact damage alone did not cause collapse of the towers, as they were stable after the 
aircraft impact.  Global analyses showed that both towers had substantial reserve capacity after the 
aircraft impact.   

Finding 44:  The multi-floor fires alone did not cause collapse of the towers. Without impact damage to 
the insulation, the structural steel temperatures would have been generally less than 200 °C to 300 °C, 
with a few isolated locations of structural steel temperatures exceeding 400 ˚C in WTC 1 floors and 
500 ˚C in WTC 2 floors.  The core would not have weakened, the floor sag would have been insufficient 
to pull inward on the exterior columns, and the exterior walls would not have bowed inward.    

Finding 45:  The towers would likely not have collapsed under the combined effects of aircraft impact 
and the subsequent multi-floor fires if the insulation had not been dislodged or had been only minimally 
dislodged by aircraft impact. Had insulation not been dislodged by the debris field, temperature rise of 
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structural components would likely have been insufficient to induce global collapse. Structural 
components that became thermally weakened were generally determined by impact of the debris field.  
The existing condition of the insulation prior to aircraft impact and the insulation thickness on the WTC 
floor system did not play a role in initiating collapse of the towers. 

Finding 46:  Creep strain was significant in the core and exterior columns over the 56 min to 102 min 
period of fire exposure in columns with temperatures greater than 500 ˚C to 600 ˚C and high stress.  
Columns with creep strains of sufficient magnitude to cause column shortening played a significant role 
in the collapse initiation. 

Finding 47:  The faces of the buildings that exhibited inward bowing were associated with the long span 
direction of the floor system.  The primary direction of tilting at collapse initiation for WTC 1 and WTC 2 
was in the direction of the bowed faces.  

Performance with Intact Fire Protection 

Finding 48:  A detailed thermal-structural analysis, which did not include slab delamination/spalling 
effects, showed that a full collapse of the WTC floor system would not occur even with a number of 
failed trusses or connections. 

Finding 49:  Most of the horizontal and vertical capacity of the floor connections to the exterior and core 
columns significantly exceeded the demand under design load conditions. 

E.5.8 PROBABLE COLLAPSE SEQUENCES 

The results of structural analyses conducted in this study on components, subsystems, isolated exterior 
walls, cores, and global models of WTC 1 and WTC 2 showed that the collapses of the towers were 
initiated due to the combined effects of the structural and insulation damage from aircraft impact and the 
subsequent intense fires.  The probable collapse sequence for WTC 1 and WTC 2 are based upon the 
collective consideration of structural analyses, statistical based methods, observations, and laboratory 
testing. 

Role of the Building Core 

Finding 50:  The core columns were weakened significantly by the aircraft impact damage and thermal 
effects.  Thermal effects dominated the weakening of WTC 1.  As the fires moved from the north to the 
south side of the core, following the debris damage path, the core was weakened over time by significant 
creep strains on the south side of the core.  Aircraft impact damage dominated the weakening of WTC 2.  
Immediately after impact, the vertical displacement at the southeast corner of the core increased 6 in. 
(from 4 in. to 10 in.). With the impact damage, the core subsystem leaned to the southeast and was 
supported by the south and east floors and exterior walls. 

Finding 51:  As the core was weakened from aircraft impact and thermal effects, it redistributed loads to 
the exterior walls primarily through the hat truss. Additional axial loads redistributed to the exterior 
columns from the core were not significant (only about 20 percent to 25 percent on average) as the 
exterior columns were loaded to approximately 20 percent of their capacity before the aircraft impact. 
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Role of the Building Floors 

Finding 52:  The primary role of the floors in the collapse of the towers was to provide inward pull forces 
that induced inward bowing of exterior columns (south face of WTC 1; east face of WTC 2). 

Finding 53:  Sagging floors continued to support floor loads as they pulled inward on the exterior 
columns.  There would have been no inward pull forces if many of the floor truss seats had failed and 
disconnected.   

Role of Exterior Frame-Tube 

Finding 54:  Column instability over an extended region of the exterior face ultimately triggered the 
global system failure as the loads could not be redistributed through the hat truss to the already weakened 
building core.  In the area of exterior column buckling, load transferred through the spandrels to adjacent 
columns and adjacent exterior walls.  As the exterior wall buckled (south face for WTC 1 and east face 
for WTC 2), the column instability propagated to adjacent faces and caused the initiation of the building 
collapse. 

Finding 55:  The exterior wall instability was induced by a combination of thermal weakening of the 
columns, inward pull forces from sagging floors, and to a lesser degree, additional axial loads 
redistributed from the core. 

Probable Collapse Sequences 

Finding 56:  Although the north face of WTC 1 had extensive impact damage, thermal weakening of the 
core columns on the south side of the core and inward bowing of the south face caused the building to tilt 
to the south at collapse initiation.  The extent of fires observed on all faces of WTC 1 was similar, 
although somewhat more extensive on the east and west faces (where short span floors were located) and 
somewhat less extensive on the north and south faces (where long span floors were located).  Thermal 
weakening of exterior columns with floor sagging (which induced inward pull and occurred on the south 
side) caused inward bowing of the south face and tilting in the south direction. 

Finding 57:  Although the south face of WTC 2 had extensive impact damage, thermal weakening of the 
core columns on the east side of the core and inward bowing of the east face caused the building to tilt 
more to the east and less to the south at collapse initiation.  Fires were more extensive along the east face 
and at the east side of the north and south faces. Thermal weakening of exterior columns with floor 
sagging (which induced inward pull and occurred on the east side) caused inward bowing of the east face 
and primary tilting in that direction (with additional southward tilting due to the aircraft impact damage). 

Finding 58:  The time it took for each WTC tower to collapse was due primarily to the differences in 
structural damage, the time it took the fires to travel from the impact area across the floors and core to 
critical locations, and the time it took to weaken the core and exterior columns. WTC 2 had asymmetric 
structural damage to the core, including the severing of a corner core column, and WTC 1 had more 
symmetrical damage.  The fires in WTC 2 reached the east side of the building more quickly, within 10 to 
20 minutes, than the 50 min to 60 min it took the fires in WTC 1 to reach the south side. 
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Finding 59:  NIST found no corroborating evidence for alternative hypotheses suggesting that the WTC 
towers were brought down by controlled demolition using explosives planted prior to September 11, 
2001.  NIST also did not find any evidence that missiles were fired at or hit the towers.  Instead, 
photographs and videos from several angles clearly showed that the collapse initiated at the fire and 
impact floors and that the collapse progressed from the initiating floors downward, until the dust clouds 
obscured the view. 
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Chapter 1 
INTRODUCTION 

1.1 PROJECT OBJECTIVES 

The National Institute of Standards and Technology (NIST) investigation into the collapse of the World 
Trade Center (WTC) towers had eight interdependent projects.  The purpose of each project is 
summarized in Table P–1, and the key interdependencies among the projects are illustrated in Fig. P–1, 
found in the Preface to this report. 

One of the four objectives of the technical investigation was to determine why and how the WTC towers 
(WTC 1 and WTC 2) collapsed following the initial impacts of the aircraft.  This objective is addressed in 
this report. Both the north and south towers of the World Trade Center were severely damaged by the 
impact of Boeing 767 aircraft, yet they remained standing for some time. The ensuing fires were observed 
to move through both buildings and eventually, both buildings collapsed. The extent and relative 
importance of the damage caused by the aircraft impact and subsequent weakening by fires were 
investigated under this project, Structural Fire Response and Collapse Analysis.  This report presents the 
technical approach, modeling and testing methodologies, summary of results, and findings of the 
structural response of the WTC towers to aircraft impact damage and ensuing fires. 

In addition, this project contributes to another investigation objective by determining the procedures and 
practices that were used in establishing the fire resistance ratings and providing passive fire protection to 
the components that made up the WTC tower structures. 

The purpose of the project was to analyze the response of the WTC towers to fires – both with and 
without aircraft damage – and to determine the probable sequence of structural collapse for each tower.  
Specifically, this project attempted to: 

• Determine the pre- and post-aircraft impact condition of the passive fire protection used to 
thermally insulate the structural members and provide resistance to fire damage, 

• Conduct tests of structural components and systems under fire conditions to quantify their 
behavior, 

• Evaluate the response of floor and column components and subsystems under fire conditions 
to understand their response, 

• Evaluate the response of the WTC towers under fire conditions, with and without aircraft 
impact damage, and 

• Determine the probable sequence of structural collapse for each WTC tower. 

The project relied primarily on a series of computer simulations to model the complete sequence of events 
leading to the initiation of collapse of the WTC towers.  The analyses included the damage to the towers 
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resulting from aircraft impact, the spread of multi-floor fires ignited by jet-fuel, the heating and thermal 
weakening of structural components, and the progression of local structural failures that led to the 
collapse of the buildings.  Each of these models advanced the current state of the art and tested the limits 
of computational capabilities.  The unprecedented complexity and sophistication of these analyses 
required the use of various strategies for managing the computational demands while adequately 
capturing the essential physics.  The overall approach -- from impact analysis to collapse initiation -- 
combined mathematical modeling, statistical and probability-based analysis, laboratory testing, and 
analysis of photographic and videographic records. 

1.2 TECHNICAL APPROACH AND TASKS 

Events that played a significant role in the structural performance of the towers on September 11, 2001, 
were the aircraft impact, the fireballs immediately following the aircraft impact, and the ensuing fires 
across multiple floors in each tower.  To estimate the structural response, detailed information was 
required on the condition of the structural system and its passive fire protection system, both before and 
after the aircraft impact.  During the ensuing fires that resulted in elevated structural temperatures, 
information on the degradation of the stiffness and strength of the structural system was also required. 

Data was collected and reviewed from a number of sources.  Such data included structural geometry, 
details, and connections; thermal and mechanical (adhesion/cohesion) properties of fire resistant 
materials; the thickness and condition of the passive fire protection in the towers; and recorded 
observations of structural events subsequent to aircraft impact and prior to collapse. Information about 
tower construction was obtained from original drawings and specifications, reports, and available records 
from The Port Authority of New York and New Jersey (PANYNJ or Port Authority), Leslie E. Robertson 
Associates (LERA), Silverstein Properties, and a number of contractors that had worked on the design, 
construction, or modifications to the towers.  Information about the events that occurred in each tower on 
September 11, 2001, was obtained from analysis of available photographic and videographic records, 
eyewitness accounts, and metallurgical analysis of recovered structural steel.  

The analyses performed to determine the probable collapse sequence for each tower considered the as-
built structural systems and their response to aircraft impact damage, temperature-dependent properties of 
steel and concrete, growth and spread of the fires, and heating of structural components.  The structural 
response analyses relied upon the following information: 

• Reference global structural models of the WTC 1 and WTC 2 towers, and typical floor and 
exterior wall subsystem models (NIST NCSTAR 1-2)2 

• Extent of damage to the structural systems and interior contents of the WTC 1 and WTC 2 
towers resulting from aircraft impact (NIST NCSTAR 1-2) 

• Temperature-dependent mechanical properties of the steels, welds, and bolts used in the 
construction of the towers, including elastic, plastic, and creep properties from 20 ºC to 
700 ºC (NIST NCSTAR 1-3) 

                                                      
2 This reference is to one of the companion documents from this Investigation.  A list of these documents appears in the Preface 

to this report. 
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• Time-temperature histories for structural components and connections for both standard 
fires (e.g., ASTM E 119) and actual fires based on fire dynamics simulations 
(NIST NCSTAR 1-6B). 

• Photographic and videographic records with time stamps that documented the observed 
sequence of events (NIST NCSTAR 1-5). 

To simulate the effects of aircraft impact into the towers, the growth and spread of fires, and the 
subsequent weakening of the structural system that ultimately led to collapse, a series of sophisticated 
computer analyses was conducted.  The results of any computer analysis depend on the fidelity of the 
input data and the ability of the computer software to capture the fundamental physics that produce the 
output response. 

The WTC towers were large, complex structural systems.  To include all of the structural components and 
connections and their associated behavior and failure mechanisms using refined finite element meshes 
would have been prohibitive.  The analysis approach used was a variant of the well-established sub-
structuring approach, adapted for the analysis of structures with highly nonlinear behavior, that 
progressed from individual components to major subsystems to global systems, as shown in Fig. 1–1.  
Extensive component analyses were conducted to identify critical behavior and failure mechanisms that 
contributed to the global structural response of each tower.  Similarly, extensive subsystem analyses were 
then performed.  These analyses incorporated the behavior and failure mechanisms identified in the 
component studies, with modifications to reduce the model size and complexity, thereby enhancing 
computational performance, without adversely affecting the quality of the results.  Whenever modeling 
modifications were used, they were validated against the detailed component model results.  The global 
analyses incorporated critical behavior and failure mechanisms, determined from subsystem analyses, 
while making necessary modifications in the level of modeling detail. 
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Figure 1–1.  Structural Analysis Sequence. 

As shown in Fig. 1–1, the structural response analyses began with the analysis of components, 
connections, and subsystems to develop an understanding of their structural behavior at elevated 
temperatures and associated failure mechanisms.  Components, used herein, included single structural 
elements, such as a column or a truss web member. Subsystems were groups of components that had a 
major structural function, such as a floor system. Connections, such as a column splice or a floor truss 
seat, transfer loads between components or subsystems.  Results of the component and subsystem 
analyses were used to develop the global models that were used to determine the global behavior and 
sequential failure mechanisms. 

The response of WTC 1 and WTC 2 global systems was estimated by (1) evaluating the response of floor 
and column components, connections, and subsystems under thermal loading, (2) evaluating the response 
of the WTC towers with and without aircraft impact damage under actual fire conditions, (3) conducting 
tests of structural components and systems under fire conditions, and (4) developing and evaluating 
collapse hypotheses for the WTC towers.  The effort, including work performed outside the scope of this 
project, was divided into the following tasks: 

1.2.1 Task A – Finite Element Reference Models 

Develop finite element models based on reference models:  Modeling the structure of the towers, whether 
for the assessment of aircraft impact, the growth and spread of fires, or the structural response to those 
fires, necessitated that the geometry, cross-sectional properties, and the material properties of the 
structural components be a faithful representation of the actual structures.  To that end, reference finite 
element models of both towers (since they were not identical) were developed.  This was done under a 
contract to Leslie E. Robertson Associates (LERA), the designers of the WTC towers, within the 

Global  

 WTC 1 
 WTC 2 

 

Nonlinear analyses 
to determine global 
behavior and 
sequential failure 
mechanisms. 

Subsystems 

 WTC 1 
• Isolated core 
• South exterior face 
• Full floors 93 to 99 

 

 WTC 2 
• Isolated core 
• East exterior face 
• Full floors 79 to 83 

Component 

 Shear knuckle 
 Truss seat connections 
 Single truss and concrete 

slab 
 Full floor 
 Column splice connection 
 Single story column 
 Nine story column 
 Nine story-nine column 

exterior wall panel 

Detailed nonlinear analyses to 
determine components 
behavior and failure 
mechanisms. 

Nonlinear analyses with 
component behavior and 
failure mechanism 
simplifications to determine 
major subsystem behavior 
and sequential failure 
mechanisms.
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framework of Project 2 of the Investigation.  The models underwent a thorough review process, including 
an in-house NIST review and a third-party review by the firm of Skidmore, Owings& Merrill LLP 
(SOM), also under contract to NIST, to test the accuracy of the models.  The reviews included checking 
the consistency of the models with the original design documents, verification and validation of the 
models (including assumptions and level of detail), and testing the accuracy of the models under various 
loading conditions.  The development of the reference models is described in NIST NCSTAR 1-2.  These 
reference models became the basis for all subsequent finite element analyses. 

1.2.2 Task B – Material Properties 

Develop the constitutive relationships for the materials used in the construction of the towers:  Properties 
of the structural steels used in the construction of the towers were part of the fundamental data needed for 
the development of models.  Mechanical and chemical properties were determined for steel specimens 
recovered from the WTC site to assure that the materials used were in conformance with those specified 
in the original design.  Further, the behavior of the structural steels used was characterized to determine 
the mechanical properties at high loading rates for the aircraft impact analyses and at elevated 
temperatures (from room temperature to 800 ºC) for the thermal-structural response analyses.  Properties 
of structural materials are given in NIST NCSTAR 1-3 and summarized in Chapter 4 of this report. 

1.2.3 Task C – Passive Fire Protection 

Characterize the passive fire protection applied to the structural steel:  The type of SFRM materials and 
required thickness were specified in correspondence between the Port Authority and SFRM contractor.  
Estimates of the characteristics of SFRM materials were deemed essential for the thermal-structural 
modeling of the towers.  Of primary importance was the condition of the sprayed fire-resistive material 
(SFRM) used since the type of material (hence its thermal insulating properties), its average applied 
thickness, and variation in application thickness all had an effect on the temperatures developed in the 
structural elements as a result of exposure to fire.  Since upgrading of the SFRM was begun in the 1990s, 
and the upgraded thickness was greater than that originally applied, it was important to determine: (1) the 
areas in the buildings where upgrading had been completed, and (2) the average thickness and its 
associated variability.  Chapter 2 of this report addresses the passive fire protection and its application, the 
determination of thermal properties, and calculation of an equivalent uniform thickness of material used 
for the thermal and structural finite element analyses.  Detailed information and a complete description of 
the procedures and practices used in the selection of fire protection for the WTC project is covered in 
NIST NCSTAR 1-6A. 

1.2.4 Task D – Standard Fire Resistance Tests 

Conduct standard fire resistance tests of composite truss floor system:  Tests were conducted to: 
(1) establish the baseline fire resistance rating of the composite truss floor system used in the WTC 
towers, (2) understand the influence of thermal restraint by testing the floor system under both thermally 
unrestrained and fully restrained conditions, and (3) provide experimental data to validate and provide 
guidance to the development of the floor models and to the interpretation of analyses results.  The 
standard ASTM E 119 fire test was selected since it represents a fairly severe condition both in the fire 
exposure and specimen loading and provides a frame of reference with respect to the historical 
performance of alternative floor systems.  Four tests, representing both full-scale and reduced-scale 
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specimens, are covered in Chapter 3 of this report and are reported in more detail in NIST 
NCSTAR 1-6B. 

1.2.5 Task E – Aircraft Impact Damage 

Establish the damage to the structure, insulation, and partition walls as a result of aircraft impact:  The 
damage induced by the impact of a Boeing 767 aircraft into each tower had significant influence on many 
facets of the analytical investigation into how and why the towers collapsed.  First, the aircraft impact 
resulted in significant damage not only to the exterior of the buildings, but also to the floors and core 
structures inside the buildings and as a consequence, weakened the structures to some degree.  Second, 
the jet fuel dispersed inside the towers ignited the building contents and furnishings, and the damage to 
the buildings’ facades as well as damage to the interiors influenced the amount of oxygen reaching the 
fires and, therefore, the speed at which the fires grew and moved throughout the affected floors.  Third, 
the impacts of the jet aircraft were of sufficient force to dislodge significant portions of the all-important 
SFRM in the impact and fire-affected regions.  The finite element analyses required to predict the extent 
of damage due to aircraft impact are presented in NIST NCSTAR 1-2.  This information was then used to 
estimate the extent of the SFRM damage based on the results of impact simulations, including the paths 
of the debris field and damage to interior partitions and furnishings.  Chapter 5 summarizes the results of 
the impact damage and the approach used to estimate the extent of insulation damage. 

1.2.6 Task F – Observations and Timeline 

Document observations and data for structural events:  NIST has made concerted efforts to validate 
analysis results with key observations obtained from its extensive collection of over 7,000 photographs 
and over 150 hours of videotape (NIST NCSTAR 1-5A) documenting the events at the World Trade 
Center on September 11, 2001.  Development of the probable collapse sequence for each tower was 
shaped by evidence gathered from these photographs and videos, along with eyewitness accounts.  The 
photographs and videos provided knowledge about aircraft impact damage to the exterior walls, fire 
growth and spread at the building exterior, inward bowing of an exterior wall in each tower, and the 
direction of tilt for the building section above the impact and fire zone as the towers collapsed.  Evidence 
was used in the analyses in three ways: (1) to determine input parameters, such as the aircraft speed and 
trajectory upon impact, (2) to impose time-related constraints upon an analysis, such as imposing 
observed broken windows over time thereby affecting the spread of fire, or (3) to validate analysis results, 
such as global stability after impact and during thermal loading.  A timeline of impact, fire, and structural 
events was developed for each tower, primarily from photographs and videos. Analyses were used to 
develop and refine the probable sequence of events between timeline observations.  The quality of the 
results compared to the visual and physical evidence supports NIST’s view that the significant 
phenomena relevant to the probable collapse sequence have been adequately captured.  Details of this task 
are provided in Chapter 6 of this report. 

1.2.7 Task G – Temperatures of Structural Components 

Compute temperature histories for structural components subjected to fires:  After the aircraft impacted 
each building, fires started on multiple floors, ignited by the rapid spread of burning jet fuel.  To 
determine how the towers were affected by the high temperatures resulting from the fires, estimates of the 
growth and spread of fires over time were developed using fire dynamics simulations.  These were based 
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on sophisticated computational fluid dynamics (CFD) modeling as described in NIST NCSTAR 1-5.  
These computations relied on: (1) the fire loads on each floor, (2) estimated ventilation as determined 
from the aircraft impact analyses (Task E), and (3) window breakage resulting from the fires as 
determined from photographic interpretation (Task F).  Temperatures of the steel structural components 
and concrete floor slabs were predicted using accurate models of the structures (Task A), thermal 
properties of the steel and concrete (Task B), thermal properties of the insulation applied to protect the 
steel and its equivalent uniform thickness (Task C), and the time and spatially varying temperature fields 
predicted from the fire dynamics calculations as described above.  The thermal analyses conducted to 
estimate realistic temperatures in the steel and concrete are covered in NIST NCSTAR 1-5. 

1.2.8 Task H – Component and Subsystem Analyses 

Conduct component and subsystem analyses:  The purpose of these analyses was to provide a basic 
understanding of the behavior of the various structural components and subsystems of the towers under 
gravity and thermal loading and to develop reduced models that could be reliably used in the global 
models.  The subsystems considered in this phase of the study included: (1) typical floor subsystem with 
its associated components: (a) the shear knuckles, (b) truss seats, and (c) a single truss and concrete slab; 
and (2) a nine-story by nine-column exterior wall subsystem with its associated components (a) bolted 
connection between exterior columns, (b) bolted connection between spandrels, (c) single exterior column 
with spandrel sections, and (d) single exterior wall panel with three columns and three spandrels.  The 
floor and exterior wall subsystems included modeling reductions as developed from the component 
models.  The models were based on the reference models developed in Task A, material properties 
estimated in Task B, and SFRM thickness and properties determined from Task C.  The floor 
components and subsystem models were verified using the standard fire test results (Task D).  Chapter 4 
of this report describes the development of the component and subsystem models 

1.2.9 Task I – Major Subsystem Analyses 

Conduct analyses of major subsystems:  Analyses of three major subsystems - the isolated core framing 
subsystem, an exterior wall subsystem, and the composite floor subsystems - were analyzed to determine 
their ability to resist and redistribute loads after impact damage and elevated temperatures.  These major 
subsystem models used final estimates of impact damage and elevated temperatures determined from the 
aircraft impact analysis (Task E) and the fire dynamics and thermal analyses (Task G).  The subsystem 
models used modifications from the component analyses, which kept the analysis solution times 
reasonable while maintaining required nonlinear features and failure modes.  These analyses were crucial 
for determining critical structural behaviors of the 
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Chapter 5 summarizes the results of the analysis of aircraft impact damage to the WTC towers.  The 
chapter describes how the structural damage due to impact was imposed on the subsystem and global 
models used in this study and outlines the methodology used to estimate the damage to insulation as a 
result of aircraft impact. 

Chapter 6 describes the observations and timeline of structural events.  The observations and timeline are 
based primarily on photographic and videographic records.  Key observations were used to help validate 
the probable collapse sequence for each tower. 

Chapter 7 describes the analyses conducted for three major tower subsystems to aircraft impact damage 
and fire.  These analyses included full floors, core columns, and exterior walls of WTC 1 and WTC 2 in 
the impact and fire zones.  These analyses were conducted prior to the global analysis for each tower.  
Each analysis description includes details of the model, applied loads, and structural results. 

Chapter 8 describes the global structural response of each WTC tower to aircraft impact damage and fire 
conditions.  The model for each tower is described, including aircraft impact damage and temperature-
histories for the observed fires.  Modeling simplifications based on the previous analyses are described, 
and the results of the analyses are presented.  The chapter also evaluates the structural response of the 
WTC towers to fire conditions without aircraft impact damage. A separate global analysis was not 
conducted for this analysis.  Instead, the results from the analyses conducted in previous chapters are used 
as the basis for evaluating this hypothetical condition. 

Chapter 9 presents the probable collapse sequence for each tower, based on the analysis results presented 
in Chapter 8 and the key observations presented in Chapter 6. 

Chapter 10 presents the findings of the study. 
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Chapter 2 
PASSIVE FIRE PROTECTION 

Many structural materials are adversely affected by high temperatures resulting from an uncontrolled 
building fire where compartment temperatures can reach 1,100 ºC (2,000 ºF).  Generally, some means of 
protecting, or insulating, the structural components is required to provide an acceptable level of 
performance in fire.  Steel, for example, loses both its strength and stiffness at the elevated temperatures 
associated with building fires, and an insulating barrier is required to slow or prevent damage to structural 
steel components.  

The structural steel in the World Trade Center (WTC) towers was protected with sprayed fire-resistive 
material (SFRM) or rigid fire-rated gypsum panels.  SFRMs are a combination of fibrous material and 
cementitious binder that, when mixed with water, can be spray-applied to the steel (Gewain et al. 2003).  
With time, the cementitious materials harden and the excess water evaporates, and when dry, SFRMs 
provide an insulation barrier to limit excessive temperature rise in the steel during a fire.  Similarly, fire-
rated gypsum wallboard was used to enclose some structural steel core columns to provide the required 
level of fire protection. 

The structural analysis of the WTC towers focused on the response of the two towers damaged by the 
aircraft impact and exposed to the subsequent fires.  To reduce the uncertainties in the calculated 
temperature histories of various structural elements, the thermal properties and condition of the passive 
fire protection as it existed on September 11, 2001, was estimated as accurately as possible.  In addition, 
reasonable estimates of the extent of SFRM dislodged by the aircraft impact and flying debris were made 
(see Chapter 5). 

NIST NCSTAR 1-6A reports on many aspects of the passive fire protection in the WTC towers, 
beginning with an overview of U. S. building regulations that are intended to provide structural fire 
resistance.  The report continues with a chronicle of the procedures and practices used in the selection and 
application of the SFRMs used in the construction of the WTC towers.  The variability of SFRM 
application on the uncertainty in estimating the steel temperatures is covered.  Finally, the thermal and 
mechanical properties of the SFRM materials are reported.  This chapter summarizes the salient material 
covered in NIST NCSTAR 1-6A. 

2.1 FIRE RESISTANCE OF STRUCTURAL ELEMENTS 

Building codes require that elements that support loads are to be protected to achieve a specified fire 
resistance rating3, expressed in hours.  The fire rating of structural materials and assemblies is generally 
determined through testing, and in the United States, such testing is frequently conducted in accordance 
with the ASTM International standard, ASTM E 119, “Standard Test Methods for Fire Tests of Building 
Construction and Materials” (ASTM 2000). 

                                                      
3 The term “fire resistance rating” (or simply “fire rating”) is variously called in the ASTM E 119 Standard,  “period of 

resistance,” “performance,”  “exposure” or classification.” 
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Building codes generally require the highest fire resistance rating for columns and other elements 
supporting multiple floors, and a somewhat lower resistance rating for columns and other elements 
supporting single floors, and for floors.  The required fire resistance ratings have been reduced in recent 
years when fire sprinklers are installed in high-rise and other commercial buildings.  In the past, high-rise 
buildings generally required a 4 h rating for columns; this has been reduced to 3 h in recent model codes, 
and can be as low as 2 h in current model codes, based on the additional mandatory requirement for 
sprinklers.  Some codes allow a reduction in fire-resistance rating for high-rise buildings that have been 
retrofitted with sprinklers. 

2.2 HISTORICAL REVIEW RELATED TO PASSIVE FIRE PROTECTION 

2.2.1 Building Code Requirements for the Design of the WTC Towers 

As an interstate compact, The Port Authority of New York and New Jersey (Port Authority or PANYNJ) 
was not required to comply with the New York City Building Code (NYCBC 1968), or any other building 
code, for the design and construction of the WTC towers.  The Port Authority, however, made explicit 
statements that it would comply with the New York City Building Code.  In a letter dated May 15, 19634, 
the Port Authority instructed its consulting engineers and architects to comply with the New York City 
Building Code.  In areas where the Code was not explicit or where technological advances made portions 
of the Code obsolete, it directed that design could be based on acceptable engineering practice.  At that 
time, the 1938 edition of the New York City Building Code was in effect, and a revised code was being 
drafted.  In a directive dated September 29, 19655, the Port Authority instructed its consultants to revise 
the WTC design plans to comply with the second and third drafts of the Code revision.  The revised New 
York City Building Code became effective in December 1968. 

2.2.2 New York City Building Code Requirements 

Application of the 1968 New York City Building Code (NYCBC) provisions affected the assigned 
building classification and, thus, the required fire rating of the WTC towers and their structural members.  
The WTC towers were classified as Occupancy Group E—Business.  The 1968 NYCBC identified two 
construction groups: Noncombustible Construction (Group 1) and Combustible Construction (Group 2).  
The WTC towers were classified as Construction Group 1 because their walls, exit ways, shafts, structural 
members, floors, and roofs were constructed of noncombustible materials.  At the time of design and 
construction, the towers were not sprinklered.   

The 1968 New York City Building Code defined five Classes within Construction Group 1.  For Business 
occupancy, each Class required a fire endurance rating as follows: 

• Class 1A: 4-hour protected 

• Class 1B: 3-hour protected 

                                                      
4 Letter dated May 15, 1963 from Malcolm P. Levy (Chief, Planning Division, World Trade Department) to Minoru Yamasaki 

(Minoru Yamasaki & Associates) - see NIST NCSTAR 1-6A, Appendix Figure A-1.  
5 Letter dated September 29, 1965 from Malcolm P. Levy (Chief, Planning Division, World Trade Department) to Minoru 

Yamasaki (Minoru Yamasaki & Associates) – see NIST NCSTAR 1-6A, Appendix Figure A-2. 
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• Class 1C: 2-hour protected 

• Class 1D: 1-hour protected 

• Class 1E: unprotected 

Construction Classes 1A and 1B permitted buildings of unlimited height.  Thus, the WTC towers could 
have been designed to meet either Class 1A or Class 1B requirements. 

2.2.3 Classification of WTC Towers 

It was the practice at the time, and continues to be the practice, for the architect to establish the building 
classification, fire rating of members and systems, and thermal protection requirements.  The review of 
documents uncovered during the investigation indicated a discrepancy in the classification, and therefore 
the fire ratings, to be used in the design of the towers.  Documents issued in the early stages of the design 
appear to indicate that the towers were classified as Class 1A6.  With the directive in 1965 to comply with 
the 1968 New York City Building Code, it appears that the towers were classified ultimately as Class 1B7.  

According to the 1968 New York City Building Code, construction classification 1B provided, in part, the 
following fire protection requirements: 

• Columns, girders, trusses, other than roof trusses, and framing supporting more than one floor 
shall have 3-hour fire endurance; 

• Columns, girders, trusses, other than roof trusses, and framing supporting one floor shall have 
2-hour fire endurance 

• Floor construction including beams shall have 2-hour fire endurance. 

• Enclosure of vertical shafts, exits, passage-ways, and hoistways shall have 2-hour fire endurance; 
and 

• Roof construction including beams, trusses, and framing including arches, domes, shells, cable 
supported roofs, and roof decks (for buildings over one story in height) shall have 2-hour fire 
endurance.  

Thus, the columns were required to have a 3-hour fire endurance rating and the floor system was required 
to a have a 2-hour rating when tested in accordance with ASTM E 119 (ASTM 1961). 

                                                      
6  Letter dated October 30, 1969 from Robert J. Linn (Manager, Project Planning, The World Trade Center) to Mr. Louis 

Di Bono, Mario & Di Bono Plastering Co., Inc. – see NIST NCSTAR 1-6A, Appendix Figure A-23. 
7  Memorandum dated January 15, 1987 from Lester S. Field (Chief Structural Engineer, World Trade Department) to Robert J. 

Linn (Deputy Director for Physical Facilities, World Trade Department) – see NIST NCSTAR 1-6A, Appendix Figure A-7. 
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2.2.4 Response to Local Law 5/1973 

In 1973, New York City Local Law No. 5 amended the New York City Building Code (effective 
January 18, 1973).  Local Law No. 5 required, in part, the retrofit of existing unsprinklered office 
buildings 100 ft or higher.  The New York City Department of Buildings permitted either: 

• Subdividing the floor area into compartments of specified square footage by fire separations (1-h 
or 2-h fire rated depending on the size of the compartment), or 

• Providing sprinkler protection. 

A code compliance evaluation of the towers, conducted in 1997, indicated that that all tenant floors in the 
two towers had been retrofitted with sprinklers (sprinklered) with the exception of four floors in WTC 1. 
In a 1999 update by the Port Authority, it was noted that all tenant floors had been sprinklered, and work 
was underway to complete sprinklering of the sky lobbies.  In 2000, a property condition assessment 
report8 stated that the WTC towers were classified as “Class 1B – noncombustible, fire-protected, 
retrofitted with sprinklers in accordance with New York City Local Law 5/1973.”  

2.2.5 Selection of Fire-Resistive Materials 

Classification of a building leads to its overall fire endurance rating and ratings of the various structural 
components.  The New York City Building Code, however, does not prescribe how the required fire 
resistance rating is to be achieved.  The Port Authority chose to protect main structural components such 
as columns, spandrel beams, and floor trusses with sprayed fire-resistive material.  This thermal 
protection technique was an established method for protecting columns, beams, and walls.  In the 1960s, 
however, composite steel truss floor systems were usually protected using “lath and plaster” enclosures or 
fire-rated ceiling tiles.  Figure 2–1 shows a mock-up of the steel truss system that supported the concrete 
floors in the World Trade Center towers, illustrating the thin steel rods that form the truss diagonals. 

                                                      
8 Property Condition Assessment of World Trade Center Portfolio, prepared for the Port Authority by Merritt & Harris, Inc., 

December 2000 – see NIST NCSTAR 1-6A, Appendix Figure A-41. 
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Source:  (Photograph from about 1967) provided by Laclede Steel Co. 

Figure 2–1.  Mock up of floor truss system.  

Since application of sprayed fire-resistive material to floor trusses was an innovative fire protection 
method, the Port Authority arranged for demonstrations to establish its feasibility for the World Trade 
Center (see Fig. 2–2).  The demonstrations were successful, and in November 1968, the Port Authority 
awarded the contract for “spray fireproofing” of the interior portions (floor system and core) of the WTC 
towers to Mario & Di Bono Plastering Co., Inc.  The fire protection of the exterior columns was included 
in the contract for the exterior aluminum cladding. 
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Source:  Photograph provided by Laclede Steel Co. 

Figure 2–2.  Demonstration of application of  Monokote sprayed fire-resistive 
material to floor trusses.  

Several materials were considered for the sprayed thermal insulation.  The exterior columns required 
insulation not only for fire protection but also to control column temperatures under service conditions.  
Alcoa recommended for the exterior columns the use of a sprayed material produced by U.S. Mineral 
Products, Co. known as BLAZE-SHIELD D.  The same material was also selected for the floor trusses 
and core beams and columns.  This product, however, contained asbestos fibers. On April 13, 1970, New 
York City issued restrictions on the application of sprayed thermal insulation containing asbestos.  The 
use of BLAZE-SHIELD D was discontinued in 1970 at the 38th floor9 of WTC 1.  The asbestos-
containing material was subsequently encapsulated with a sprayed material that provided a hard coating.  
A green dye was added to the encapsulating material so that the asbestos-containing SFRM could be 
identified.  Thermal protection of the remaining floors of WTC 1 and all of WTC 2 was carried out using 
BLAZE-SHIELD DC/F, a product that contained mineral wool (glassy fibers) in place of the crystalline 
asbestos fibers.  On the basis of tests, it was reported that the thermal properties of BLAZE-SHIELD 
DC/F were equal to or “slightly better” than those of BLAZE-SHIELD D10. 

2.2.6 Specified Thickness of Fire-Resistive Material 

The thickness of fire-resistive material necessary to achieve the required fire endurance was being 
assessed in 1965, more than three years before the award of the thermal protection contract.  At that time, 

                                                      
9 Various floor levels at which the asbestos-containing SFRM was reported to have been discontinued have been found in the 

documents reviewed for the investigation.  Floor 38 is reported here but the exact floor is of no consequence in the 
investigation into the response of the towers to impact and fire. 

10 Letter dated April 24, 1970 from S.W. Bell (Assistant Engineer, Fire Protection Department, Underwriters’ Laboratories, Inc.) 
to R. Monti (Construction Manager, World Trade Center, Port of New York Authority) – see NIST NCSTAR 1-6A, Appendix 
Figure A-29. 
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Emory Roth & Sons (ER&S), the Architect-of-Record, recommended 1 in. of thermal protection for the 
top and bottom chords of the floor trusses and 2 in. for other members of the trusses11.  WTC project 
specifications for sprayed fire-resistive material did not provide required material thickness or hourly 
ratings.  In October 1969, the manager of project planning of WTC provided the following instructions to 
the contractor applying the sprayed insulation12: 

“…Tower ‘A’ columns that are less than 14WF228 will require 2 3/16″ 
thick of ‘Cafco Glaze [sic]-Shield ‘Type D’’ spray-on fireproofing.  All 
Tower columns equal to or greater than 14WF228 will require 1 3/16″ of 
fireproofing… 

All Tower beams, spandrels and bar joists requiring spray-on 
fireproofing are to have a 1/2″ covering of ‘Cafco.’ 

The above requirements must be adhered to in order to maintain the 
Class 1-A Fire Rating of the New York City Building Code” 

NIST’s review of available documents has not uncovered the reasons for selecting BLAZE-SHIELD fire-
resistive material or the technical basis for specifying ½ in. thickness of thermal insulation for the floor 
trusses.  The last sentence in the above excerpt indicates that, in October 1969, the towers were 
considered a Class 1A construction. 

In February 1975, a fire broke out in WTC 1, spreading from the 9th to the 19th floor.  After the fire, the 
Port Authority contracted Skilling, Helle, Christiansen, Robertson (SHCR), the Structural Engineer of 
Record for the design of the WTC towers, to assess the resulting structural damage and to report, in 
general, on the fire resistivity of the floor system.  In its report to the Port Authority dated April 1, 197513, 
SHCR stated, 

“The fire of February, while reported in the press to have been very hot, 
did not damage a single primary, fireproofed element.  Some top chord 
members (not needed for structural integrity [sic], some bridging 
members (used to reduce floor tremor and the like) and some deck 
support angles (used only as construction devices) were buckled an the 
fire – all were unfireproofed steel.” 

The 1975 post-fire report by SCHR stated further that thermal protection of the top chords of the floor 
trusses was not necessary, except for the corners of the buildings where the floor acted as a two-way 
system in bending.  Additionally, it was stated that protection of the bridging trusses was not required 
because the bridging trusses were “not required as a part of the structural system.”  This information was 
used to guide the selection of the passive protection for the fire resistance tests conducted under Project 6 
and discussed in Chapter 3. 

                                                      
11 Letter dated December 23, 1965 from Julian Roth (ER&S) to Malcolm P. Levy (The Port of New York Authority) - see NIST 

NCSTAR 1-6A, Appendix Figure A-21. 
12 Letter dated October 30, 1969 from Robert J. Linn (Manager, Project Planning, The World Trade Center) to Mr. Louis DiBono 

(Mario & Di Bono Plastering Co., Inc.) - see NIST NCSTAR 1-6A, Appendix Figure A-23.  
13 Report on WTC Fire dated April 1, 1975 from Skilling Helle Christiansen Robertson (SHCR) to the Port Authority – see NIST 

NCSTAR 1-6A, Appendix Figure A-30. 
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2.2.7 Upgrading SFRM on Floor Trusses 

In 1995, the Port Authority performed a study14 to establish requirements for retrofit of SFRM to the floor 
trusses during major new construction or renovations when tenants vacated spaces in the towers.  The 
study estimated the thermal protection requirements based on “the fireproofing requirements” for Design 
No. G805 contained in the Fire Resistance Directory published by Underwriters Laboratories 
(Underwriters Laboratories 2002).  The study concluded that “a two hour fire rating for the steel floor 
joist trusses can be achieved by applying a 1 ½ inch thickness of spray-on mineral fiber fire protection 
material directly to the steel truss chords and webs.”  In the years between 1995 and 2001, thermal 
protection was upgraded on a number of floors and some of these were affected by the fires on 
September 11, 2001.  In WTC 1, floors 92 through 100 and 102 had been upgraded, and in WTC 2, floors 
77, 78, 88, 89, 92, 96 and 97 had been upgraded.   

In 1999, the Port Authority established “guidelines regarding fireproofing repairs, replacement, and 
upgrades” for the towers15.  The guidelines for tenant spaces may be summarized as follows: 

• For full floors undergoing new construction or renovation, the floor trusses should be protected 
with 1 ½ in. of sprayed mineral fiber fire-resistive material.  Retrofit of thermal protection 
requires removal of existing material and controlled inspection. 

• For “tenant spaces less than a full floor undergoing either new construction or renovation,” the 
floor trusses “need only meet the original construction standard.  Fireproofing shall be inspected 
and patched as required to the greater of 3/4 in. or to match existing” if it has already been 
upgraded to 1 ½ in.  

In July 2000, Buro Happold, an engineering consultant, commissioned by the Port Authority to conduct a 
fire-engineering assessment of the insulation of the floor trusses, issued a report on the requirements of 
the fire resistance of the floor system of the towers16.  This report stated that BLAZE-SHIELD DC/F was 
used on the majority of the floor trusses.  Based on calculations and a risk assessment, the consultant 
concluded that: 

• “The structural design has sufficient inherent fire performance to ensure that the fire condition is 
never the critical condition with respect to loading allowances.  

• A single coat application is possible. 

• Significant savings are possible. 

                                                      
14 White paper titled “Fireproofing Requirements for World Trade Center Tenant Floor Joist Construction that Requires 

Installation Due to Asbestos Removal or Local Removal to Facilitate Construction” transmitted by way of memorandum from 
Joseph Englot (Chief Structural Engineer, Port Authority) to Peter Sweeney (Engineering Program Manager, Port Authority) 
on August 18, 1995 – see NIST NCSTAR 1-6A, Appendix Figure A-34. 

15 Memorandum dated March 24, 1999 from Alan L. Reiss (Director, World Trade Department) to John Castaldo and Kent Piatt 
(Port Authority) – see NIST NCSTAR 1-6A,Appendix Fig. A-36. 

16 World Trade Center: Fire Engineering of Steelwork – Phase 1 Report, Buro Happold Consulting Engineers PC, February 2000 
– see NIST NCSTAR Appendix Figure A-40. 



 Passive Fire Protection 

NIST NCSTAR 1-6, WTC Investigation 21 

• The target reduction of fiber content and increased long term durability can be achieved. 

• Alternative materials should be considered.”  

As quoted, the report states that significant savings were possible by reducing the fiber content and 
considering alternative materials.  The report suggested that the thickness of the SFRM could be reduced 
to ½ in. if the material properties at ambient temperature are applicable at higher temperature.  The report 
recognized the lack of available temperature-dependent material data for BLAZE-SHIELD DC/F.  Thus, 
considering the uncertainties in the material properties and having the understanding of material 
degradation with temperature and time, it was recommended that 1.3 in. of fire-resistive material be used 
for the floor trusses. 

Later, in December 2000, the final draft of a report on Property Condition Assessment of World Trade 
Center Portfolio17 stated that, based on existing conditions “The rating of the structural fireproofing in the 
Towers and subgrade has been judged to be an adequate 1-hour rating considering the fact that all Tower 
floors are now sprinklered.”  The report also noted the ongoing Port Authority program to upgrade the 
fire-resistive material thickness to 1 ½ in. in order to achieve a 2-hour fire rating.  

2.2.8 Need for Fire Resistance Tests 

The fire protection of a truss-supported floor system by directly applying sprayed fire-resistive material to 
the trusses was innovative at the time the WTC towers were designed and constructed.  While the benefits 
of conducting fire endurance tests were realized by individuals involved in the 1967 demonstrations of the 
application of SFRM, apparently no tests were conducted on the floor system used in the WTC towers.  
The Architect-of-Record, in a letter to the Port Authority18 addressing issues that “…might not conform to 
the New York City Building Code…”, dated July 25, 1966, stated, 

“Obviously, with so many penetrations of the floor system the fire rating 
of the floor construction is of an indeterminate value unless tested.  It is 
doubtful if it will meet a 3-hour test.” 

In the 1975 post-fire report to the Port Authority19, the Structural Engineer-of-Record stated, 

“These special floor assemblies would best be fire tested—since actual 
testing is the only known, reliable method known [sic] to assure 
compliance with fire testing requirements.” 

Communication from the Port Authority in 200320 confirms that there is no record of fire endurance 
testing of assemblies representing the thermally protected floor system. 

                                                      
17 Property Condition Assessment of World Trade Center Portfolio, prepared for the Port Authority by Merritt & Harris, Inc., 

December 2000 – see NIST NCSTAR 1-6A, Appendix Figure A-41. 
18 Letter dated July 25, 1966 from Harry J. Harman (ER&S) to Malcolm P. Levy (Port of New York Authority) - See NIST 

NCSTAR 1-6A, Appendix Figure A-26. 
19 Report on WTC Fire dated April 1, 1975 from Skilling Helle Christiansen Robertson (SHCR) to the Port Authority – see NIST 

NCSTAR 1-6A, Appendix Figure A-30 - see NIST NCSTAR 1-6A, Figure A-43. 
20 See NIST NCSTAR 1-6A, Appendix Figure A-31. 
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To address some of these open issues, standard fire resistance tests of the floor system used in the WTC 
towers were conducted as part of this investigation.  Results of four tests and the fire resistance ratings 
determined from these tests are presented in Chapter 3 of this report and in NIST NCSTAR 1-6B. 

2.2.9 Maintenance of SFRM in Elevator Shafts 

Throughout the life of the WTC towers, the structural members that required the largest amount of 
inspection and maintenance within the core were the exposed columns and beams within the elevator 
shafts.  Except for the floors, these columns and beams were the only accessible fire-protected elements in 
the buildings.  Adhesion failures were common, likely because of the exposed conditions of the columns 
and the inherently low bond strength of the SFRM. 

Inspections of the shafts and accessible columns were reported as early as 1971.  Problems were noted in 
the form of fallen insulation or with the over-spray material used to provide a harder surface.  In 1993, the 
Port Authority commissioned Leslie E. Robertson Associates (LERA) to carry out a continuing Structural 
Integrity Inspection Program to appraise the condition of the accessible columns located in the core of the 
towers (see NIST NCSTAR 1-1C).  The columns were inspected visually for signs of rusting, cracking, 
bowing, and loss of thermal insulation.  During the first inspection, carried out in 1993, particular shafts 
were chosen based on the quantity and types of accessible columns, and the convenience to the Port 
Authority.  Subsequent inspections involved sampling of the structural components and assemblies, 
which were more important to the structural integrity of the towers, and at locations with a relatively 
higher potential for defects and problems.  The Structural Integrity Inspection Report21 stated that the 
accessible columns in selected elevator shafts in WTC 1 and WTC 2 were “generally in good condition, 
no structural deficiencies such as cracking or bowing were found, the most common irregularities 
observed were missing fireproofing and light surface rusting of the exposed steel.” Based on the 
inspections, LERA recommended “that remedial action to be taken where spray fireproofing is damaged, 
deteriorated or missing and where there is corrosion of the column base due to water leaks at elevator 
pits.” 

2.3 AS-APPLIED THICKNESS OF SFRM 

2.3.1 1994 Measurements from WTC 1 Floors 23 and 24 

In its search of documents, NIST found no information related to measurements of the thickness of 
thermal insulation taken during construction.  Reviewed documents, however, indicate that thickness 
appears to have been checked during construction.  Recorded information on the in-place condition of the 
sprayed thermal insulation for the floor system first appeared in 1990 in the form of “Sample Area Data 
Sheets,” which provided qualitative comments on the state of the in-place SFRM.  Information regarding 
quantitative inspection of existing fire-resistive material appeared in documentation from 1994.  That 
year, the Port Authority performed a series of thickness measurements  of the existing SFRM on 
floors 23 and 24 of WTC 1 (see NIST NCSTAR Appendix A Figure A-58).  Six measurements were 
taken from “both flanges and web” of each of 16 randomly chosen trusses on each floor (see Table 2–1).  
Measured average thickness varied between 0.52 in. and 1.17 in.  For the 32 measurements (16 on each 
floor), the overall average was 0.74 in., and the standard deviation of these averages was 0.16 in.  Four of 

                                                      
21 Structural Integrity Inspection Report dated 14 April 1995 by LERA - see NIST NCSTAR 1-6A, Appendix Figure A-57. 
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the 32 floor trusses had average thicknesses between 0.52 in. and 0.56 in. These measurements suggest 
that the minimum average thickness exceeded ½ in.  Analysis of the reported mean thicknesses data 
indicated that a lognormal distribution gave a better representation of the distribution than did a normal 
distribution.  

Table 2–1.  Average SFRM thickness from six measurements taken in 1994 
on each of 16 random floor trusses on floors 23 and 24 of WTC 1. 

SFRM Thickness (in.) 

Floor 23 Floor 24 

0.60 0.76 
0.53 0.60 
0.70 0.90 
0.76 0.72 
0.88 0.64 
0.89 0.80 
0.83 0.68 
1.17 0.65 
0.88 0.67 
0.71 0.77 
0.82 0.96 
0.52 0.66 
0.69 0.65 
0.52 1.11 
0.64 0.95 
0.52 0.56 

Source: Data provided by The Port Authority of New York and New Jersey. 

2.3.2 Analysis of Photographs 

Additional SFRM thickness data were developed by evaluating photographs of floor trusses taken during 
inspections.  Two groups of photographs were used. The first group included images of floor trusses from 
WTC 1 (floors 22, 23, and 27).  These photographs were taken in the mid-1990s and illustrated conditions 
prior to the upgrade carried out by the Port Authority.  Thus, SFRM thickness on the photographed 
trusses would be expected to be at least ½ in.  The second group of photographs, taken in 1998, illustrated 
conditions after initiation of the upgrade program that began in 1995.  These photographs were of trusses 
for floor 31 and below in WTC 1.  Selection of the photographs to be used to estimate thickness of SFRM 
was based on clarity of SFRM edges and the presence of a feature of known dimension to provide a 
reference measurement.  Figure 2–3 shows one such photograph used for the estimation of SFRM 
thickness.  “Reference” points to a known dimension of the steel member which connects the damper to 
the bottom chord of the truss. 
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Figure 2–3.  Example of measurement procedure used to estimate 

SFRM thickness from photographs. 

For the floors that had not been upgraded, it was observed that the estimated thickness of SFRM on the 
webs of the main trusses tended to be greater than that on either the diagonal struts or on the webs of the 
bridging trusses.  Hence, estimates of SFRM thickness for non-upgraded floors were divided into three 
groups: webs of main trusses, webs of bridging trusses, and diagonal struts at the exterior wall end of the 
truss. 

It was not possible to estimate the thickness of the SFRM on any truss element except the round bars  
Consequently, for the upgraded floors in WTC 1 that were included in the second group of photographs, 
only estimates of the thickness on the webs of the main trusses were made.  The average, standard 
deviation, and coefficient of variation were computed for the total number of measurements in each of 
these groups.  The results are summarized as follows: 

• Main trusses before upgrade (85 measurements): Average thickness 0.6 in., standard deviation 
= 0.3 in., and coefficient of variation = 0.5. 

• Bridging trusses before upgrade (52 measurements): Average thickness 0.4 in., standard deviation 
= 0.25 in., and coefficient of variation = 0.6. 

• Diagonal struts before upgrade (26 measurements): Average thickness 0.4 in., standard deviation 
= 0.2 in., and coefficient of variation = 0.5. 

• Main trusses after upgrade (52 measurements): Average thickness 1.7 in., standard deviation 
= 0.4 in., and coefficient of variation = 0.2. 
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2.3.3 Port Authority Data on Upgraded SFRM on Trusses 

In the 1990s, the thermal protection for some floor trusses was upgraded to a specified thickness of 
1 ½ in. as tenants vacated their spaces.  According to the Port Authority22, 18 floors of WTC 1 and 
13 floors of WTC 2 were upgraded.  The Port Authority also stated that: “The entire impact zone for 
Tower 1 (92-99) was upgraded with 1 ½" spray-on fireproofing.  Only the 78th floor was upgraded with 
the 1 ½" spray-on fireproofing within the impact zone in Tower 2 (78-84).”  The Port Authority provided 
Construction Audit Reports to the NIST Investigation that included the density, average thickness, and 
strength characteristics of the upgraded SFRM (BLAZE-SHIELD II) as of 2000.  In 2004, the Port 
Authority provided NIST reports of the individual measurements for many of the average thicknesses 
recorded in the Construction Audit Reports.  These individual measurements permitted analysis of the 
variation of thickness at a cross section of a truss member and the variation in average thickness from 
truss to truss.  A total of 18 data sets for WTC 1 (including floors 93, 95, 98, 99, and 100) and 14 data sets 
for WTC 2 (including floors 77, 78, 88, 89, and 92) were analyzed. 

Data analysis indicated that the thickness measurements from the two towers represented similar 
distributions, and so the data were combined.  It was also found that the distribution of thickness values 
could be approximated by a lognormal distribution.  

The overall average thickness determined from the 256 individual measurements was found to be 2.5 in. 
with a standard deviation of 0.6 in.  Thus, the average SFRM thickness on the upgraded upper floors 
appears to be greater than that estimated from photographs taken on the upgraded lower floors. 

The overall standard deviation of 0.6 in. includes two contributions: (1) the variation of thickness at a 
cross section (within-truss variability), and (2) the variation of average thickness between trusses 
(between-truss variability).  From analysis of variance, it was found that the within-truss standard 
deviation was 0.4 in., and the between-truss standard deviation was also 0.4 in.  The within-truss standard 
deviation of 0.4 in. is similar to the standard deviation of the estimated individual thicknesses obtained 
from analysis of the photographs of upgraded main trusses. 

2.4 EFFECT OF THE VARIABILITY OF SFRM THICKNESS ON THERMAL 
RESPONSE 

As would be expected, and as confirmed by analyses of available data, the thickness of thermal insulation 
can have high variability.  The effects of thickness variation on thermal response of a member are not 
well known.  A sensitivity study using finite element analyses to simulate heat transfer was conducted to 
investigate the sensitivity of steel temperature rise to the variability in SFRM thickness. 

2.4.1 Effects of Thickness Variability and Gaps in SFRM 

A finite element model for thermal analysis was developed for a plate protected on both faces with SFRM 
of variable thickness.  A random number generator was used to assign a lognormally distributed random 
thicknesses of insulation along the length of the plate, and the plate was subjected to a thermal flux 
representative of a 1,100 °C fire.  A parametric study was conducted with average thickness of fire-

                                                      
22  Structural Integrity Inspection Report dated 14 April 1995 by LERA - see NIST NCSTAR 1-6A, Appendix Figure A-57. 
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resistive material varying from 0 in. to 2 in. in increments of 1/4 in. and a standard deviation varying from 
0 in. to 1 in.  Steel temperatures at five locations in the plate were recorded at 30 min, 60 min, 90 min, 
and 120 min of exposure to the thermal flux.  For more details, refer to NIST NCSTAR 1-6A 

The simulations showed that when the SFRM thickness is variable, the isotherms in the steel follow the 
shape of the SFRM surface contour.  Thus, the temperature history at any point in the steel depends on the 
local thickness of the insulation.  It was shown that an increase in thickness variability reduced the time to 
reach a critical temperature.  Conversely, for a given time to reach a specific temperature, the required 
average thickness of thermal insulation increased with increasing variability in thickness of SFRM. 

In addition to the effect of variation in thickness, the effect of missing SFRM over a portion of a member 
was studied.  Figure 2–4 shows an example of a “gap” in fire-resistive material on a diagonal member of a 
bridging truss.  As expected, thermal analysis results indicated that the bare steel where the insulation was 
missing reached the gas temperature quickly, which led to a transmission of heat into the interior steel. 

The combined effects of variation in insulation thickness and extent of missing material were examined 
by a full factorial design study with the following factors:  

• Average thickness of insulation varying from 0 in. to 2.0 in. in 1/4 in. increments; 

• Standard deviation of insulation thickness of 0 in., 0.25 in., 0.5 in., 0.75 in., and 1.0 in.; and 

• Length of missing insulation varying from 0 in. to 30 in., in 6 in. increments. 

  
Figure 2–4. Example of “gap” in fire-resistive material on diagonal member 

of a bridging floor truss. 
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The results were summarized by a series of temperature-time plots representing the response for different 
combinations of the three factors (see NIST NCSTAR 1-6A).  As expected, increasing the variability of 
insulation thickness or gap length reduced the time to reach a given critical temperature.  Because there 
was not sufficient information to determine the frequency of occurrence of these gaps or their typical 
locations, gaps in insulation were not considered in the thermal modeling. 

2.4.2 Thermally equivalent thickness of SFRM 

A sensitivity study, reported in NIST NCSTAR 1-6A, indicated that increased variation in thickness 
reduced the “effective thickness” of the SFRM.  It would be impractical to attempt to account for the 
variation in SFRM thickness in the thermal modeling of the WTC towers by introducing variable 
thickness insulation material in the finite-element models.  As an alternative, a “thermally equivalent 
uniform thickness” was determined that would result in the same thermo-mechanical response of a 
member as the variable thickness thermal protection.  In the analyses, an insulated 1 in. diameter by 60 in. 
long steel bar was subjected to the heat flux arising from a 1,100 °C fire.  The temperature history along 
the length of the bar was computed and was used to calculate the length change of the unrestrained bar 
under a tensile stress of 12,500 psi.  The bar was assumed to be similar to the steel used in the WTC floor 
trusses, and the temperature dependence of the coefficient of thermal expansion and the modulus of 
elasticity was based on NIST measurements. 

The average SFRM thickness and variability in thickness used in the models were based on the 
measurements (summarized in NIST NCSTAR 1-6A) for the web bars of the main trusses with both the 
original insulation and the upgraded insulation.  The following values were investigated: 

• Original conditions: Average thickness = 0.75 in., standard deviation = 0.3 in., lognormal 
distribution. 

• Upgraded conditions: Average thickness = 2.5 in., standard deviation = 0.6 in., lognormal 
distribution. 

Three sets of random data were generated for each condition. When the randomly selected thicknesses of 
each element were applied to the bar, abrupt changes in insulation thickness along the length of the bar 
resulted.  This “rough” surface texture was not representative of actual conditions.  As an alternative, 
five-point averaging was used to reduce the roughness of the insulation profile and produce a profile that 
was consistent with photographic evidence.  Care was taken to ensure the “smoothed” profiles maintained 
the required variability (i.e., mean and standard deviation). 

The calculated temperature histories of the bar elements were used to calculate the unrestrained length 
changes of the bar due to thermal expansion and the applied stress.  For comparison, elongations of the 
bar with different uniform thicknesses of thermal insulation were calculated.  The “thermally equivalent 
thickness” was taken as the uniform thickness that resulted in approximately the same elongation of the 
bar as produced with the variable thickness insulation.  Figure 2–5 shows a plot of the thermo-mechanical 
response of 1 in. diameter bar with both rough and smooth random thickness SFRM and thermally 
equivalent uniform thickness SFRM. 
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Figure 2–5.  Thermo-mechanical response of 1 in. bar compared with 

uniform thickness SFRM. 

On the basis of these analyses, it was concluded that SFRM with a uniform thickness of 0.6 in. provides 
thermally equivalent protection to an average thickness of 0.75 in. and a standard deviation of 0.3 in. (see 
the solid green line in Fig. 2–5).  Similarly, 2.2 in. of uniform thickness insulation is thermally equivalent 
to an average SFRM thickness of 2.5 in. with a standard deviation of 0.6 in. 

2.4.3 Thickness of SFRM Used for Thermal Analyses 

Analyses of available data on SFRM thickness and thermal modeling revealed the following: 

• From measurements of SFRM thickness, the average values exceeded the specified thickness. 

• SFRM thickness was variable, and the distribution of thickness in the floor trusses was best 
described by a lognormal distribution.   

• The standard deviation of SFRM thickness on the trusses varied between about 0.3 in. and 0.6 in. 

• The standard deviation of SFRM thickness on columns and beams from the core tended to be 
lower, with a value of 0.2 in. obtained from the available data. 

• No information was available on the SFRM thickness on the exterior columns and spandrel 
beams. 

• Variation in thickness reduces the effectiveness of SFRM, and the thermally equivalent uniform 
thickness, based on thickness measurements, exceeded the specified thickness. 
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Based on the findings given above, the following uniform thicknesses for the undamaged SFRM were 
used in the thermal analyses to determine temperature histories of the WTC towers under various fire 
scenarios: 

• Original SFRM thickness on all floor trusses (primary and bridging): 0.6 in. 

• Upgraded SFRM thickness on all floor trusses (primary and bridging): 2.2 in. 

• Thermal protection on other elements: the specified thickness. 

The choice of specified thickness for those members lacking data is justified by the following offsetting 
factors: (1) measured average thicknesses were found to exceed specified values, and (2) variation in 
thickness reduces the effectiveness of the SFRM. 

2.5 SUMMARY OF SFRM THICKNESS 

Establishing the specified SFRM material and thickness for the protection of the steel trusses, columns 
and beams in the WTC towers required the review of documents, correspondence, photographs, and 
videos that chronicled the decisions made in selection of the passive fire protection in the towers.  Since 
the towers were destroyed completely when they collapsed on September 11, 2001, establishing the in-
place thicknesses and condition of the SFRM required analysis of available thickness measurement data 
and interpretation of available photographs.  Lastly, the determination of appropriate thickness of the 
SRFM for use in thermal calculations required finite element thermal analyses to establish a thermally 
equivalent uniform thickness.  Table 2–2 summarizes the specified thickness, in-place (or as-applied) 
thickness, and thermally equivalent thickness for the structural elements that were fire-protected using 
SFRM. 

Table 2–2.  Summary of specified, in-place and thermally equivalent thickness of SFRM 
Thickness (in.) 

Building Component Material Specified(1) In-place 
Thermally 
Equivalent 

FLOOR SYSTEM     
  Original     
    Main trusses BLAZE-SHIELD DC/F 1/2 0.75 0.6 
    Main truss diagonal Strut BLAZE-SHIELD DC/F 1/2 0.75(2) 0.6 
    Bridging trusses – One-Way BLAZE-SHIELD DC/F 1/2(3) 0.38(4) (5) 

    Bridging trusses – Two-Way BLAZE-SHIELD DC/F 1/2(3) 0.75(4) 0.6(6) 
    Metal deck  (7) (8) (9) 

  Upgraded     
    Main trusses BLAZE-SHIELD II 1 1/2 2.5 2.2 
    Main truss diagonal Strut BLAZE-SHIELD II 1 1/2 2.5 2.2 
    Bridging trusses BLAZE-SHIELD II 1 1/2 2.5 2.2 
    Metal deck  (7) (8) (9) 
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Thickness (in.) 

Building Component Material Specified(1) In-place 
Thermally 
Equivalent 

EXTERIOR WALL PANEL     
  Box columns     
    Exterior faces (plates 1 & 2) BLAZE-SHIELD DC/F 1 3/16 (8) 1.2 
    Interior face (plate 3) Vermiculite plaster 7/8 (8) 0.8 
  Spandrels (plate 4)     
    Exterior face BLAZE-SHIELD DC/F 1/2 (8) 0.5 
    Interior face Vermiculite plaster 1/2 (8) 0.5 
CORE COLUMNS     
  Wide flange columns     
    < WF14x228 BLAZE-SHIELD DC/F 2 3/16 (8) 2.2 
    ≥ WF14x228 BLAZE-SHIELD DC/F 1 3/16 (8) 1.2 
  Box columns     
    < 228 lb/ft BLAZE-SHIELD DC/F (6) (8) 1.2(10) 
    ≥ 228 lb/ft BLAZE-SHIELD DC/F (6) (8) 2.2(10) 
CORE BEAMS     
  All BLAZE-SHIELD DC/F 1/2 (8) 0.5 

 (1) In no case was a specified SFRM material or thickness found on contract documents.  Rather, the term “specified” 
means material and thicknesses determined from correspondence among various parties. 

(2) Anecdotal and photographic evidence suggests that there may have been, in general, less than 0.75 in. thick  SFRM on 
the diagonal struts, but there is insufficient evidence to estimate what that value should be. 

(3) Thickness of SFRM on bridging trusses was not expressly specified (only “trusses” were mentioned), and anecdotal 
and photographic evidence as well as written documentation, suggests that the one-way and two-way floor areas were 
treated differently; specifically SFRM was required for the two-way floor areas and, while not required, was also 
applied in the one-way areas. 

(4) Analysis of photographs of originally applied SFRM indicates that the thickness on the bridging trusses was 
approximately one half that on the main trusses. 

(5) A thermally equivalent thickness was not calculated for this condition and a value of 0.6 in. was used for the thermal 
analyses. 

(6) 1975 report by LERA indicates bridging trusses in two-way areas were fire protected. 
(7) Not specified. 
(8) Unknown or not able to be determined. 
(9) Not included in analyses. 
(10) Since no information regarding specified thickness was found and installed thickness could not be determined, the 

same thickness specified for the wide flange columns (based on weight of section per foot) was used for thermal 
analyses. 

2.6 THERMOPHYSICAL PROPERTIES 

To provide thermophysical property data for modeling the fire-structure interaction of the towers, the 
thermal conductivity, specific heat capacity, and density of the SFRMs used in the WTC towers were 
determined as a function of temperature up to 1,200 °C (2,190 °F).  Since there are no ASTM test 
methods for characterizing the thermophysical properties of SFRMs as a function of temperature, ASTM 
test methods developed for other materials were used.  Samples were prepared by the manufacturers of 
the fire-resistive materials, which included BLAZE-SHIELD DC/F, which was originally applied, 
BLAZE-SHIELD II, used in the recent upgrade, and Monokote MK-5, assumed to be similar to the 
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vermiculite plaster applied to the inside surface of the exterior columns.  Since Monokote MK-5 is no 
longer produced, the samples were manufactured specially for this study according to the original MK-5 
formulation. 

2.6.1 Thermal Conductivity 

The thermal conductivity measurements were performed according to ASTM C 1113, Standard Test 
Method for Thermal Conductivity of Refractories by Hot Wire (Platinum Resistance Thermometer 
Technique) (ASTM 1999).  The room temperature values were in general agreement with the 
manufacturer’s published values for BLAZE-SHIELD DC/F and BLAZE-SHIELD II.  No published 
values were available for Monokote MK-5.  The thermal conductivities increased with temperature as 
shown in Table 2–3. 

Table 2–3.  Measured thermal conductivity as a function of temperature. 
Thermal Conductivity (W/(m · K))* 

Temperature (°C) BLAZE-SHIELD DC/F BLAZE-SHIELD II Monokote MK-5 
25 0.0460 0.0534 0.0954 
50 0.0687 0.0745 0.0926 
100 0.0628 0.0921 0.1252 
200 0.0810 0.0895 0.0919 
300 0.1106 0.1057 0.1214 
400 0.1286 0.1362 0.1352 
500 0.1651 0.1689 0.1504 
600 0.2142 0.2156 0.1622 
800 0.3380 0.2763 0.1895 

1000 0.5010 0.3708 0.2618 
1200 0.5329 0.4081 --------- 

* Results are presented in SI units because this system was used to make the measurements. To convert to BTU · in / 
(h · ft2 · °F) divide by 0.1442279. 

2.6.2 Specific Heat Capacity 

Specific heat capacity determinations were made with the same instrument as for thermal conductivity 
with a slight modification.  A thermocouple was added to the system, which permitted determination of 
the thermal diffusivity of the material.  Knowing the thermal conductivity, the thermal diffusivity, and the 
density obtained from other tests, the specific heat capacity was calculated.  The inherently indirect nature 
of the technique used precluded the direct measurements of specific heat capacity peaks associated with 
chemical reactions. 

To examine the chemical reactions associated with heating of SFRMs, differential scanning calorimetry 
(DSC) measurements were made in accordance with ASTM E 1269, Standard Test Method for 
Determining Specific Heat Capacity by Differential Scanning Calorimetry (ASTM 2001).  Differential 
thermal analysis (DTA) which is a "fingerprinting" technique that provides information on the chemical 
reactions, phase transformations, and structural changes that occur in a specimen during a heating or 
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cooling cycle.  These tests revealed large peaks in the specific heat capacities in the range of 125 °C to 
140 °C, which were accounted for in the thermal analyses conducted in the course of this investigation. 

2.6.3 Density 

Bulk densities of the SFRMs were not measured directly (except at room temperature) but were 
calculated from thermal gravimetric analysis (TGA) and thermal expansion measurements.  The TGA 
tests to measure mass loss were performed according to ASTM E 1131, Standard Test Method for 
Compositional Analysis by Thermogravimetry (ASTM 1998).  Thermal expansion measurements were 
performed according to ASTM E 228, Standard Test Method for Linear Thermal Expansion of Solid 
Materials (ASTM 1995).  Since the materials were not isotropic, separate measurements were performed 
in the plane of the SFRM sample and perpendicular to the free surface of the sample. Consequently, 
measurements were performed both in the plane of deposition and perpendicular to the plane of 
deposition.   The density values were calculated from the results of the thermal gravimetric analysis and 
thermal expansion.  The room temperature densities were found to be 15.7 pcf for BLAZE-SHIELD 
DC/F, 20.8 pcf for BLAZE-SHIELD II, and 19.4 pcf for Monokote MK-5. 

2.6.4 Thermophysical Properties of Gypsum Panels 

Thermophysical properties of four representative types of commercially available gypsum panels were 
examined.  The materials were: 

• 5/8 in. thick gypsum panel A,  

• ½ in. thick gypsum panel, 

• 5/8 in. thick gypsum panel B, and  

• 1 in. thick gypsum liner panel. 

Thermal conductivity was measured using the heated probe technique described in ASTM D 5334, 
Standard Test Method for Determination of Thermal Conductivity of Soil and Soft Rock by Thermal 
Needle Probe Procedure (ASTM 2000b).  In general, the thermal conductivity initially decreased as the 
temperature increased to 200 °C and then increased with increasing temperature above 300 °C. 

Specific heat capacities of the cores of the four gypsum panel samples were measured using a differential 
scanning calorimeter according to ASTM E 1269, Standard Test Method for Determining Specific Heat 
Capacity by Differential Scanning Calorimetry (ASTM 2001).  The four panels had similar specific heat 
capacities as a function of temperature, with a high peak at about 150 °C and a smaller peak at about 
250 °C. 

Densities were calculated from the thermogravimetric analysis and linear thermal expansion 
measurements.  All four materials showed the same trend as a function of temperature.  The variation in 
density with temperature is associated with the mass loss and the change in volume of the gypsum 
material. 
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2.7 ESTIMATION OF SFRM DISLODGED BY AIRCRAFT IMPACT 

To analyze the thermo-structural response of the WTC towers during the fires after the aircraft impacts, it 
was necessary to estimate the extent of dislodged thermal insulation on structural members.  
Dislodgement could occur as a result of direct impact by debris or due to inertial forces resulting from 
aircraft impact.  The dislodgement due to flying debris was estimated from results of the aircraft impact 
analyses that predicted damage to the structure (columns, beams and floors), partitions, and furnishings.  
In addition, a study was conducted to estimate dislodgement due to inertial forces.  NIST established 
conservative estimates for the extent of dislodged SFRM.  However, since NIST was not able to establish 
robust criteria to predict the extent of vibration-induced dislodgement, insulation dislodged by inertial 
effects other than that dislodged by direct debris impact was ignored and not included in the analyses.  
The methodology and criteria for estimating the extent of damage and dislodgement of SFRM from 
results of the aircraft impact analysis are presented in Chapter 5. 

2.7.1 In-place Density and Bond Strength 

The magnitude of the inertial forces resulting from shock and vibration is dependent on the density and 
thickness of the thermal insulation.  The insulation would dislodge if the stresses resulting from inertial 
forces exceed the bonding, or adhesive/cohesive strength of the insulation.   

The Port Authority provided data on in-place density and bond strength characteristics of the thermal 
insulation (BLAZE-SHIELD II) applied to the floor trusses during tenant alterations. According to the 
manufacturer, BLAZE-SHIELD II is about 20 percent denser and has about 20 percent greater 
adhesive/cohesive strength than BLAZE-SHIELD DC/F.  The Port Authority test reports indicate that 
bond strength was determined in accordance with ASTM E 736, Standard Test Method for 
Cohesion/Adhesion of Sprayed Fire-Resistive Materials Applied to Structural Members (ASTM 2000a).  
The method involves gluing a jar screw cap to the surface of the thermal insulation, and after the glue has 
cured, pulling on the cap until failure of the SFRM occurs.  The force required to pull off the cap is 
divided by the area of the cap, and reported as the “cohesive/adhesive strength.” Failure is described as 
“cohesive” if it occurs within the insulation and is defined as “adhesive” if it occurs at the interface with 
the substrate. 

Analysis of the reported density values indicated no statistically significant differences between the 
average SFRM densities in the two towers.  The overall average density was 18.9 pcf with a standard 
deviation of 3.2 pcf, giving a coefficient of variation of 16 percent.  

Analysis of the bond strength values indicated that there were statistically significant differences between 
the average bond strengths for the different floors, but there was no statistically significant difference 
between the average bond strengths for the two towers.  The overall average bond strength was 302 psf, 
with a standard deviation of 91 psf, giving a coefficient of variation of 30 percent.  This average value is 
less than the “tested performance” value of 360 psf indicated in the manufacturer’s catalogs, but this 
published value is for tests under controlled conditions and may not be representative of field strengths.  
The manfacturer’s product literature dated February 2002 refers to average bond strength of 150 psf as 
“standard performance,” and the same value is used in its guide specification for BLAZE-SHIELD II.   
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2.7.2 Specimen Preparation and Test Procedures 

While the in-place bond strength data of BLAZE-SHIELD II reported by the Port Authority appear to 
indicate acceptable performance, ASTM E 736 tests do not provide sufficient information for predicting 
whether insulation would be dislodged from structural members under various impact conditions. The 
standard test does not provide unambiguous values of cohesive and adhesive strengths, and it does not 
provide tensile strength in a direction parallel to the surface, that is, the in-plane cohesive strength.  Thus, 
tests were conducted by NIST to determine different tensile strength properties of sprayed thermal 
insulation.  BLAZE-SHIELD DC/F was used because the Port Authority data did not include tests of this 
material. 

Test specimens were made by applying the SFRM to ¼ in. steel plates measuring 8 in. by 16 in.  One half 
of the plates were coated with primer paint.  Nominal SFRM thicknesses of ¾ in. and 1 ½ in. were 
applied.  Thickness was built up in several passes of the spray nozzle.  Gentle hand rubbing was used to 
remove local high spots and produce reasonably uniform thicknesses. The plate specimens were allowed 
to dry for over five months in the laboratory before testing. Companion specimens were weighed 
periodically to determine loss of water, and it was found that the 1 ½ in. thick specimen reached 
equilibrium in about one month. 

Tests were devised to determine adhesive strength, cohesive strength normal to the surface, and cohesive 
strength parallel to the surface of the SFRM.  The first two properties were determined by adapting the 
pull-off test method described in ASTM C 1583, Standard Test Method for Tensile Strength of Concrete 
Surfaces and the Bond Strength or Tensile Strength of Concrete Repair and Overlay Materials by Direct 
Tension (Pull-off Method) (ASTM 2004).  The SFRM layer was cut carefully in two orthogonal 
directions to create a prismatic test specimen, and a 3/8 in. by 2.7 in. by 2.7 in. aluminum plate was glued 
to the surface.  The advantages of this approach over the ASTM 736 technique are that the resisting area 
is easily determined and it offers the ability to measure both adhesive and cohesive strengths. 

From each plate, three specimens were prepared for measuring both density and in-plane cohesive 
strength, and two specimens were prepared for measuring adhesive strength and cohesive strength normal 
to the surface.  Prismatic specimens were prepared by carefully removing strips of SFRM from the steel 
plates and sanding them to obtain uniform thickness.  These specimens were weighed to determine their 
densities.  Then the specimens were glued to a steel plate, and a small plate was glued to the other end for 
applying a tensile load. 

The adhesive strength and cohesive strength normal to the surface were obtained using the modified pull-
off procedure. An aluminum plate was bonded to the top surface of the SFRM using a fast curing, two-
component urethane foam adhesive.  After the adhesive had cured, the SFRM layer was cut to produce a 
prismatic test specimen.  A hook was screwed into the aluminum plate, and a load was applied by hand 
using a 50-lb. digital force gauge.  The average length and width of the failure area were measured and 
used to compute the adhesive or cohesive strength.  After the first test, the specimen was repaired with the 
same polyurethane adhesive, and the test was repeated.  If the first test resulted in an adhesive failure, the 
second test of the repaired specimen measured cohesive strength of the bulk SFRM.  If the first test 
resulted in cohesive failure, specimens were repaired and retested until an adhesive failure was obtained.  
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2.7.3 Test Results 

Table 2–4 summarizes the results of the test described in the previous section. 

Table 2–4.  Summary of physical characteristics of BLAZE-SHIELD DC/F specimens 
tested at NIST 

Bare Steel Primed Steel 
Property 

¾ in. 1 ½ in. ¾ in. 1 ½ in. 
Density (pcf)   27.2 (0.8)* 29.7 (1.3) 
In-plane cohesive strength (psf)   1120 (390) 1740 (540) 
Adhesive strength (psf) 450 (63) 666 (151) 185 (96) 171+(196) 
Cohesive strength normal to surface (psf) 433 (99) 610 (142) 367 (79) 595 (163) 

* First number is the average and the number in parentheses is the standard deviation. 
+ Based on testing selected samples.  

The densities of the BLAZE-SHIELD DC/F measured in this study were higher than published values in 
the manufacturer’s catalogs and higher than the in-place average density of 18.9 pcf reported in Port 
Authority test reports for BLAZE-SHIELD II.  The difference in average densities of the two thicknesses 
was statistically significant.  The higher values in this study are attributed to the specimen preparation 
procedures, which tended to result in denser test specimens than would be representative of field 
application. 

The difference in average adhesive strength for the two SFRM thicknesses is statistically significant.  The 
relative strengths are consistent with the difference in density for the two thicknesses. 

The presence of primer reduced the adhesive strength, especially for the 1 ½ in. thick specimens.  Two-
thirds of the specimens with the thicker SFRM had no adhesion to the coated steel plates.  

Analysis of the cohesive strength normal to the surface indicated that there was no statistically significant 
effect due to the presence or absence of primer.  This is logical because the condition of the steel surface 
is not expected to influence the properties of the bulk SFRM.  There was a statistically significant 
difference in the average strengths for the two thicknesses, with the 1 ½ in. SFRM having higher strength.   

For comparison with the measured cohesive strength normal to the surface, two tests were conducted in 
accordance with ASTM E 736. The results of the two tests were in agreement with those obtained by the 
pull-off technique.  This suggests that the ASTM E 736 procedure probably provides a measure of 
cohesive strength. 

A comparison was made of the adhesive strength and cohesive strength normal to the surface for the 
plates made with bare steel.  An analysis of variance indicated that there is an 8 percent probability that 
the difference could be the result of randomness.  Generally, if this probability is greater than 5 percent, it 
can be concluded that the difference is not statistically significant.  Thus, for the case of good adhesion, 
the test results do not contradict the assumption that the adhesive strength and cohesive strength normal to 
the surface are equal.  If this assumption is accepted, the average of the adhesive and cohesive strengths 
was found to be 409 psf for the ¾ in. SFRM, and the average is 622 psf for the 1 ½ in. SFRM.  These 
values are considerably greater than the manufacturer’s published strength of 295 psf, obtained using the 
ASTM E 736 method under laboratory conditions. 
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Chapter 3 
FIRE RESISTANCE TESTS 

3.1 BACKGROUND 

3.1.1 Motivation for Conducting Standard Fire Tests 

National Institute of Standards and Technology (NIST) review of available documents indicated that the 
fire performance of the composite floor system of the World Trade Center (WTC) towers was an issue of 
concern to the building owners and designers from the original design and throughout the service life of 
the buildings (NIST NCSTAR 1-6A).  NIST found no evidence regarding the technical basis for the 
selection of the SFRM for the WTC floor trusses and for the SFRM thickness to achieve a 2 h rating.  
Further, NIST no evidence was found that fire resistance tests of the WTC floor system were conducted.  
Review of the documents did not identify a similar concern for other structural components of the WTC 
towers. 

NIST NCSTAR 1-6B reports on the motivation for testing full- and reduced-scale assemblies representing 
the floor system used in the World Trade Center towers, and the purpose of the Standard Fire Test. The 
test variables are given and the construction of the floor test assemblies, test set-up, and loading are 
described.  Results (fire resistance ratings) of the four tests are presented and discussed.  This chapter 
summarizes the salient material covered in NIST NCSTAR 1-6B. 

3.1.2 Purpose of the Standard Fire Tests 

NIST conducted a series of four standard fire tests of the WTC floor system:  

• to establish the baseline performance of the floor system of the WTC towers under thermal 
loading as they were originally designed, 

• to differentiate the factors that most influenced the response of the WTC floors to fires as 
they may relate to normal building and fire safety considerations and those unique to the 
events of September 11, 2001, 

• to determine whether there was an adequate technical basis for the original SFRM 
specification, and 

• to study the procedures and practices used to accept an innovative structural and fire 
protection system.   
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3.2 DESCRIPTION OF WTC FLOOR SYSTEM 

3.2.1 Structural System 

The floor system design for the World Trade Center consisted of a lightweight concrete floor slab 
supported by steel trusses bridging between the core and exterior wall23.  The main composite trusses, 
which were used in pairs, were spaced at 6 ft 8 in. on center (o.c.) and had a nominal clear span of either 
60 ft or 35 ft.  The trusses were fabricated using double-angles for the top and bottom chords and round 
bars for the webs.  The web members protruded above the top chord in the form of a “knuckle,” which 
was embedded in the concrete slab to develop composite action.  Additionally, the floor system included 
bridging trusses (perpendicular to main trusses) spaced 13 ft 4 in o.c.  In the corners of the towers, the 
bridging trusses acted with the main trusses to provide “two-way” slab action, i.e., bending moments 
existed in both principal directions.  Figure 3–1 is a cut-away of the floor system showing the main 
trusses, bridging trusses, metal deck, and concrete floor slab.  Figure 3–2 shows a cross-sectional view of 
the basic configuration of the floor system. 

 

 
 

Figure 3–1.  Floor system of the WTC towers. 

 
 

 

                                                      
23 All information and data related to the design and construction of the WTC floor system were obtained from contract drawings 

provided to NIST by The Port Authority of New York and New Jersey.  Refer to NIST NCSTAR 1-2A for a complete 
description of the WTC structural system and index of all structural drawings. 
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Figure 3–2.  Schematic of floor system viewed along the main steel trusses. 

(not to scale) 

3.2.2 Sprayed Fire-Resistive Material (SFRM) Thickness 

As noted in Chapter 2, the average thickness of SFRM as originally installed was approximately ¾ in.  
The thicknesses of ½ in. representing the specified thickness, and ¾ in. representing average applied 
thickness, were used in the standard fire resistance tests described here.   

3.3 FIRE RESISTANCE TESTING 

3.3.1 General Description 

The fire rating of structural materials and assemblies is generally determined through testing, and in the 
United States, such testing is frequently conducted in accordance with the ASTM International standard, 
ASTM E 119, “Standard Test Methods for Fire Tests of Building Construction and Materials.”  This 
standard was first published in 1917 as a tentative standard, ASTM C 19, and was first adopted as ASTM 
E 119 in 1933.  Since its introduction, the test method has been modified and updated, although its 
essential character has remained unchanged.  ASTM E 119 prescribes a standard fire exposure for 
comparing the test results of building construction assemblies.  For the tests of floors and roofs, a test 
assembly is structurally loaded, and the standard fire exposure is applied to the underside of the specimen.  
The assembly is evaluated for its ability to contain a fire by limiting passage of flame or hot gases, and 
limiting heating of the unexposed surface, while maintaining the applied load.  The assembly is given a 
rating, expressed in hours, based on these acceptance, or end-point, criteria. 

3.3.2 Test Restraint Conditions and Ratings 

ASTM E 119 Standard in 1971 introduced the concept of fire endurance classifications based on two 
conditions of support: restrained and unrestrained.  A restrained condition24 is “one in which expansion at 
the support of a load carrying element resulting from the effects of fire is resisted by forces external to the 
element.”  In an unrestrained condition, the element is free to expand and rotate at its supports.  

                                                      
24 According to Appendix A4 of ASTM E 119-73. 

Composite main 
trusses 

Bridging truss 

6 ft 8 in.

4 in. reinforced concrete slab 
on metal decking 
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The current standard describes a means to establish both restrained and unrestrained ratings from 
assemblies tested in the restrained condition.  The conditions of acceptance are based on limiting passage 
of flame or hot gases, limiting temperatures on the unexposed surface of the slab, and failure to support 
the applied load.  In addition, temperature limitations are placed on the main structural members.  The 
location of temperature measurements on the structural members is specified in the Standard. 

In addition, the Standard describes a means to establish unrestrained ratings from unrestrained test 
conditions.  For tests of assemblies not restrained against thermal expansion, the fire resistance rating is 
based on limiting passage of flame and hot gases, exceeding temperatures on the unexposed surface of the 
slab, and failure to sustain the applied load; however, there are no limiting temperatures for the steel 
structural members.   

Prior to 1970, restrained and unrestrained ratings were not defined in ASTM E 119.  Ratings were 
determined based upon the requirements for restrained assemblies except that no temperature limitations 
were placed on the structural steel members. 

In practice, a floor assembly such as that used in the WTC towers is neither restrained nor unrestrained 
against thermal expansion, but is likely somewhere in between.  Testing under both restraint conditions 
bounds expected performance under standard fire exposure. 

3.3.3 Scale of Tests 

For floor and roof assemblies, ASTM E 119 requires that the area exposed to fire be a minimum of 180 ft2 
with neither dimension of the furnace less than 12 ft.  Furnaces available in 2002 in the United States for 
conducting standardized fire resistance tests of floor and roof assemblies had a maximum span less than 
18 ft (NIST GCR 02-843).  Traditionally, relatively small scale assemblies have been tested, and results 
have been scaled to practical floor system spans. 

The Underwriters Laboratories (UL) fire testing facility in Toronto, Canada has a furnace with nominal 
dimensions of 35 ft by 14 ft.  Thus, full- or large-scale floor assemblies could be tested in this furnace.  
Availability of the 35 ft furnace in UL’s Toronto facility, in addition to the 17 ft furnace at its 
Northbrook, Illinois, facility allowed NIST to conduct tests to compare the effect of scale. 

3.3.4 Test Variables 

To limit the number of tests and obtain information of greatest value to meet the investigation objectives 
discussed above, NIST studied three factors: SFRM thickness, scale of the test, and test restraint 
conditions.  To this end, four tests were conducted as follows: 

• Test #1:  Full-scale (35 ft span), restrained test condition, ¾ in. thick SFRM. 

• Test #2:  Full-scale (35 ft span), unrestrained test condition, ¾ in. thick SFRM. 

• Test #3:  Reduced-scale (17 ft span), restrained conditions, ¾ in. thick SFRM. 

• Test #4:  Reduced-scale (17 ft span), restrained conditions, ½ in. thick SFRM. 
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The objective of the full-scale restrained test with ¾ in. thick SFRM, Test 1, was to determine the 
baseline fire resistance of the floor system with average as-applied SFRM thickness.  This test also 
demonstrated whether the fire resistance of such a system was significantly different from that of a system 
with the specified SFRM thickness of ½ in. 

The test conditions for Test 2, full-scale unrestrained test with ¾ in. thick SFRM, were the same as those 
for Test 1 except that the specimen was supported to allow thermal expansion and, therefore, represented 
the unrestrained test condition.  Results of this test allowed a determination of the unrestrained rating by 
test and, by comparing with the results of Test 1, a comparison of unrestrained ratings from both a 
restrained and unrestrained assembly test. 

Test 3 was a reduced-scale test which, other than scale, was the same as Test 1.  Thus, a comparison of 
the results of these two tests allowed an examination of whether test results are independent of test 
assembly scale. 

Test assemblies for Tests 1, 2 and 3 were fire protected in the same manner, with ¾ in. thick SFRM 
representing the average SFRM thickness in the impact and fire affected floors of WTC 2.  Measurements 
taken from photographs of the originally applied SFRM indicated that, while the SFRM thickness on 
main the trusses was approximately ¾ in., the thickness on the bridging trusses was approximately half 
that value (see NIST NCSTAR 1-6A).  Also, photographs indicated that the metal deck was sometimes 
sprayed and sometimes not.  For these three tests (Tests 1, 2, and 3), then, the main trusses were protected 
with ¾ in. thick SFRM, the bridging trusses with ⅜ in. thick SFRM, and the metal deck was not 
intentionally sprayed but was also not masked from overspray and thereby had, in most instances, at least 
a light covering of SFRM.  These conditions best represented the thickness of the SFRM as it was 
originally applied in the one-way slab areas. 

The objective of the test with the ½ in. SFRM (Test 4) was to determine whether or not there was 
adequate technical basis for the original SFRM specification.  As explained by the designer, it was not 
necessary to fire protect the bridging trusses in the one-way areas nor was it necessary to spray the metal 
deck (see NIST NCSTAR 1-6A).  Consequently, the Test 4 specimen had ½ in. thick SFRM applied to 
the main trusses and no SFRM applied to either the bridging trusses or the underside of the metal deck.  
Both the bridging trusses and metal deck were masked to prevent overspray as well. These conditions best 
represented the SFRM that was necessary, in the opinion of the designer, to provide the required level of 
passive fire protection. 

3.4 PREPARATION OF TEST ASSEMBLIES 

Original shop drawings by Laclede Steel were used for the design of the 35 ft 0 in. span and 17 ft 5½ in. 
span test assemblies.  Figure 3–3 shows a drawing for the trusses used in the 35 ft span assemblies.  The 
steel trusses faithfully duplicated the geometry of the original design.  Since equipment for making the 
resistance welds is not available in the United States, metal inert gas (MIG) welding was used, and the 
welds were designed per the American Institute of Steel Construction (AISC) weld criteria to develop the 
web capacities in tension or compression.   This strength requirement was based on test data from 
Laclede’s files indicating that weld capacities exceeded design loads by a factor of 2. 
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Figure 3–3.  Drawing of 35 ft truss and end detail. 

 

In addition, the steel angles, round bars, reinforcing steel, welded wire fabric (WWF), metal deck, 
lightweight concrete, and primer paint were all matched as closely as practical.  Figure 3–4 shows the 
steel trusses being fit-up and welded in the test frame for one of the 35 ft span test assemblies.  NIST 
NCSTAR 1-6B provides a complete description of the construction of the test assemblies, including 
materials used, sprayed fire-resistive material, and instrumentation. 
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Source: NIST. 

Figure 3–4.  Trusses being fit-up in test frame of 35 ft test assembly.  

3.5 DESCRIPTION OF TESTS AND LOADING 

3.5.1 Full-scale Tests (35 ft span) 

Full-scale (35 ft span) tests were conducted at the UL furnace facility in Toronto, Canada.  Loading of the 
floor slab, to “simulate a maximum load condition” as required by ASTM E 119, was accomplished 
through a combination of concrete block and steel containers filled with water.  The water containers 
were restrained using steel cables to prevent them from falling into the furnace and causing damage to the 
fire brick and instrumentation in the event of a catastrophic failure of the floor system.  Figure 3–5 shows 
the water containers being placed on the concrete slab.  

 
Source: NIST. 

Figure 3–5.  35 ft span test assembly loaded with concrete 
blocks and water-filled containers. 
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3.5.2 Reduced-scale Tests (17 ft span) 

The reduced-scale tests were designed to extract as much information as practicably possible considering 
that the purpose of the Standard Fire Resistance Test is to measure the ability of the test assembly to 
contain a fire and is, therefore, based on integrity (passage of hot gases), thermal insulation (heating of the 
unexposed surface) and load bearing capacity (support of the applied load).  For the reduced-scale tests, 
the sizes of the steel members and the slab thickness were the same as in the full-scale tests.  Otherwise, 
the length and depth of the trusses were scaled by one half.  The spacing between the trusses was the 
same as in the full-scale test.  The scaled length and depth, coupled with the original member sizes, slab 
thickness, and truss spacing, required an increase in the loading to produce the same stress levels as in the 
full-scale specimen.  The loading represented the maximum calculated load condition as required by the 
ASTM E119 Standard.  

The superimposed uniform load was applied through a combination of concrete blocks, water-filled 
containers, and hydraulic actuators located along the trusses.  Figure 3–6 shows the assembly of blocks, 
water containers, and hydraulic actuators. 

 
Source: NIST. 

Figure 3–6.  17 ft span test assembly loaded with concrete 
blocks, water-filled containers and hydraulic actuators. 

3.6 TEST RESULTS 

3.6.1 General Discussion of Tests 

Specimen No. 1: 35 ft span restrained specimen with 3/4in. SFRM 

In the test of Specimen No. 1, loud noises (reports) were heard beginning roughly fifteen minutes after the 
start of the test.  These loud, but somewhat muffled, reports continued and were often accompanied by 
noticeable bulging of the metal deck and the dislodging of deck SFRM.  It is believed that these loud 
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noises were associated with spalling of the concrete on the underside of the slab.  The slab was later 
sectioned to determine the depth of delamination resulting from the spalling. 

At about 50 min, a very loud report was heard, associated with a noticeable sudden downward deflection 
of the specimen.  When access to the top of the slab was possible after completion of the test, it was found 
that significant cracking and dislocation of the slab had occurred near the corners of the slab.  Several of 
these events were recorded, and post-test inspection revealed that concrete failure had occurred in all four 
corners of the slab as shown in Fig. 3–7.  It is believed that the very loud report and abrupt deflection was 
a result of the sudden concrete cracking. The test was stopped at 116 min when, after another sudden 
drop, the center span deflection reached about 15 in. 

 
Source: NIST. 

Figure 3–7.  Unexposed surface of Assembly No. 1 after 
loading equipment was removed. 

The specimen supported the applied load for the duration of the test.  Post-test inspection showed that the 
corners of the slab had not deflected; rather, all of the slab deflection occurred beginning roughly 5 ft 
from the ends as seen in Fig. 3–7.  It is believed that the thermal expansion of the concrete and the 
resistance provided by the test frame, put the slab in compression and “wedged” the slab so that no 
deflections could occur at the ends of the slab.  The high compressive stresses that developed likely 
contributed to the failures noted above. 
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The test was conducted beyond the E119 end point criteria to obtain as much information as possible.  
This test, as well as the other three, were continued as long as practical. The tests were stopped, in 
general, when there was a risk of imminent failure or when deflections were so large as to affect 
instrumentation readings and, as a consequence, safe conduct of the test.  The restrained and unrestrained 
ratings obtained from this test are given in Section 3.6.2. 

Specimen No. 2: 35 ft span unrestrained specimen with 3/4in. SFRM 

Reports were heard during the test of the 35 ft unrestrained Specimen No. 2 but were not as loud as those 
observed during the previous test.  A significant difference was that no loud reports or attendant sudden 
increase in downward deflection were observed for the entire test period, which was 146 minutes, almost 
two and a half hours, and post-test inspection of the top of the concrete slab showed very little cracking as 
seen in Fig. 3–8.  Since there was a gap between the concrete slab and test frame, thermal expansion of 
the slab did not produce a state of stress that resulted in significant and sudden cracking and crushing 
similar to that observed in Specimen No. 1.  Additionally, the slab in this test was not wedged at the ends 
and, unlike Specimen No. 1, the slab deflected over its entire length. 

 

 
Source: NIST. 

Figure 3–8.  Unexposed surface of Assembly No. 2 after 
loading equipment was removed. 
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The center-of-slab deflection at the end of the test was more than 13 in.  The test had to be stopped when 
the slab deflections affected the instrumentation, and readings could not be obtained.  The unrestrained 
rating for Specimen 2 obtained from this test is given in Section 3.6.1. 

Specimen No. 3: 17 ft span restrained specimen with 3/4in. SFRM 

As in the first two tests, the metal deck began bulging due to spalling of concrete on the underside of the 
slab within the first 15 min.  At 82 min into the test, a very loud report was heard, and pieces of concrete 
flew in the air signifying explosive spalling at the north end of the slab as shown in Fig. 3–9.  A slight 
increase in downward deflection at the center of the slab was recorded at 82 min.  The test was continued 
for 210 min and was stopped when the deflections were so large as to affect instrumentation. 

 
Source: NIST. 

Figure 3–9.  Unexposed surface of Assembly No. 3 after loading 
equipment was removed. 

Specimen No. 4: 17 ft span restrained specimen with 1/2 in. SFRM 

Specimen No. 4 behaved similarly to the other three specimens with regard to bulging of the metal deck 
on the underside of the slab beginning in the early stages of the test.  At 55 minutes, a very loud report 
was heard, and a significant section of the slab spalled explosively, sending concrete fragments high in 
the air.  As seen in Fig. 3–10, the resulting hole in the slab (left side of the photograph) measured over 2 ft 
in length and had to be covered with insulating material to safely continue the test as hot gases were 
coming through the hole. 
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Source: NIST. 

Figure 3–10.  Unexposed surface of Assembly No. 4 after loading 
equipment was removed. 

3.6.2 Fire Resistance Ratings 

As noted above, prior to 1971, the ASTM E 119 Standard did not differentiate between testing and 
classifying thermally restrained and unrestrained floor assemblies.  The 1961 revision of ASTM E 119, 
the revision referenced in the 1968 New York City Building Code, is used for reporting the Standard Fire 
Test rating (no distinction was made for an unrestrained rating).  The year 2000 revision of the Standard 
is used for reporting restrained and unrestrained ratings. 

Table 3–1 shows results for all four tests giving the times (in minutes) to reach the acceptance, or end-
point, criteria and the Standard Fire Test rating (in hours) for both the 1961 and 2000 revisions of 
ASTM E 119.  Note that in none of the tests did the floor assembly fail to support the superimposed load. 
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Table 3–1.  Results of ASTM E119 Standard Fire Tests.  
Times to Reach End-Point Criteria (min) Standard Fire Test Rating (hr) 

Temperature on 
Unexposed Surface Steel Temperatures 

ASTM 
E 119-61 

ASTM E119-00 
Test Description 

Average 
(Ambient
+250ºF) 

Maximum 
(Ambient+

325ºF) 

Average 
(1100ºF) 

Maximum 
(1300ºF) 

Failure to 
Support 

Load 

Test 
 Termin- 

ated 
(min) 

 Rating Restrained 
Rating 

Unrestrained 
Rating 

1 
35 ft, restrained, 
3/4 in SFRM 

--- 111 66 62 (3) 116(1) 1 ½ 1 ½ 1 

2 
35 ft, unrestrained, 
3/4 in SFRM 

--- --- 76 62 (3) 146(2) 2 --- 2 

3 
17 ft, restrained, 
3/4 in SFRM 

180 157 86 76 (3) 210(2) 2 2 1 

4 
17 ft, restrained, 
1/2 in SFRM 

--- 58 66 58 (3) 120(1) ¾ ¾ ¾ 

(1) Imminent collapse 
(2) Vertical displacement exceeded capability to measure accurately 
(3) Did not occur 

3.6.3 General Observations 

Buckling of Trusses 

A photograph of the underside of the 35 ft, restrained test specimen after almost two hours of fire 
exposure is shown in Fig. 3–11.  Buckling of the compression diagonals can be seen as well as sagging of 
the metal deck between supports.  Note that, upon cooling, the test specimen recovered at least half of the 
deflection achieved during the test so deflections seen in Fig. 3–11 are considerably less than the 
deflections at the end of the test. 

 
Source: NIST. 

Figure 3–11.  Fire exposure side of the 35 ft restrained test 
assembly after almost 2 hours of fire exposure 
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Spalling of Concrete 

The sagging of the metal deck was asumed to be a result of spalling of the underside of the concrete slab.  
This was confirmed when, after the tests, concrete cores were removed and sections cut to determine the 
condition of the concrete as shown in Fig. 3–12.  The depth of the delamination varied but the depth of 
the remaining slab was on the order of 2 in. to 3 in., essentially up to the double layer of welded wire 
fabric as seen in Fig. 3–13. 

 
Source: NIST. 

Figure 3–12.  Sections cut through concrete slab to confirm extent 
and depth of spalling. 

 
Source: NIST. 

Figure 3–13.  Measurement of remaining slab thickness after spalling. 
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Concrete Slab Failure 

The three specimens that were restrained showed significant cracking and explosive spalling at the top 
surface of the concrete slab.  The 35 ft restrained specimen had significant cracking and crushing of 
concrete near the ends and the corners as seen in Fig. 3–7 and Fig. 3–14.  These major concrete failures 
were accompanied by sudden increases in deflection of the floor as seen in Fig. 3–15.  The unrestrained 
35 ft specimen showed little cracking and no crushing or explosive spalling at the top surface of the slab 
unlike the restrained specimen.  The restrained 17 ft specimen with ½ in. of SFRM exhibited significant 
explosive spalling in which concrete fragments flew in the air and left a hole in the slab about 2 ft long 
through which hot gases escaped. 

 

 
Source: NIST. 

Figure 3–14.  Detail of spalling concrete at east end of Assembly No. 1. 

3.6.4 Floor Deflections and Temperatures 

Deflections of floor assembly 

The following plots show the vertical deflection measured at the center of each floor assembly. 
Figure 3–15 shows the deflection while Fig. 3–16 is a plot of the deflection normalized by the span 
length. It is seen that Specimen No.1 experienced a significant increase in vertical deflection at 49 min 
which corresponded directly to a loud report and visible increase in deflection noted during the test.  A 
small increase in vertical deflection for Specimen No. 3 was seen to occur at 82 min, the time when the 
slab spalled explosively at one end. 
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Fire Resistance Testing of WTC Floor System
Unexposed Surface Deflection
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Figure 3–15.  Deflection measured at the center of each assembly. 

 

 

Fire Resistance Testing of WTC Floor System
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Figure 3–16.  Deflection measured at the center of each assembly 

divided by the span. 
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Unexposed surface temperatures 

The temperature of the top (unexposed) surface of the floor assemblies is plotted in Fig 3–17.  It is 
observed that the unexposed surface temperatures of all four test assemblies were similar prior to the 
onset of significant concrete crushing and spalling at around 50 min.  In Test 4, the surface-mounted 
thermocouple on the west edge near the center of the span was affected by the explosive failure of the 
slab and recorded hot gas temperatures. 

 

Fire Resistance Testing of WTC Floor System
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Figure 3–17.  Average temperature of the unexposed surface for all four tests. 

Steel temperatures 

Steel temperatures were recorded at several locations on the main and bridging trusses.  Figure 3–18 
shows a comparison of the average temperature of the bottom chord for the three tests in which the 
thickness of the SFRM was ¾ in.  Temperatures were seen to be very comparable up to about 75 min, 
which was around the time when SFRM began to dislodge.  The location and extent of dislodged SFRM 
could not be ascertained through visual observation during the tests. 
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Fire Resistance Testing of WTC Floor System
Bottom Chord Average Temperature Comparison
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Figure 3–18.  Average temperatures of the bottom chord for Test Nos. 1, 2 and 3 

(3/4 in. thick SFRM). 

3.6.5 Observations and Comparisons 

Several observations can be made from the results presented and the summary table of hourly ratings 
(Table 3–1).  The reader is referred to NIST NCSTAR 1-6B for a complete description of the fire 
resistance tests and the results obtained. 

• The test assemblies were able to withstand standard fire conditions for between ¾ h and 2 h 
without exceeding the limits prescribed by ASTM E 119. 

• Test specimens protected with ¾ in. thick spray applied fire-resistive material were able to 
sustain the maximum design load for approximately two hours (the minimum was 116 min) 
with no structural failure; in the 35 ft, unrestrained test, the load was maintained for 3½ h 
(210 min).   

• The restrained 35 ft floor system obtained a fire resistance rating of 1½ h while the 
unrestrained 35 ft floor system achieved a 2 h rating.  Past experience with the ASTM E 119 
test method would lead investigators to expect that the unrestrained floor assembly would not 
perform as well as the restrained assembly, and therefore, would receive a lower fire rating. 

• A fire rating of 2 h was determined from the 17 ft restrained test with the average applied 
SFRM thickness of ¾ in. while a fire rating of 1½ h was determined from the 35 ft restrained 
test with the same SFRM thickness. 

• A fire rating of ¾ h was determined from the 17 ft restrained test with the specified SFRM 
thickness of ½ in. 
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3.7 SUMMARY 

The tested floor assemblies were similar, though not identical, to steel-joist-supported concrete floors that 
are widely used in low rise construction.  The test results provided valuable insight into the behavior of 
these widely used assemblies and also identified issues that require further study. 

The fire resistance tests showed that the floors were capable of considerable sagging without collapse.  
The tests also showed fire damage to the bridging trusses and buckling of compression diagonals and the 
vertical strut near the supports.  No evidence of knuckle failures was seen in the tests. 

The standard test method has been used for many decades and has for the most part served its intended 
purpose well when taken together with the fire rating requirements.  This is supported by historical fire 
loss data for more than half a century for different high-rise building occupancies.  In addition, there is 
extensive data and experience that has been developed using the test method. 

The NIST tests have identified areas where further study related to the standard test method may be 
warranted.  Among the issues related to the test method that NIST identified as requiring further study 
are:  

• Criteria for determining structural limit states, including failure, and means for measurement, 

• Scale of test assembly versus prototype application, 

• Effect of end restraint conditions (restrained and unrestrained) on test results, including the 
influence of stiffness, 

• Structural connections (not currently addressed in ASTM E 119), 

• Combination of loading and exposure (temperature profile) adequately represent expected 
conditions, 

• Procedures to analyze and evaluate data from fire resistance tests of other building 
components and assemblies to qualify an untested building element, 

• Repeatability of test results (single test currently defines rating for system), 

• Reproducibility of heat flux environment between different furnaces and laboratories, and 

• Relationships between prescriptive ratings and performance of the assembly in realistic 
building fires. 
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Chapter 4 
STRUCTURAL RESPONSE OF COMPONENTS, CONNECTIONS 

AND SUBSYSTEMS 

In this chapter, the structural analysis of components, connections, and detailed analysis for the 
development of two subsystems -- a floor subsystem and an exterior wall subsystem -- are covered25.  The 
subsystem response to impact damage and fire is addressed in Chapter 7.  This work was conducted to 
provide guidance for the development of the global finite element models with respect to element types 
and sizes, appropriate constitutive models, and failure criteria for any given structural component.  The 
subsystem models were also used to correlate the results of the fine mesh component analyses with the 
coarser mesh global analyses. 

Work reported herein includes the following: 

• Evaluation of the structural response of components, connections and subsystems to service 
loads due to gravity (dead and live loads) and elevated structural temperatures. 

• Identification of the failure modes and failure sequences, the associated temperatures at 
failure, and where temperature histories were used, times to failure. 

• Identification of the changes in mechanical properties or geometry at initiation of component 
and subsystems failure.  

• Identification of modifications for the global structural models to reduce complexity and size 
while maintaining the quality of analysis results. 

This chapter covers the mechanical properties of concrete and steel at elevated temperatures, analysis of 
components and connections for the floors and exterior wall, and the development of models for a full 
floor and portion of an exterior wall.  The reader is referred to NIST NCSTAR 1-6C for a complete 
description of component, connection, and subsystem structural analyses. 

4.1 MECHANICAL PROPERTIES OF CONCRETE AND STEEL  

The mechanical properties of both steel and concrete are affected significantly by temperature.  In the 
following sections, the material properties used in this study are specified as a function of temperature.  
For finite element analysis (FEA) of components, subsystems, and global models of the World Trade 
Center (WTC) towers, a material properties catalog was developed.  Each material model was identified 
with a number in ANSYS26; steels were Material ID 1 through Material ID 29, and concretes were 

                                                      
25 All information and data related to the design and construction of the WTC floors and exterior walls were obtained from 

contract drawings provided to NIST by The Port Authority or New York and New Jersey.  Refer to NIST NCSTAR 1-2A for a 
complete description of the WTC structural system and an index of all structural drawings. 

26 ANSYS (ANSYS, Inc., Cannonsburg, PA)  is the structural analysis software used for nonlinear finite element analyses. 
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Material ID 51 through Material ID 83.  The details of concrete and steel materials are discussed 
separately in this section. 

4.1.1 Concrete Properties and Failure Criteria 

Two types of concrete were used for the floors of the World Trade Center towers: lightweight concrete in 
the tenant office areas and normal-weight concrete in the core area.  Thermal properties of normal-weight 
concrete depend on the type of aggregate.  Petrographic inspection of several samples of lightweight 
concrete taken from the debris showed siliceous sand in the lightweight concrete.  Because coarse and 
fine aggregates are usually from the same source for a construction site, it was assumed that the normal- 
weight concrete had siliceous aggregate.   

The specified design strength for lightweight concrete was 3,000 psi and either 3,000 psi or 4,000 psi for 
normal-weight concrete, depending upon the floor location within the buildings.  The actual strength of 
concrete at room temperature is greater than that measured from cylinders poured for testing during 
construction, referred to as 28-day cylinder strength, as concrete continues to strengthen with age.  
Methods for estimating changes in concrete strength with age are specified by the American Concrete 
Institute (ACI) 209.  The actual compressive strength of WTC concrete slabs was estimated to be 
38 percent greater than the specified design strengths: 5,500 psi for 4,000 psi normal-weight concrete and 
4,100 psi for 3,000 psi normal-weight and lightweight concretes (see NIST NCSTAR 1-6C). 

Normal-weight and lightweight concrete had similar design strengths of 3,000 psi to 4,000 psi, but 
respond differently to elevated temperatures.  Temperature dependent properties of concrete are modulus 
of elasticity, instantaneous coefficient of thermal expansion, compressive strength, and tensile strength.  

The effects of elevated temperature on concrete mechanical properties, plotted in Fig. 4–1, are based upon 
Phan (1996) and Phan and Carino (2003).  Lightweight concrete shows less degradation in modulus of 
elasticity and a constant instantaneous coefficient of thermal expansion as temperatures increase. 
Lightweight concrete heats more slowly than does normal weight concrete.  Tensile strength is identical 
for lightweight and normal weight concretes with the same compressive strength, since tensile strength 
depends upon the formation of cracks.  Compressive strength for lightweight concrete shows no 
degradation until 300 °C, whereas normal weight concretes begin degrading as temperatures exceed room 
temperature. 
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Figure 4–1.   Temperature–dependent concrete properties. 

Figure 4–2 shows concrete stress-strain curves at room and elevated temperatures, where compressive 
stresses and strains are negative and tensile stresses and strains are positive. Tensile stress in concrete 
increases linearly up to the tensile strength.  When strained beyond this point, the concrete begins to crack 
and the stress across the section will drop.  However, this drop in the stress-strain relationship caused 
significant numerical instability problems during structural analysis.  Numerical instabilities were avoided 
by assuming that the reinforced concrete slab became plastic in tension as the reinforcement carried the 
tensile load.   
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Figure 4–2.   Concrete stress-strain curves. 

The assumption of concrete plasticity after the onset of cracking is valid for balanced reinforcement in 
concrete.  Although the reinforcement ratio in the WTC concrete slabs was smaller than the balanced 
reinforcement ratio, the inaccuracy was not significant.    

Compressive failure of the concrete slabs was modeled with the von Mises yield criterion.   

4.1.2 Steel Properties and Failure Criteria 

Steels used in WTC 1 and WTC 2 are listed in Table 4–1.  For each steel, described by its design strength, 
the table lists the estimated yield and ultimate strengths, σyRT and σuRT , respectively.  Figure 4–3 shows 
the mechanical properties of steel that are affected by elevated temperatures: (a) modulus of elasticity; 
(b) Poisson’s ratio; (c) yield strength reduction factor; (d) tensile strength reduction factor; and 
(e) instantaneous coefficient of thermal expansion.  A single line is plotted for the properties of all steels 
in Table 4–1, since the reduction factors for elevated temperature effects on steel mechanical properties 
were assumed to be the same for all steels, except for the yield and tensile strength reduction factors for 
bolt steels.  See NIST NSTAR 1-3C for a complete description of the development of the steel properties 
at elevated temperatures. 

When compared to concrete properties, the following observations can be made: 

• Modulus of elasticity is reduced by 25 percent at 600 °C for steel and by 50 percent to 
75 percent for concrete. 

• Poisson’s ratio increases for steel but remains constant for concrete at 0.17.  However, the 
values for steel up to 600 °C are close to the rounded value of 0.3 that is often assumed for 
design purposes at room temperature. 
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Table 4–1.  Steel types used in WTC 1 and WTC 2. 

Material ID Description 
σyRT 
(psi) 

σuRT 

(psi) 

1 All 36 ksi core box columns, plates, strapsa 36,720 64,470 

2 All 36 ksi core WF, channels, and tubes 36 ksi large area and large 
inertia “rigid” beams in SAP2000 modela 

37,000 63,450 

3 All 42 ksi box columns (1<=0.75 in.) 51,400 79,200 

4 All 42 ksi box columns (0.75 in. < t <= 1.5 in.) 47,000 74,800 

5 All 42 ksi box columns (t > 1.5 in.) 42,600 70,400 

6 42 ksi or 45 ksi Group 3 WF core columns 53,800 74,400 

7 42 ksi or 45 ksi Group 3 WF core columns 49,000 71,040 

8 42 ksi Group 4&5 WF core columns 44,200 66,640 

9 45 ksi Group 4&5 WF core columns 47,800 71,074 

10 All 36 ksi Plates 1, 2, and 4 in perimeter columns 35,630 61,170 

11 All (42, 45, or 46) ksi Plates 1, 2, and 4 in. perimeter columns 53,051 74,864 

12 All 50 ksi Plates 1, 2, and 4 in. perimeter columns.  All 50 ksi 
channels and platesa 

53,991 75,618 

13 All 55 ksi Plates 1, 2, and 4 with t<=1.5 in. in perimeter columns 60,817 82,558 

14 All 60 ksi Plates 1, 2, and 4 with t<=1.25 in. in perimeter columns 62,027 87,250 

15 All 65 ksi Plates 1, 2, and 4 with t<=0.5 in. in perimeter columnsb 69,642 90,442 

16 All 70 ksi Plates 1, 2, and 4 in. perimeter columns 76,735 91,951 

17 All 75 ksi Plates 1, 2, and 4 in perimeter columns 82,469 96,821 

18 All 80 ksi perimeter columns steels, regardless of plate 91,517 99,442 

19 All (85, 90, 100) ksi perimeter column steels, regardless of plate 104,783 115,983 

20 Laclede truss web bar rounds specified as A36 38,067 59,567 

21 Laclede truss chord angels (regardless of ASTM Spec) and all 
rounds specified as A242 

55,332 74,050 

22 A325 boltsc 104,783 115,983 

23 All 42 ksi Plate 3 in perimeter columns 42,600 67,216 

24 All 45 ksi Plate 3 in perimeter columns 45,900 69,831 

25 All 50 ksi Plate 3 in perimeter columns 51,400 74,188 

26 All 55 ksi Plate 3 in perimeter columns 56,900 78,546 

27 All 60 ksi Plate 3 in perimeter columns 62,400 83,903 

28 All 65 ksi Plate 3 in perimeter columns 67,900 87,261 

29 All 70 ksi and 75 ksi Plate 3 in perimeter columns 78,900 95,976 
a. Steels in the following members are assumed to have the properties shown in the table: 
 36 ksi plates and straps (Material 1). 
 36 ksi channels, tubes, and “rigid” beams (Material 2). 
 50 ksi channels and plates (Material 12). 
b. 65 ksi steels in perimeter columns with t>0.5 in. are assumed to have the same properties as those in Material 15. 
c. In the column model, stress-strain relationships of bolts are used. 
Note: Bolt properties are assumed to be the same as those in Material 19. 
 
• Steel yield strength reduces to 20 percent of its initial value and its ultimate tensile strength is 

reduced to 40 percent at 600 °C.  Concrete compressive strength is reduced to 30 percent to 
50 percent of its initial value.  Concrete tensile strength, which is already low, is also reduced 
to 30 percent. 
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• The instantaneous coefficient of thermal expansion for steel lies between the curves for 
lightweight and normal weight concrete.  If steel truss and lightweight concrete components 
are at the same temperature, the steel components will thermally expand more than the 
lightweight concrete.  For steel beams and normal weight concrete in the core area, the 
normal weight concrete will expand more than the steel beams. 

To illustrate the effect of elevated temperature reduction factors on steel strength, Fig. 4–4 shows 
stress-strain curves for Material ID 1 (see Table 4–1) at room and elevated temperatures.  Figure 4–4 
(a) shows the low strain range and Fig. 4–4 (b) shows strain levels up to 0.3.  These figures show elastic 
and plastic strains, but for temperatures above 350 °C, the stress-strain curve beyond the elastic limit may 
also include creep strains.  The presence of significant creep strains relative to plastic strains depends 
upon the combination of three factors: temperature, stress level, and time duration at the temperature and 
stress level.  Creep strain behavior for steel was based upon the creep model by Fields and Fields (1991). 
The creep model was validated against experimental data (NIST NCSTAR 1-3D).  Figure 4–5 illustrates 
behavior of steel elastic, plastic, and creep strains at elevated temperatures for Material ID 1.   
Figure 4–5 (a) shows the effect of creep strain rate for various temperatures, and Fig. 4–5 (b) compares 
elastic, plastic, creep, elastic plus plastic, and total strains at T= 400 °C and constant loading for an 
1,800 s duration. 

The elastic-plastic behavior of steels was modeled with ANSYS “Multi-linear isotropic hardening von 
Mises plasticity” material model.  Creep behavior was modeled using the ANSYS time hardening implicit 
creep model for nonlinear beam elements (BEAM 188 and BEAM 189) in the full floor model.  For 
BEAM 24 in the global models, an explicit primary creep model was used.  BEAM 188 and BEAM 
189 elements include thermal expansion, creep, and temperature-dependent material properties.  When 
the elements were used in the global model, numerical difficulties occurred for creep and post-buckling 
behaviors which were resolved by using BEAM 24 elements. 

The failure criteria for steel were defined in terms of plastic strains.  The multiaxial fracture strain 
criterion for true stress and true strain was evaluated under a uniaxial stress condition.  For element sizes 
ranging from 0.025 in. to 0.75 in., a relationship between element size and equivalent uniaxial fracture 
plastic strain was established.  The process was repeated for steel at temperatures 20 ºC, 100 ºC, 300 ºC, 
500 ºC, and 700 ºC leading to a fracture criteria for various mesh sizes of components.  Figure 4–6 (a) 
shows the ratio of the maximum plastic strain in the direction of applied displacement-to-uniaxial plastic 
strain vs. element size at various temperatures.  The finite element analysis results were extrapolated to an 
element size of 50 in. based on the linear curve fit to the analysis results shown in Fig. 4–6 (a).  Plastic 
strain shown in Fig. 4–6 (b) was used as the fracture criterion for the corresponding element size in 
subsequent finite element analyses. 

Weld properties at all temperatures were assumed to have essentially the same material properties as the 
base metal of the same ultimate tensile strength (see NIST NCSTAR 1-3).  High temperature properties of 
weld metals were not found in the literature, however, most observed fractures in the exterior columns 
were in the base metal and not the welds. 

ASTM A325 bolts were used in the perimeter column, spandrel, and floor truss connections.  In addition 
to accounting for shear strength, the analyses included load elongation curves developed for tensile 
loading of bolts.  
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Figure 4–3.   Temperature-dependent properties for all steels. 
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Figure 4–4.   Stress-strain relationships for Material ID 1 steel. 
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Figure 4–5.   Strain behaviors at elevated temperatures for Material ID 1 steel. 
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Figure 4–6.  Maximum plastic strain from the finite element analysis 
and limiting plastic strain. 

4.2 FLOOR SUBSYSTEM ANALYSIS 

The floors played an important role in the structural response of the World Trade Center towers to the 
aircraft impact and ensuing fires, and were identified as a critical subsystem requiring study prior to the 
development of global models for each tower.  The floor system in the office area, outside the core, was a 
composite system consisting of a lightweight concrete slab supported by steel trusses. Within the core 
area, a composite steel beam and normal weight concrete slab floor system was used.   

The floor subsystem analysis included: (1) the translation, validation, and modification of ANSYS models 
to incorporate nonlinear behavior, (2) evaluation of structural response under dead and live loads and 
elevated structural temperatures, (3) identification of failure modes and associated temperatures and times 
to failure, and (4) reduction in complexity of detailed component models for inclusion in the floor model. 
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Component analyses included the truss seat connections, shear connectors between the truss and 
lightweight concrete slab (referred to as knuckles), and a single truss and concrete slab section.  

The failure modes and the failure loads for different components of the full floor subsystem were 
evaluated through analysis of detailed models of those components, using either hand calculations or 
finite element analyses.  Models with a reduced size and/or complexity that captured the failure loads and 
failure modes were then developed for each component.  These modified models of component behavior 
were incorporated in the full floor subsystem model. 

4.2.1 Description of Floor Subsystem  

The WTC towers had two types of floors above the plaza and mezzanine areas, tenant floors and 
mechanical floors.  The structural layout and features of the tenant floors were similar throughout the 
towers, with minor differences in component dimensions and core framing layouts.  Core framing 
changes were made to accommodate stairs, vents, and other features that varied in their locations between 
floors.  Most of the floors in the towers were tenant floors.  Mechanical floors were located at the 
skylobby levels and near the roof level of the towers (floors 7, 9, 41, 43, 75, 77, 107, 108, and 110).  The 
aircraft impact and ensuing fires did not directly affect any mechanical floors.   

Figures 4–7 (a) and (b) illustrate the structural layout and features of Floor 96 in WTC 1.  The core area 
contained the elevators, stairways, mechanical shafts, restrooms, and storage areas.  Office space was 
generally located outside the core where the floors were supported by truss framing.  Above the 
77th floor, a portion of the core was used for office space since there were fewer elevator shafts and the 
additional floor space could be used for tenant occupancy.   

The floor system for WTC 1 and WTC 2 consisted of a lightweight concrete floor slab supported by steel 
trusses that spanned between the core and perimeter walls and a normal weight concrete floor slab 
supported by steel beams in the core area.  There were three “types” of trusses comprising the floor 
system as illustrated in Fig. 4–7 (b).  The trusses that spanned from the core to the exterior wall were 
referred to simply as “trusses” or were sometimes called “primary” or “main” trusses, or on some contract 
drawings, “C32” trusses.  Trusses which ran perpendicular to the primary trusses were called “bridging 
trusses.”  At the corners of the floor areas, special trusses referred to as “transfer trusses” supported the 
end reactions of several primary trusses.  This section will focus on the load-carrying trusses which will 
be referred to as “primary trusses.”  

Figures 4–8 and 4–9 illustrate a primary truss section and connection details.  The primary trusses, which 
were installed in pairs, were spaced 6 ft-8 in. on center and had a nominal clear span of either 60 ft for the 
long span direction or 35 ft for the short span.  The trusses, commonly referred to as steel bar joists, were 
fabricated using double-angles for the top and bottom chords, and round bars for the webs.  The web 
members protruded above the top chord in the form of a “knuckle” which was embedded in the concrete 
slab and provided composite action between the trusses and the slab.  Additionally, the floor system 
included bridging trusses (perpendicular to the primary trusses) spaced 13 ft-4 in. on center.  In the 
corners of the towers, the bridging trusses acted with the primary trusses to provide two-way floor action, 
where loads were transferred to both perimeter walls near the corners and the transfer truss that ran 
between the core corner and the exterior wall. 
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(a) Single floor structural system (without slab) 

 

 
(b) Floor plan 

Figure 4–7.  Floor structural subsystem (WTC 1, Floor 96). 
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Figure 4–8.   Primary truss components. 
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Figure 4–9.   Plan view of truss seat connection, straps, and horizontal studs. 

The primary trusses were supported by a seat angle at the exterior wall and a stiffened seat at the interior 
ends. The trusses framed into every other perimeter column (the odd numbered columns).  The interior 
stiffened seat was welded to a steel channel that ran continuously around the core area.  The steel channel 
was supported by the perimeter core columns through stub beam members.  Each truss was attached to the 
seat with a 5/8 in. bolt through a truss bearing angle.  The exterior seat angles and interior stiffened seat 
had 1 ¾ in. slotted holes.  At the exterior wall connection, there were three additional components that 
tied the floor subsystem to the perimeter columns.  A gusset plate was welded to the spandrel with a 
complete penetration groove weld and to the top chord of the two primary trusses with a fillet weld.  
Additionally, a pair of straps with shear studs tied the primary trusses to the intermediate columns and a 
shear stud, welded to the spandrels between each column, anchored the concrete slab. 

The lightweight concrete slab was supported by a 22 gauge, 1 ½ in. deep “Type B” steel deck.  The steel 
deck was supported by the top chord of the bridging trusses (which were 1 ½ in. below the primary truss 
top chord) and by deck support angles.  The concrete slab had two layers of welded wire fabric 
reinforcement, and steel reinforcing bars at the perimeter of the floor, perpendicular to the primary trusses 
at the knuckles, over the trench headers (conduits for electrical wiring in the floor) and at the interface 
between the lightweight and normal weight concrete slabs to maintain slab continuity. 

4.2.2 Truss Seats 

The truss seat connections transferred floor gravity loads to the exterior and core columns and provided 
lateral bracing for the columns.  All seat connections were similar in design, but varied in their 
dimensions and weld sizes.  For Floor 96 of WTC 1, there were seven types of interior truss seats and 
eight types of exterior truss seats.  The different types of interior truss seats were identified with Detail 
Numbers 15, 17, 20, 21, 22, 23, and 226A; and the exterior truss seats with Detail Numbers 1013, 1111, 
1212, 1311, 1313, 1411, 1511, and 1611, as shown in Fig. 4–10. 
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Figure 4–10.  Truss seat detail location on northeast quadrant of Floor 96 of WTC 1.  

Reproduced with permission of The Port Authority of New York and New Jersey. 

Failure Modes 

The failure modes and associated load and temperature conditions were identified using a detailed finite 
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Figure 4–11 shows a finite element model of an exterior seat connection modeled using symmetry.  The 
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stand off plates (see Fig. 4–8).  The seat restrained the moment until the horizontal force in the connection 
caused slip between the seat angle and bearing angle.  Fillet welds, connecting the stand-off plates to the 
spandrel, resist shear, bending, and compression, and controlled the seat capacity.  The controlling failure 
mode was fracture of the fillet welds at this connection, which resulted in loss of vertical support. 

 
Figure 4–11.  Finite element model of exterior seat. 

 

The failure modes for the truss seats were identified for vertical force (shear), horizontal tensile force, 
horizontal compressive force, and combined vertical and horizontal force. Failure modes and sequences 
of failure were computed for each truss seat type.  The capacity of, for example, an exterior seat due to 
horizontal tensile (pull-in) force was determined by considering: (1) fracture of the groove weld between 
the gusset plate and spandrel, (2) fracture of the fillet weld between the gusset plate and the truss top 
chord, (3) tensile fracture of the gusset plate, and (4) shear failure of the bolted connection by bolt shear, 
bolt bearing, tear-out, and block shear.  For calculation purposes, the bolts were assumed to be centered in 
the slotted holes.  The typical failure sequence of the truss seat was determined to be: yield failure of the 
gusset plate, yielding followed by fracture of the gusset plate groove weld, truss deformation leading to 
bolt bearing against the slotted hole, bolt shear failure, and finally the truss slipping or “walking off” the 
seat.  The travel distance for the truss to walk off the seat was computed to be 4 5/8 in.  This failure 
sequence is illustrated in Fig. 4–12 as path (A) and shown in Fig. 4–13, where the relationship between 
the tensile force resistance from the seat connection and the truss travel distance is plotted.  In this plot, 
frictional resistance between the seat angle and bearing angle was not included.  
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Under combined vertical and horizontal forces, the failure modes were a combination of the individual 
failure modes for vertical and horizontal forces. 

A typical interaction relationship for the capacity of an interior seat against combined vertical and 
horizontal tensile forces is shown in Fig. 4–14. 

 
Figure 4–12.  Failure sequence of the exterior seats against tensile force. 

Shear failure 
of bolts 

Fracture of 
groove weld 

between 
gusset plate 
and spandrel 

Shear failure 
of bolts

Fracture of 
fillet weld 
between 

gusset plate 
and top chord 

Fracture of 
fillet weld 
between 

gusset plate 
and top chord 

Fracture of 
gusset plate 

(C) 

(B) 

(A) 

(D) 

Truss walk-
off the seat 

Yielding of gusset 
plate 

(A) Seat details 1311, 1411, 1511, and 1611 at all temperatures. 

(B) Seat detail 1111 at all temperatures. 

(C) Seat detail 1013 at temperatures below 100 oC. 

(D) Seat details 1212 and 1313 at all temperatures, and detail 1013 at temperatures more than or equal to 100 oC. 



 Structural Response of Components 

NIST NCSTAR 1-6, WTC Investigation 73 

 
Figure 4–13.  Capacity of exterior seat against tensile force (Detail 1411 in Fig. 4–10). 

 

Figure 4–14.   Capacity of interior seat against vertical and horizontal force 
(Detail 22 in Fig. 4–10). 
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Loads 

Truss seat failures were analyzed for vertical and horizontal loads. The floor system gravity loads were 
approximately 80 psf for dead load and service live load.  The dead load is the weight of the floor system 
and the service live loads are the loads due to occupancy that are supported by the floor, which are 
generally on the order of 25 percent of the design live loads. The load from the pair of trusses that each 
truss seat connection supported was approximately 16 kips for the 80 psf service gravity loads (where 16 
kips = ½ x 60 ft span x  6.67 ft width x 80 psf). 

Computation Results 

Tables 4–2 through 4–5 show the computed capacity of each truss seat detail as a function of steel 
temperature and loading direction.  Truss seat capacities against vertical and horizontal force are 
presented graphically in Figs. 4–15 and 4–16, respectively.  In general, the exterior seat had a greater 
horizontal tensile capacity, and the interior seat had a greater vertical shear capacity.  Even though the 
controlling failure mode for vertical shear was weld fracture, truss seat connection failure from vertical 
loads was less likely, given the capacities listed in Tables 4–2 and 4–3.  The vertical load at the truss 
connection of approximately 16 kips would have had to increase by a factor of 2 to 6 to reach failure 
(weld fracture) for temperatures near 600 °C to 700 °C. 

 

Table 4–2.  Interior seat capacity against vertical force. 
Connection Capacity Against Vertical Force (kip) Temp. 

(°C) #15 #17 #20 #21 #22 #23 #226A 

20 233 233 274 229 194 194 395 
100 233 233 274 229 194 194 395 
200 232 232 273 228 194 194 393 
300 226 226 267 223 189 189 384 
400 207 207 244 204 173 173 352 
500 164 164 194 162 137 137 279 
600 101 101 119 100 85 85 172 
700 46 46 54 45 39 39 78 
800 23 23 27 22 19 19 38 
900 19 19 22 18 16 16 32 

1000 19 19 22 18 16 16 32 
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Table 4–3.  Exterior seat capacity against vertical force. 
Connection Capacity against Vertical Force (kip) Temp. 

(°C) #1013 #1111 #1212 #1311 #1313 #1411 #1511 #1611 

20 94 94 111 94 94 140 193 207 
100 94 94 111 94 94 140 193 207 
200 93 93 110 93 93 139 192 206 
300 91 91 108 91 91 136 187 201 
400 84 84 100 84 84 126 172 184 
500 69 69 81 69 69 102 136 146 
600 45 58 53 60 45 78 84 90 
700 29 26 34 27 29 35 38 41 
800 14 13 17 13 14 17 19 20 
900 12 11 14 11 12 14 16 17 

1000 12 11 14 11 12 14 15 17 
 

 

Table 4–4.  Interior seat capacity against horizontal tensile force. 
Capacity (kip) 

Temp.
(˚C) Shear Failure of 

Bolts 

20 44 
100 44 
200 44 
300 42 
400 34 
500 21 
600 9 
700 4 
800 4 
900 4 

1000 4 
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Table 4–5.  Exterior seat capacity against horizontal tensile force. 
Connection Detail Capacity for Horizontal Tensile Force (kip) 

#1013 #1111 #1212 #1311 #1313 #1411 #1511 #1611 

Temp 
(˚C) 

Fracture 
of Fillet 
Weld/ 
Shear 

Failure of 
Bolts 

Fracture 
of Gusset 

Plate 

Shear 
Failure of 

Bolts 

Fracture 
of Groove 

Weld 

Shear 
Failure of 

Bolts 

Fracture 
of Groove 

Weld 

Fracture 
of Groove 

Weld 

Fracture 
of Groove 

Weld 

20 100 104 182 126 182 126 126 126 
100 138 104 181 126 181 126 126 126 
200 135 103 180 126 180 126 126 126 
300 130 101 174 123 174 123 123 123 
400 115 93 156 113 156 113 113 113 
500 84 75 117 91 117 91 91 91 
600 42 49 67 58 67 58 58 58 
700 20 25 32 30 32 30 30 30 
800 14 16 19 18 19 18 18 18 
900 13 14 17 16 17 16 16 16 

1000 13 14 17 16 17 16 16 16 
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Figure 4–15.  Truss seat capacity against vertical force.  Reproduced with permission of 

The Port Authority of New York and New Jersey.  Enhancements by NIST. 
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Figure 4–16.  Truss seat capacity against horizontal force.  Reproduced with permission 

of The Port Authority of New York and New Jersey.  Enhancements by NIST. 
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connection analysis, allowing a reduction in model size. 

A break element is a unidirectional spring element that can simulate connection failure by disconnecting 
two “active nodes” when the relative displacement between two “control nodes” exceeds a specified 
threshold.  Temperature dependence was achieved by coupling the active nodes to a beam element with 
specified thermal expansion characteristics.  Failure modes that required multiple connection failures 
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were created with break elements using parallel and series constructs.  For example, Fig. 4–17 illustrates 
the sequence of events that occurs for an interior truss seat under a) horizontal tensile loading and 
b) vertical shear loading.   

Figure 4–17 a) shows the results from analysis where the interior truss seat was subjected to a constant 
vertical load and horizontal displacement increments at 500 ˚C.  Failure of a truss seat subjected to a large 
horizontal tension and small vertical shear was by bolt shearing off followed by truss walking off the seat.  
The shear strength of the bolts controlled the truss seat horizontal tension capacity.  The bolt shear by 
itself did not cause the truss to lose its vertical support, but was the prerequisite for truss walking off the 
seat.  The travel distance for a truss to walk off a truss seat was 4 in. for an interior seat.  

Figure 4–17 b) shows the results from analysis where the interior truss seat was subjected to a constant 
horizontal load and vertical displacement increments at 500 ˚C.  In this case, seat failure was governed by 
fracture of the fillet welds between the vertical plate stiffeners and the channel beam resulting in loss of 
both vertical and horizontal support. 

4.2.3 Knuckles 

The “knuckle” is formed by the extension of the truss diagonals into the concrete slab and provides for 
composite action of the steel truss and concrete slab.  The composite action is due to the shear transfer 
between the knuckle and the concrete slab both in the truss transverse and longitudinal directions.  The 
purpose of this analysis was to predict the knuckle capacity when the truss and concrete slab act 
compositely and to develop a reduced model of the knuckle behavior for the full floor model. 

Failure Modes 

Failure modes for the knuckles included: (1) horizontal shear failure by crushing of concrete over a small 
region adjacent to the knuckle and (2) vertical tensile failure where the knuckle pulls a conical section of 
concrete out of the slab. 

Experimental Data  

As part of the original truss design, Laclede Steel Company in Saint Louis, Missouri, conducted 
experiments in 1967 to determine the transverse and longitudinal shear capacities of the knuckle.  
Knuckles were cast into two reinforced concrete blocks confined at the corners by angles, as shown in 
Figure 4–18, and loaded to determine the knuckle shear capacity in both the transverse and longitudinal 
directions. 

The transverse tests were conducted when the lightweight concrete was 6 and 27 days old.  The average 
shear capacity measured was 16.9 kips per knuckle when concrete shear failure occurred.  A comparable 
value of 35 kips per knuckle for the WTC floor system was determined after adjusting for the strength of 
in-place, mature, lightweight concrete. 
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a) failure from horizontal force 

 
b) failure from vertical shear force 

Figure 4–17.  Results of interior truss seat model at 500 ˚C. 
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The longitudinal tests, which used normal weight concrete, were conducted when the concrete was 28 and 
96 days old.  Of the five tests conducted, three reported a weld failure in the rebar loading the knuckles, 
and two reported a failure in the concrete.  The average shear capacity measured was 28.3 kips per 
knuckle.  A value of 31 kips per knuckle for the WTC floor system was determined after adjusting for the 
strength of in-place, mature, lightweight concrete. 

Analysis and Results 

Finite element analyses of the Laclede knuckle test set-up were conducted to compare analysis results to 
the measured transverse and longitudinal shear capacities.  The bond between the concrete and steel was 
varied in the analysis; the bars were assumed to be either full bonded or frictionless, which had a 
significant effect on the results.  

 
Reproduced with permission of Laclede Steel.  Reproduced with permission of Laclede Steel. 

(a) Transverse shear test.    (b) Longitudinal shear test. 

Figure 4–18.  Laclede Steel Company shear tests of a knuckle. 

Finite Element Analysis of Tests 

The results of the finite element analyses modeling the Laclede tests are shown in Figs. 4–19  
through 4–21.  Analyses were conducted to establish both the longitudinal capacity and the transverse 
capacity of the knuckle.  The results showed significant dependence on the interface characteristics 
between the steel and concrete.  A plot of compressive stresses for the longitudinal shear model is shown 
in Fig. 4–19.  Results of the analyses for longitudinal shear, with steel-to-concrete interface either fully 
bonded or completely unbonded (frictionless), are shown in Fig. 4–20.  Results showed that each knuckle 
had strength in the range of 15 kip to 35 kip, depending on the interface condition.  When the analysis 
results were compared to the test results, the fully bonded case showed better agreement. 

Compressive stresses for the transverse shear model are plotted in Fig. 4–21.  The small crushed regions 
indicate that a pair of knuckles can be expected to behave nearly independently of each other, and, 
therefore, have nearly double the capacity of a single knuckle.  The transverse shear results (Fig. 4–22) 
showed that transverse knuckle strength was about 24 kip for the frictionless condition with 2,500 psi 
concrete, which corresponds to 39 kip for 4,100 psi concrete.  For the full bonded case, the analysis was 
terminated at 20 kip per knuckle before reaching the ultimate strength. 
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Although the analysis showed the sensitivity of the results to the steel-concrete interface assumptions, it 
supported the shear capacities determined from test results. 

 
Figure 4–19.  Compressive stresses in longitudinal shear finite element model  

(4,100 psi concrete). 

 
Figure 4–20.  Shear force versus displacement from finite element model  

for longitudinal shear of two knuckles (4,100 psi concrete). 
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Figure 4–21.  Compressive stresses in transverse shear finite element model  

(2,500 psi concrete). 

 

 
Figure 4–22.  Shear force versus displacement from finite element model  

for transverse shear of two knuckles (2,500 psi concrete). 
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Based upon the analysis results, a reduced model with beam and break elements was developed for the 
composite floor section with a single truss and the full floor models. The temperature-dependent knuckle 
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Based on the results of the Laclede tests and the finite element analyses, the knuckle capacity for the 
reduced model was estimated and is shown inTable 4–6.  Steel temperatures in Table 4–6 were assumed 
with a corresponding reduction in concrete temperature immediately around the knuckle of 75 °C to 150 
°C.  Concrete has a lower coefficient of conductivity and does not respond as rapidly to rising 
temperatures as steel.   
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Table 4–6.  Knuckle shear capacity reduction for elevated temperatures. 
Steel temperature 

(˚C) 
Concrete temperature 

(˚C) 
Knuckle shear capacity 

(kip) 

20 - 375 20 - 300 30 

550 450 24 

725 600 19 

900 750 15 

4.2.4 Single Truss and Concrete Slab Section 

A single composite truss with concrete slab was modeled to study failure modes and sequences of failures 
under gravity and thermal loads.  The thermal loading approximated a uniform heating condition, not a 
fire exposure from the WTC towers.  The purpose of these analyses was to determine the relative 
importance of the truss and slab components and their failure modes.  These results were used to develop 
a reduced truss model for the full floor model that captured essential behaviors while reducing the level of 
model complexity. 

Failure Modes 

Two possible deformation/failure modes were identified for the floor-truss section: 

• Sagging of the floor section due to yielding or buckling of truss components or failures of the 
knuckle/concrete interface, 

• Loss of truss seat support due to combinations of vertical and horizontal loads and thermal 
weakening that result in bolt shear and truss walk-off or stand-off plate weld failure at the 
spandrel. 

Truss weld failures were not included as a failure mode.  From data gathered from the truss manufacturer, 
the resistance welds between the web and chord members were found to have a greater capacity than the 
members they connected. 

Finite Element Model 

Figure 4–23 illustrates the composite truss and concrete slab model.  Symmetry allowed modeling one of 
the two trusses and one half of the 80 in. composite concrete slab.  The model included two perimeter 
columns, the spandrel, the truss seat, and strap attachments.  Each column extended one floor above and 
one floor below the floor section to account for interaction between the exterior wall and the floor section.  
Each column was attributed with half of its area and bending properties to account for the symmetry 
reduction of the floor section.  The interior and exterior truss seat connections were also included.  The 
truss was restrained at bridging truss locations to simulate the lateral bracing that would be provided at 
the bottom chord. 
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Figure 4–23.  Composite truss and concrete slab model. 

The concrete slab was modeled as an isotropic plate with a thickness of 4.3 in. (the average thickness of a 
4 in. slab on 1 ½ in. metal deck) using eight-node solid elements.  The Hjelm plasticity model was used 
with the solid elements to allow different yield strengths in tension and compression.  Slab cracking was 
simulated by assuming tensile plasticity after the onset of cracking, where the reinforcement carried the 
tensile load. 

The top and bottom chords of the truss were modeled with quadratic finite strain beam elements with 
temperature dependent elastic, plastic, and creep material properties. The chords had four elements 
between panel points (a panel point is the intersection of the web diagonal and chord).  
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Loading 

Loading of the truss model consisted of gravity dead and live loads and temperature histories for the truss, 
truss seats, and concrete slab.  The gravity loads included the weight of the structure, 8 psf superimposed 
dead load (including nonstructural dead loads due to architectural items and fixed service equipment), and 
13.75 psf of live load equal to 25 percent of design live load of 55 psf.  The temperature was ramped from 
20 °C to 700 °C in the steel members; from 20 °C to 700 °C at the bottom surface of the slab and from 
20 °C to 300 °C at the top surface of the slab over a period of 1,800 s.  Thereafter, the truss and concrete 
temperatures were linearly increased by 200 °C at 2,400 s.  A linear gradient through the thickness of the 
slab was assumed.  Temperature loading was not applied to the columns. 

Effects of construction sequence were included by applying the ANSYS “element birth and death” feature 
to the concrete slab.  This feature allows elements to be treated as either acting or not acting, as defined 
by the user.  In the first step, the self-weight of the truss members and concrete slab was applied to the 
truss without the concrete slab acting (i.e., fresh concrete has no strength).  In the second step, the 
concrete slab was reactivated (i.e., cured concrete now able to carry load), and superimposed dead load 
and live load were applied. 

To determine the effect of debris load on the truss behavior, the gravity load was increased until the 
analysis failed to converge, signaling collapse. 

Analysis and Results 

Under gravity load to simulate casting of the concrete slab, the maximum calculated vertical deflection 
was found to be 1.7 in. downward.  Note that the design camber ranged from 1 in. to 2 in. to 
accommodate this deflection, resulting in a slab of uniform thickness.  When the superimposed dead load 
and the live load were applied to the truss and concrete slab, the maximum calculated vertical deflection 
was 2.0 in.  The maximum stress in the top chord, bottom chord, diagonal, and end diagonal strut were 
14.8 ksi, 11.6 ksi, 6.7 ksi, and 15.7 ksi, respectively. 

For gravity and thermal loading, the analysis was carried out statically until the solution failed to 
converge at which point the analysis was switched to dynamic mode with 5 percent Rayleigh damping to 
overcome convergence difficulties.  The analysis proceeded to a temperature of 727 ºC.  Figure 4–24 
shows the vertical displacement contour at 700 ºC.  Figure 4–25 presents plots of displacement versus 
temperature where Fig. 4–25 (a) is the horizontal displacement at Column 143, and Fig. 4–25 (b) is the 
vertical displacement at midspan after the self-weight is applied.  A positive horizontal displacement 
indicates that the exterior columns were pushed out, and negative vertical displacement indicates that the 
truss deflected downward.  For the assumed thermal loading, the analysis indicated that, at 445 ºC, the 
horizontal displacement at the exterior column started to decrease, and at 565 ºC, the exterior columns 
began to pull inward. 

The plot of the deflected shape shown in Fig. 4–24, shows that compression diagonals at the core end of 
the truss have buckled, and the floor system has deflected approximately 42 in. 
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Figure 4–24.  Vertical displacement at 700 oC. 
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 (a) Horizontal displacement at column 143 (b) Vertical displacement at midspan 

Figure 4–25.  Displacement versus temperature. 

 
The truss behavior under the gravity and uniform thermal loading where the temperature was ramped up 
to 727 ºC can be summarized as follows: 

• The stud on the spandrel and studs on the strap anchor failed in shear below 275 ˚C. 

• The first knuckle from the interior end failed in vertical tension at around 100 ˚C, and the 
second and third knuckles from the interior end failed in the horizontal shear at 566 ˚C. 

• Top chords yielded above 300 ˚C due to the difference in coefficients of thermal expansion of 
steel and lightweight concrete. 

• Four compression web diagonals buckled due to high axial compressive force at 565 ˚C. 

• The interior truss seat bolts sheared off at 566 ˚C. 

• The gusset plate fractured and the exterior truss seat bolts sheared off at around 680 ˚C. 

• The truss walked off the exterior truss seat at 730 ˚C. 
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Reduced Model 

For the full floor subsystem model, the trusses were reduced in size.  The reduced model captured 
essential behavior: (1) the same total horizontal reaction force under the thermal loading and (2) the same 
vertical deflection at midspan under the thermal loading.  The reduced truss model had the following 
features: 

• The geometry of the truss was preserved. 

• A pair of trusses was merged into one truss.  Areas of truss members were doubled. 

• The top and bottom chords and diagonals were modeled by 3-D linear finite strain beam 
elements (BEAM 188).  A member between two panel points was modeled by one element 
only. 

• Break elements (ANSYS user-defined elements) were used to model the following failure 
modes: (a) seat bolt shear failure; (b) gusset plate fracture; (c) truss walk-off; (d) diagonal 
buckling/resistance weld failure; (e) failure of studs on the spandrel; and (f) weld failure 
between strap anchors and top chords. 

• Steel had temperature-dependent elastic and plastic properties.  Creep was not included. 

• The concrete slab was modeled by SHELL 181 elements with temperature-dependent elastic 
properties. 

Figure 4–26 shows the comparison between the detailed and reduced truss models.  Figure 4–26 (a) 
compares the vertical deflection at midspan while Fig. 4–26 (b) compares the horizontal reaction at 
exterior columns.  Although the reduced truss model predicted buckling of diagonals at roughly 530  ˚C, 
which is about 35 ˚C lower than the temperature at which diagonal buckling occurred in the detailed truss 
model, overall truss behavior under the uniform thermal loading was found to be in good agreement 
between the two models. 

 
Figure 4–26.  Comparison of detailed and reduced truss models. 
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4.2.5 Floor Subsystem Analysis 

Analysis of a full floor of the World Trade Center towers involved:  

• the translation, validation, and modification of finite element models in ANSYS to 
incorporate nonlinear behavior,  

• evaluation of structural response under dead and live loads and elevated structural 
temperatures,  

• identification of failure modes and associated temperatures and times to failure, and  

• reduction of detailed component models for inclusion in the floor model. 

Failure Modes 

Possible deformation/failure modes of the floor subsystem that were investigated are as follows:  

• Floor sagging between edge supports resulting from: 

− loss of stiffness and weakening of steel truss and/or concrete slab at high temperature, 

− change in floor behavior from flexure to catenary action due to yielding or buckling of 
diagonal web members required for truss action, or 

− loss of composite action from floor slab-knuckle failures. 

Note that floor sagging between supports may cause tensile failure of the truss seats, or 
development of tensile forces that pull columns inward. 

• Floor sagging at edge supports resulting from failure of truss seat connections at either the 
interior or exterior supports. 

Floor sagging at the exterior edge was observed in photographs of  the east exterior wall of 
WTC 2, near the impact zone.  Floor sagging along one edge would have a tendency to 
reduce the buckling strength of columns supported by that floor and would increase demand 
on other components of the floor. 

• Abrupt failure of the floor truss supports due to: 

− vertical shear failure resulting from debris and/or impact load of the dropping floor 
above, 

− vertical and/or horizontal shear failure resulting from slab expansion acting on truss 
support seats, or 

− tension failure of column truss seats from inward pull forces 
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Finite Element Model 

A review of floors in the impact zones of WTC 1 and WTC 2 found that floor 96 in WTC 1 was 
representative of the floors of interest (see NIST NCSTAR 1-2A), and it was used for the floor analysis.  
Reference structural models of Floor 96 were developed in SAP2000 for traceability to a verified data set 
(see NIST NCSTAR 1-2) and translated into ANSYS models (see NIST NCSTAR 1-6C).  The ANSYS 
floor model was used for the structural response analyses.  Figure 4–27 shows an overall view of the 
converted ANSYS model of Floor 96.  Figure 4–28 and Fig. 4–29 show a close-up of the truss floor and 
core framing, respectively. 

 

 
Figure 4–27.  Converted ANSYS model for Floor 96 of WTC 1. 
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Figure 4–28.  Long span trusses of converted ANSYS model for Floor 96 of WTC 1. 
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Figure 4–29.  Core floor beams and columns of converted ANSYS model for 

Floor 96 of WTC 1. 
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Analyses were conducted to validate the converted ANSYS floor model against the verified SAP2000 
model as follows: 

• Static analysis with gravity loads. 

• Modal analysis using structural mass only. 

Comparisons of the SAP2000 and ANSYS results for the gravity load case are given in Table 4–7.  The 
total reactions for the SAP2000 and ANSYS models were within 0.1 percent of each other.  The 
maximum slab displacement predicted by the ANSYS model was 3.2 percent smaller than that obtained 
from the SAP2000 model. 

Table 4-7.  Comparison of SAP2000 and ANSYS results for gravity load case. 
 SAP2000 ANSYS (BEAM 188) 

Total reaction, kip 2,212.81 2,210.85 (-0.09 %) 
Maximum slab displacement, in. 0.718 0.695 (-3.2 %) 

 

Table 4–8 summarizes the comparison of the SAP2000 and ANSYS results for the modal analysis.  The 
total masses of the SAP2000 and ANSYS models were within 0.02 percent of each other.  The dominant 
natural frequency of the floor predicted by the ANSYS model was 2.5 percent higher than that obtained 
from the SAP2000 model, which is consistent with the discrepancy observed for gravity displacement. 

Table 4-8.  Comparison of SAP2000 and ANSYS Modal Analysis Results. 
 SAP2000 ANSYS (BEAM 188) 

Total mass, lb⋅sec2/in. 5448.7 5447.7 (-0.018 %) 

Dominant natural frequency of floor, Hz 4.32 4.43 (+2.5 %) 
 

Reduced Model 

The converted ANSYS model was modified to incorporate the nonlinear behaviors of the components and 
to reduce model complexity to achieve computation efficiency while retaining essential behaviors.  The 
final model used for analyzing the floor response to gravity loads and elevated temperatures included the 
following modifications: 

• Two adjacent trusses were combined into a single truss.  The elements in the truss model had 
twice the areas and moments of inertia of elements in each single truss. 

• Spandrels defined as beam sections in SAP2000 model were replaced with four-node finite 
strain shell (SHELL 181) elements (eight elements between two columns and four elements 
along the height).  This modification eliminated the need for defining panel zone stiffness. 

• Elastic column elements were changed to 3-D quadratic finite strain beam (BEAM 189) 
elements with user-defined composite sections and nonlinear material properties. 
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• Section offsets of exterior columns were removed, and nodes were placed at centroids of their 
cross sections. 

• Spandrel plates were connected to exterior columns using rigid beam elements. 

• The entire core was remeshed to produce a more uniform element size. 

• Section offsets of core beams were removed to eliminate the end bending moment due to 
eccentricity.  Core beams were placed at their centroids and connected to the slab by rigid 
beams. 

• Beam elements of the top chord between panel points were merged into one element to 
prevent the top chord from buckling and penetrating the slab. 

• Web diagonals were modeled by 3-D linear beam (BEAM 188) elements. 

• Coincident nodes were provided for break elements. 

• Break elements were incorporated into the model to represent: 

− buckling of diagonals; 

− truss seat failure; 

− failure of connections between primary and bridging trusses; 

− failure of connections between long-span and transfer trusses; 

− failure of studs connecting the slab and the spandrel; 

− failure of welds between strap anchors and top chords. 

The full floor model as shown in Fig. 4–30 included the following structural members: 

• Exterior and core columns extending from one floor below to one floor above 

• Spandrels on the floor of interest 

• Concrete floor slab 

• Steel floor trusses including primary and bridging trusses 

• Strap anchors 

• Core beams 

• Deck support angles 
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Figure 4–30.  Full floor model before impact damage is included 

(without concrete floor slab). 

Some components were found to fail in early stages of thermal loading, causing numerical solution 
difficulties, and were removed from the model.  Removal of these components did not control the stability 
or failure mode of the full floor system under thermal loading.  The removed members were: 

• Deck support angles  

• Shear studs on strap anchors and welds between strap anchors and truss top chords 

• Bridging trusses in the one-way zone, and extending to the corner of the core 

• Shear studs connecting the slab and the spandrel 

• Strap anchors 

The concrete slab was attached to the trusses at the knuckle nodes.  Break elements were not used to 
represent knuckle failure as the detailed truss and slab analyses showed that web diagonal buckling, rather 
than knuckle failure, caused floors to sag.  Concrete slab and trusses were always connected in the 
analysis. 
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Four different types of break elements were used in the full floor model.  Their features are summarized 
in Table 4–9.  There were a total of 2,028 break elements used to capture failure of the web diagonals, 
truss seats and truss-to-truss connections, welds, and studs.  Figure 4–31 shows a summary of break 
element locations in the floor model. 

Table 4-9.  Types of break elements. 
Type D.O.F. Capacities to 

be defined 
Stiffness to be defined Description Usage in the floor 

model 

102 UX 
UY 
UZ 
ROTX 
ROTY 
ROTZ 

Positive FX 
Negative FX 
Positive FY 
Negative FY 
Positive FZ 
Negative FZ 
MX 
MY 
MZ 

Initial and post-failure 
stiffness for UX, UY, 
and UZ 
 
Initial and post-failure 
stiffness for ROTX, 
ROTY, and ROTZ 
 

All force and moment 
components are checked 
with corresponding 
capacities. 

Failure of seats. 
Fracture of gusset 
plates. 
Failure of connections 
between primary and 
bridging trusses. 
Failure of connections 
between long-span and 
transfer trusses. 

103 UX 
UY 
UZ 

Positive F 
Negative F 

Initial and post-failure 
stiffness for UX, UY, 
and UZ 
 

SRSS* of three force 
components is checked with 
the capacity.  The sign of 
force is determined by the 
direction specified by the 
user. 

Failure of strap anchor 
welds. 

104 UX 
UY 
UZ 

Positive FX 
Negative FX 
Positive FY 
Negative FY 
Positive FZ 
Negative FZ 

Initial and post-failure 
stiffness for UX, UY, 
and UZ 
 

All force components are 
checked with corresponding 
capacities. 

Failure of studs 
connecting the 
spandrel and the slab. 

105 UX 
UY 
UZ 
ROTX 
ROTZ 
ROTZ 

Positive F 
Negative F 

Initial and post-failure 
stiffness for UX, UY, 
and UZ 
Initial and post-failure 
stiffness for ROTX, 
ROTY, and ROTZ 
 

SRSS of three force 
components is checked with 
the capacity.  The sign of 
force is determined by the 
direction specified by the 
user. 

Buckling of web 
diagonals. 
Failure of resistance 
weld between web 
diagonals and chords. 

 
*SRSS: square-root-of-sum-of-square 
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Figure 4–31.  Break element locations in the floor model (Floor 96, WTC1). 

Floor Analysis Results 

The results of the full floor analyses are given in Chapter 7, Structural Response of Major Tower 
Subsystems.  The floor models were analyzed for their response to impact damage and elevated 
temperatures from the fires for each floor in WTC 1 and WTC 2. 

4.3 EXTERIOR WALL SUBSYSTEM 

Just as the floors played an important role in the response of the World Trade Center towers to both 
aircraft impact and the ensuing fires, so did the exterior columns.  Indeed, photographic and video 
evidence shows bowing of large sections and eventual buckling of an exterior wall of each tower at the 
time of collapse. 

The exterior walls of the towers were made up of closely-spaced steel box columns and deep spandrel 
plates.  For construction, three story high panels, consisting of three columns and three spandrels, were 
shop fabricated, lifted into position, and bolted together. 

Component analyses were conducted to enable capturing all of the relevant failure modes for: (1) spandrel 
splices, (2) bolted column splices, and (3) a single column of one, two, or three stories. 

A section of an exterior wall was analyzed that was three panels wide and three panels high and included 
the column and spandrel splices.  Thus, the model had nine columns and nine spandrel plates.  The 
objective of the exterior wall section model was to study the performance of the wall under the combined 

1

X Y

Z

WTC1 FL96                                                                       

SEP 10 2004
09:12:21

ELEMENTS

SEC  NUM

Diagonals: green 
Seats: red 
Primary and bridging truss connections: blue 
Long-span and transfer truss connections: pink



 Structural Response of Components 

NIST NCSTAR 1-6, WTC Investigation 97 

effects of gravity and thermal loads for several conditions of lateral support. The wall section analyses 
included (1) the translation and validation of a single-panel ANSYS model, (2) development of the wall 
section model, and (3) evaluation of structural response under gravity loads and pull-in forces resulting 
from floor sag and elevated structural temperatures. 

4.3.1 Exterior Wall Subsystem Description 

The exterior wall of the towers was comprised of prefabricated wall panels, referred to hereafter as 
panels.  Typical panels contained three-column segments spanning three stories with portions of the 
spandrels extending one half-span past the outer columns.  The panels were typically arranged such that 
spandrel splices between panels aligned vertically and column splices between panels offset each other by 
one story. 

The wall panel section selected for study was located on the north face of WTC 1 toward the east side and 
included nine columns, extending vertically from the column splice located below Floor 91 to the column 
splice above Floor 99, and nine spandrels, extending horizontally from the spandrel splice located at mid-
span between Columns 149 and 150 to the spandrel splice at mid-span between Columns 158 and 159.  
This exterior wall subsystem model included seven full panels and portions of four other panels. 

Figure 4–32 shows the exterior wall section, and Fig.4-33 is a schematic of an exterior box column 
showing the column plate notation.  Tables 4–10 through 4–12 give the dimensions of the column and 
spandrel plates and their splice connections.   

The odd-numbered columns supported floor trusses.  Pairs of strap anchors extended diagonally from the 
top chords of truss pairs to the even-numbered columns. The trusses and the straps braced the exterior 
columns out-of-plane of the exterior wall. 
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Figure 4–32.  Exterior wall section model. 

 

 
Figure 4–33.   Schematic of exterior column cross-section. 
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Table 4-10.  Column section properties. 
Column 

Type 
Plate 1 

length by 
thickness 
(in. x in.) 

Plate 2 
length by 
thickness  
(in. x in.) 

Plate 3 
length by 
thickness 
(in. x in.) 

120 13.5 x 0.25 13.5 x 0.25 15.75 x 0.25 
121 13.5 x 0.3125 13.375 x 0.25 15.75 x 0.25 
122 13.5 x 0.375 13.25 x 0.25 15.75 x 0.25 
123 13.5 x 0.4375 13.125 x 0.25 15.75 x 0.25 
124 13.5 x 0.5 13 x 0.25 15.75 x 0.25 
125 13.5 x 0.5625 12.875 x 0.25 15.75 x 0.25 

1All spandrels in exterior wall subsystem model are 52 in. deep x 3/8 in. thick. 
 

Table 4-11.  Spandrel Splice Details. 
Spandrel 

Splice 

Type 

Number of 
Bolts/Row 

Total 
Number 
Of Rows 

Bolt Spacing 

(No. of bolts@ 
spacing) 

(in.) 

Gage 

(in.) 

Overall Splice 
Plate 

Dimensions 

(in. x in. x in.) 

Bolt to 
Centerline 
of Splice 

(in.) 

Gap 
Between 

Spandrels 

(in.) 

Spandrel 
Splice 

ID 

101 6 2 5@9  49x6.75x.25 1.875 0.75 101 
102 8 2 3,6,3@9,6,3  49x6.75x.25 1.875 0.75 102 
111 6 4 5@9 3 49x12.75x.25 1.875 0.75 111 
112 8 4 3,6,3@9,6,3 3 49x12.75x.25 1.875 0.75 112 

1All spandrel splices use 7/8 in. A325 bolts; specified spandrel plate yield strength is 36 ksi. 
2Holes in spandrel are 1/4 in. larger than bolts; holes in plates are bolt + 1/16 in. or option to match spandrel holes. 

 

Table 4-12.  Column Splice Details. 
Column 

Splice Type 
Butt Plate 
Thickness 

(in.) 

Number
of Bolts 

Bolt Diameter
(in.) 

Gage
(in.) 

Bolt Spacing 
(in.) 

Column 
Splice ID 

411 1.375 4 0.875 3.5 6 411 
421 1.625 4 0.875 3.5 6 421 
431 1.875 4 1 3.5 6 431 

1Butt plates have specified yield strength of 50 ksi.  
2Bolts are A325.  
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4.3.2 One, Two, and Three-Story High Columns 

Figure 4–34 shows the finite element model of a one-story high exterior column representing Column 151 
(see Fig. 4–32).  Shell elements were used to model the plates comprising the box column and the 
spandrels.  Rigid elements connected the center of gravity of the column to its component plates and the 
spandrel at both the top and the bottom of the model.  The column was simply supported in three 
directions at the bottom and simply supported in the horizontal directions at the top.  Increments of axial 
displacement were applied at the top of the model. 

Figure 4–35 shows the variation of axial load with imposed axial displacement and resulting lateral 
deflection for two assumed uniform temperature conditions, room temperature and 700 °C.  Figure 4–35 
also presents results of standard handbook calculations at room temperature and at 700 °C for (1) local 
buckling of plates 2 and 3, (2) uniform yielding of the column, and (3) gravity load demand. 

Figure 4–36 shows the local buckling deformation of Plate 2 and Plate 3 at the maximum load level 
(approximately 1,050 kip) at room temperature.  Figure 4–37 shows a plastic hinge at mid-height of the 
column for an axial displacement of 2 in.  Figure 4–38 shows the presence of local buckling in Plate 2 and 
Plate 3 at 700 °C and the maximum load (approximately 250 kip). 

It can be seen from Fig. 4–35 that, at room temperature, local buckling occurs at a load that is less than 
the maximum column load, but that at 700˚C the column yields before it buckles locally.  This figure also 
shows that the column demand load of 175 kip is substantially lower than the local buckling load at room 
temperature and the column yield load at 700˚C.  At room temperature, the post-buckling strength 
decreased rapidly; however, the reduction in the strength was much more gradual in the post-buckling 
regime at 700 ˚C. 

Axial load-displacement behaviors of two- and three-story models are also examined, and the results are 
shown in Fig. 4–35.  As can be seen, for longer unsupported lengths and higher temperatures, the slope of 
the axial load-deflection curve in the post-buckling regime became less steep. 
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Figure 4–34.  One-story exterior column model. 
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Figure 4–35.  Load-deflection of column at room temperature (RT) and 700 °C. 
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Figure 4–36.  Local buckling of column at room temperature. 

 
Figure 4–37.  Plastic hinge in column at room temperature. 
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Figure 4–38.  Deformed shape of column at maximum axial load at 700 °C. 

4.3.3 Exterior Wall Section Analysis  

Analysis of a section of the exterior wall of the World Trade Center towers involved:  

• the translation and validation of a single panel finite element model to ANSYS and 
modification to include nonlinear behavior,  

• development of the exterior wall section model, 

• evaluation of structural response under dead and live loads and elevated structural 
temperatures, and 

• determination of loads that cause buckling (instability). 
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Failure Modes 

The exterior wall section model captured the following failure modes: 

• Column buckling from large lateral deformations, 

• Column buckling from loss of support at floor truss seats and diagonal straps, 

• Failure of column splice bolts, and 

• Failure of spandrel splice bolts or tearing of spandrel or splice plates at bolt holes. 

Finite Element Model of Single Panel 

A finite element model of a single exterior wall panel using both beam and shell elements was developed 
to reduce the model size.  This model was validated against a finite element shell model of a single 
exterior wall panel developed by LERA (NIST NCSTAR 1-2A) by comparing the stiffnesses for a variety 
of loading conditions. 

Figure 4–39 shows the SAP2000 shell model of a typical prefabricated panel at Floors 79 to 82, and 
Fig. 4–40 shows the reduced ANSYS model which had fewer degrees of freedom.  In the ANSYS panel 
model, beam elements replaced shell elements to model the columns, while shell elements were used to 
model the spandrels, and beam elements attached the center of gravity of the columns to the mid-plane of 
its corresponding spandrel component at each shell element through the depth of the spandrel. 

Each of the models was subjected to the following loads at room temperature as shown in Fig. 4–41: 

• A vertical force (FZ) at the top of one of the outside columns. 

• A horizontal force in the plane of the wall (FX) at the top of one of the outside columns.  The 
stiff beam elements distributed this shear between the tops of all three columns. 

• A transverse force (FY) on the middle column at Floor 81 (middle floor). 

Figure 4–42 shows the deflected shape of the panel for both the SAP2000 and ANSYS models for the 
case of 100 kip lateral load at the top of the panel.  Table 4–13 presents the results for this and the other 
two loading conditions. 

Lateral and vertical displacements were found to be within 7 percent while the out-of-plane displacement 
for the ANSYS model was 13 percent less than that obtained from the SAP2000 model. 
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Figure 4–39.  SAP2000 shell model of prefabricated panel. 
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Figure 4–40.  ANSYS model of prefabricated panel showing finite element mesh. 

 
Figure 4–41.  ANSYS model of prefabricated panel showing 

boundary conditions and loading. 
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Figure 4–42.  Deflection of prefabricated panel under 100 kip lateral load. 

 

Table 4-13.  Prefabricated panel validation results. 
SAP2000/ANSYS Difference Range  

Loading Condition 
Reaction Displacements1 

Lateral FX RX:  -2% to +1% UX:  7% 
Transverse FY RY:  -6% to +7% UY:  -13% 
Vertical FZ RZ:  -1% to +2% UZ:  -7% 

1.  Displacements considered at tops of columns for FX and FZ, and at points of 
load application for FY. 
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Spandrel Splice Model   

Figure 4–43 shows a typical layout of the spandrel splices in the model.  User-defined break elements 
model the interior spandrel splice connections, and nodal couples model the exterior spandrel splice 
connections.  Figure 4–44 shows the modeling of an interior spandrel splice.  User-defined break 
elements at each node through the depth of a spandrel allow the model to capture connection failure 
modes including (1) bolt shear, (2) tearing of the spandrel plate, and (3) tearing of the splice plates at the 
bolt holes.  The break elements transfer forces and moments between nodes according to the initial 
stiffness values until the element reaches capacity in one direction.  Upon reaching one of the capacities, 
the stiffness of the element in all directions changes to the corresponding failure stiffness, and the element 
sheds load through other load paths.  

 
Figure 4–43. Typical spandrel splice layout for exterior wall section model. 

 
Figure 4–44. Modeling of a typical interior spandrel splice in the 

exterior wall section model. 
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Column Splice Model   

Bolted column splices were modeled using beam elements for each of the four bolts, four pairs of contact 
elements at the faying (contact) surfaces between column ends (butt plates) and stiff beam elements 
connecting the tops of the bolts to the contact elements.  Fracture of the column bolts was included and 
was based on test data (NIST NCSTAR 1-3).  Figure 4–45 shows a schematic view of the column splice 
model.  The contact elements use a coefficient of friction of 0.35.  The 7/8 in. diameter column splice 
bolts are pretensioned to 36.05 kip at 20 ºC (AISC 1964). 

 

 
Figure 4–45.  Column Splice Model used in Exterior Wall Model. 

Finite Element Model of Exterior Wall Section 

The single panel model was used to form a nine column by nine spandrel wall section model. 
Fig. 4–46 shows the model in elevation, and Fig. 4–47 shows a typical finite element mesh for a portion 
of the model.  The colors of the elements illustrated in Fig. 4–47 represent the various element properties 
assigned.  Element properties include large deflections, plastic deformation, and creep at elevated 
temperatures. 
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Figure 4–46.  Exterior wall subsystem model with boundary conditions. 

 

 
Figure 4–47.  Typical meshing of exterior wall model components. 
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Loading 

The exterior wall section was subjected to several loading conditions as described here.  Gravity loads 
corresponding to dead load plus 25 percent of the design live load were applied to simulate the axial 
forces in the columns and floor loads applied to the truss seats.  Five thermal load conditions were 
considered (see NIST NCSTAR 1-5G) that represented fire exposures and thermal insulation conditions 
at several locations in the towers. The most severe of these conditions was used for subsequent analyses.  
The five thermal loading conditions were labeled Cases D, E and F, DBARE (representing absence of 
insulation); and E119 (corresponding to the standard ASTM E 119 thermal loading).  Table 4–14 presents 
the various thermal load conditions, and Fig. 4–48 shows how the maximum temperature anywhere in the 
model varied with time for each thermal loading condition.  Thermal loading condition DBARE was 
selected as the most severe exposure from this group. (The designation of thermal load condition D used 
here should not be confused with Cases D introduced later on in this report.) 

Table 4-14.  Thermal loading conditions used in the exterior wall model. 
Thermal 
Loading 

Condition 
Building and 

Location Columns Floors Insulation 
Time 

Duration 

Maximum 
Temperature 

oC 

D WTC1 
South face 

towards West 

340 – 348 91 – 99 as specified 5400 s 537 ºC 

DBARE WTC1 
Same as D 

340 – 348 91 – 99 none 5400 s 598 ºC 

E WTC1 
East face 

towards North 

221 – 229 91 – 99 as specified 5400 s 871 ºC 

E119 WTC1   as specified 5400 s 418 ºC 

F WTC2 
North face East 

corner 

250 – 258 76 – 84 as specified 3600 s 382 ºC 
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Figure 4–48.  Exterior wall model temperature time-histories. 

  

Table 4–15 shows the nine cases that were analyzed for the exterior wall model that included the thermal 
load cases, creep effects, and floor support conditions.  Several combinations of disconnected floors were 
analyzed for the effects of loss of lateral support if a floor sagged or failed and the consequent increase in 
un-braced length of the columns. 

Two cases were analyzed to investigate the stability of the exterior wall section.  In one case, forces were 
applied to simulate pull-in from sagging floors to the point of instability.  When trusses sag extensively, 
they pull the columns inward.  Results of truss component analyses indicated approximately 14 kips of 
inward pull per truss.  The strap anchors helped distribute this pull to the columns that did not support 
trusses.  A 15 kip inward pull force was applied at each column that was laterally-unsupported, and in the 
second case, with three disconnected floors, a “push-down” analysis was conducted to simulate additional 
column loads being redistributed from the core.  The top of the wall model was displaced downward until 
instability was reached.  

The loads on the model were applied in stages in the following order: 

• Self weight of the exterior wall components, 

• Column splice bolt preload, 

• Dead load of floor construction, including superimposed dead loads, 

• 25 percent of floor design live loads,  

• Temperatures of fire scenarios, and 
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• Transverse pull loading from sagging trusses, or 

• Imposed vertical displacements at top of columns. 

Table 4-15.  Analysis cases for exterior wall section model. 

Analysis 
Case 

Thermal 
Load 

Condition 
Bolt 

Temperatures 
Creep 
Effects 

Floor Supports 
 

Pull-in 
Force 

Push-
Down 
Force 

1 D No Yes All   

2 DBARE No Yes All   

3 E Yes Yes All   

4 E119 No Yes All   

5 F No Yes All   

6 DBARE Yes Yes All but 95 and 96   

7 DBARE Yes No All but 95, 96, 
and 97 

  

8 DBARE Yes No All but 95, 96, 
and 97 

X  

9 DBARE Yes No All but 95, 96, 
and 97 

 X 

 

Exterior Wall Analysis Results 

Columns Laterally Supported at All Floors (Case 1 - Case 5)  

The analysis results for the five thermal load conditions in Cases 1 to 5 indicated the following: 

• Spandrels had the maximum stress (strains are plastic)  

• Spandrels experienced large lateral distortions and separated partially; no spandrel splice 
separated completely in any of the five Cases. 

• Lateral (out-of-plane) deflections of the columns were less than 1.0 in. and were due 
primarily to differential thermal expansion between the columns and spandrels. 

• Column and spandrel thermal expansion was unrestrained.  The columns elongated between 1 
and 3 in. 

• General instability (buckling) of exterior wall columns did not occur. 

Deformations observed in the spandrel plates are illustrated in Fig. 4–49. 
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    Fire Scenario D (Case 1)  -  Floor 94                                                 Fire scenario F (Case 5) -  Floor 99 

Figure 4–49.  Spandrel plate deformations. 

Columns Not Laterally Supported at Two or Three Consecutive Floors (Cases 6 and 7)  

The analysis results for Case 6 and Case 7 are similar and the following observations can be made for 
both conditions: 

• Lateral deflections of the columns were less than 1.0 in. for the thermal loads. 

• No plastic strain in the columns and spandrels.  

• All column splices remained in contact. 

• Spandrel splices separated partially on several floors; no spandrel splice separated completely 

• The structures remained stable. 

The out-of-plane deformations for the two cases are show in Fig. 4–50.  Deformations for the case with 
three floors removed were somewhat greater than for the case with two floors removed, although the 
maximum deformations in both cases was less than 1.0 in. 

            
 Two Floors Removed (Case 6) Three Floors Removed (Case 7) 

Figure 4–50.  Lateral deflections for Case 6 and Case 7. 

10X displacement magnification
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Columns Not Laterally Supported  and Pulled-In at Three Floors (Case 8)  

The analysis results for Case 8 indicated the following: 

• Column instability (buckling) was reached with a transverse load of 12.6 kips per column 

• For a lateral load of 12.6 kips, the inward deflection of the exterior wall section was 10.2 in. 

• The maximum column tensile stress of 77.2 ksi was at Floor 94 where the lateral deflection 
was 10.2 in. 

• Column splices experienced slip or opened up at several column locations; no column splice 
bolts fractured 

Figure 4–51 shows the deflected shape of the exterior wall subsystem at the point of instability due to 
inward pull.  The status of the column splice contact elements is shown in Fig. 4–52 and the column 
splice bolt stresses are shown in Fig. 4–53. 

 

  
Figure 4–51.  Structural response (out-of-plane deformations) for 

temperature time history DBARE and pulled-in at three disconnected floors for 
Case 8. (10X displacement magnification). 
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Figure 4–52.  Column splice contact element status for temperature time history and 
DBARE and pulled at three disconnected floors for Case 8. 

 

 
Figure 4–53.  Column splice bolt stresses for temperature time history and DBARE and 

pulled at three disconnected floors for Case 8. 
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Columns Not Laterally Supported at Three Floors and Columns Pushed Down at Top (Case 9)  

Figure 4–54 shows the deflected shape of the exterior wall subsystem due to push-down.  The out-of-
plane deformation as a function of push-down displacement is shown in Fig. 4–55. 

The total vertical reaction (sum of the gravity and push-down loads) vs. imposed vertical displacement is 
plotted in Fig. 4-56.  Plastic buckling was found to occur with a vertical applied displacement of 
approximately 1.2 in. which occurred, as can be seen in Fig. 4–56, at the point at which the total vertical 
reaction began to decrease. It is seen from Fig. 4–56 that, for the given thermal loading condition, the 
maximum total vertical reaction was approximately 2,700 kips, or an average of 300 kips on an individual 
column.  Individual column forces are shown in Fig. 4–57 and are seen to range from approximately 
250 kips to 350 kips.  The gravity load on an individual column was approximately 200 kips. 

 
Figure 4–54.  Structural response (out-of-plane deformations) for temperature time 

history DBARE and pushdown with three disconnected floors for Case 9 (10X 
displacement magnification). 
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Figure 4–55.  Out-of-plane deformation as a function of pushdown displacement after 

application of temperature DBARE with three disconnected floors for Case 9. 
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Figure 4–56.  Total reaction at column base resulting from pushdown with temperature 
DBARE and three disconnected floors for Case 9. 
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Chapter 5 
AIRCRAFT IMPACT DAMAGE 

5.1 INTRODUCTION 

The structural damage to each tower resulting from th
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This Chapter presents the methodology and criteria for developing input data from the aircraft impact 
analysis results for the fire dynamics, thermal, and structural analyses, and summarizes the aircraft impact 
damage data for Cases A, B, C, and D.  A brief discussion of how aircraft impact affected the concrete 
columns in the Pentagon shows how direct debris impact dislodged the columns’ concrete cover, which 
has a much higher bond strength than the SFRM and gypsum materials for thermal insulation of the 
structural steel.  Data sets for structural analyses with Cases Ai, Bi, Ci, and Di are presented in Appendix 
A and Cases A, B, C, and D are presented in Appendix B. 

5.2 METHODOLOGY AND CRITERIA FOR DEVELOPING INPUT DATA FROM 
AIRCRAFT IMPACT ANALYSIS RESULTS  

The fire dynamics, thermal, and structural analyses all required input data derived from the aircraft impact 
analyses.  The fire dynamics analyses used estimates of damage to the floors and partition walls to 
describe ventilation paths and to identify the distribution of jet fuel and debris immediately following 
impact.  The thermal analysis required estimation of the areas that had dislodged insulation on the 
structural components of the towers.  For the structural analyses, elements that represented severed or 
heavily damaged floors and columns were removed from the structural models of the towers. 

Damage to the exterior walls in the structural models was based on photographic and video records, 
which matched reasonably well the exterior damage predicted by the impact simulations (see NIST 
NCSTAR 1-2).  Figures 5–1 and 5–2 show a comparison between the observed and predicted aircraft 
impact damage to the exterior walls for WTC 1 and WTC 2. The observed exterior damage was used in 
the structural analyses.  

 
Figure 5–1.  Validation of Aircraft Impact Analysis Prediction With Observations for 

WTC 1 North Exterior Wall Damage. 
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Figure 5–2.  Validation of Aircraft Impact Analysis Prediction With Observations for 

WTC 2 South Exterior Wall Damage. 

5.2.1 Core Column Damage 

The damage predicted by the impact simulations was classified into four levels as shown graphically in 
Figure 5–3 (the colors represent plastic strain magnitude with undamaged sections in blue and strains at or 
above 5 percent shown in red). The classification levels were light damage, moderate damage, heavy 
damage, and failed (or severed). The light damage level had low level plastic strains but no significant 
structural deformations. The moderate damage level had visible local deformations of the column cross 
section (e.g. local flange bending) but without lateral displacements of the column centerline. The heavy 
damage level had significant global deformations that resulted in a permanent deflection of the column 
centerline. The failed columns were completely severed and could not carry any load.  For details, refer to 
NIST NCSTAR 1-2. 

The column damage criteria were applied to the aircraft impact analysis results.  Tables 5–1 to 5–4 show 
the column damage classifications obtained from each analysis. Refer to Fig. 4–7 for core column 
numbering.  Figure 4–7 shows the WTC 1 column layout with the 100 series exterior columns on the 
north side; WTC 2 column layout is the same except that the 200 series exterior columns face north. 
WTC 1 was estimated to have 3 severed core columns and 4 heavily damaged columns for Case A, and 
6 severed core columns and 3 heavily damaged columns for Case B.  The WTC 1 severed and heavily 
damaged columns were located at the center of the north side of the core. WTC 2 was estimated to have 
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5 severed core columns and 4 heavily damaged columns for Case C, and 10 severed core columns and a 
heavily damaged column for Case D.  The WTC 2 severed and heavily damaged columns were located at 
the southeast corner of the core. The core column damage was used in the major subsystem and global 
analyses for each tower.  The misalignment of the heavily damaged columns dramatically reduced their 
load carrying capacity.  In the structural models described in this report, elements corresponding to the 
heavily damaged and severed columns were removed, while those corresponding to moderately or lightly 
damaged columns were retained without modifications. 

 
Figure 5–3. Core column damage levels. 

Table 5–1.  WTC 1 Case A core column damage. 

Column Location Damage Level 
Lateral Deflection of 

Column Centerline (in.) 

Column 503 Floor 96 Heavy 18 

Column 504 Floors 92-96 Severed  

Column 505 Floors 93-96 Heavy 20 

Column 506 Floors 93-94 Heavy 10 

Column 604 Floors 92-96 Severed  

Column 605 Floors 94-95 Moderate  

Column 702 Floor 96 Moderate  

Column 703 Floor 96 Moderate  

Column 704 Floor 94 Heavy 18 

Column 705 Floor 95 Moderate  

Column 706 Floors 93-95 Severed  

Column 802 Floor 96 Moderate  

Column 805 Floor 94 Moderate  

Light  
Damage 

Moderate 
Damage 

Heavy 
Damage 

Severed
Plastic 
Strains 
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Table 5–2.  WTC 1 Case B core column damage. 

Column Location Damage Level 
Lateral Deflection of 

Column Centerline (in.) 

Column 503 Floor 95-96 Severed  

Column 504 Floors 92-96 Severed  

Column 505 Floors 93-96 Severed  

Column 506 Floors 93-95 Heavy 24 

Column 603 Floors 96-97 Moderate  

Column 604 Floors 92-96 Severed  

Column 605 Floors 94-95 Moderate  

Column 606 Floors 94 Light  

Column 702 Floor 97 Light  

Column 703 Floor 96 Moderate  

Column 704 Floors 92-96 Severed  

Column 705 Floor 95 Moderate  

Column 706 Floors 93-95 Severed  

Column 802 Floor 96 Light  

Column 803 Floors 96-97 Moderate  

Column 804 Floor 94-96 Moderate  

Column 805 Floors 93-95 Heavy 20 

Column 903 Floor 96 Light  

Column 904 Floors 95-96 Heavy 19 

Column 905 Floor 95 Light  

Table 5–3.  WTC 2 Case C core column damage. 

Column Location Damage Level 
Lateral Deflection of 

Column Centerline (in.) 

Column 801 Floor 79 Heavy 10 

Column 901 Floors 79-82 Severed  

Column 902 Floor 79 Heavy 32 

Column 903 Floors 77-83 Severed  

Column 904 Floor 79 Moderate  

Column 905 Floor 79 Heavy 18 

Column 1001 Floors 77-83 Severed  

Column 1002 Floors 79-81 Severed  

Column 1003 Floor 80 Severed  

Column 1004 Floor 80 Heavy 18 



Chapter 5   

126 NIST NCSTAR 1-6, WTC Investigation 

Table 5–4.  WTC 2 Case D core column damage. 

Column Location Damage Level 
Lateral Deflection of 

Column Centerline (in.) 

Column 602 Floor 79 Moderate  

Column 605 Floor 79 Moderate  

Column 701 Floors 79-80 Severed  

Column 702 Floor 79 Heavy 16 

Column 703 Floor 79 Moderate  

Column 704 Floor 79 Light  

Column 705 Floors 78-79 Light  

Column 705 Floor 78 Light  

Column 801 Floors 79-80 Severed  

Column 802 Floors 77-80 Severed  

Column 803 Floors 77-80 Severed  

Column 804 Floor 79 Light  

Column 901 Floors 80-81 Severed  

Column 902 Floor 79 Moderate  

Column 903 Floors 77-83 Severed  

Column 904 Floors 79-81 Moderate  

Column 905 Floors 79 & 81 Light  

Column 907 Floor 81 Light  

Column 1001 Floors 77-83 Severed  

Column 1002 Floors 79-83 Severed  

Column 1003 Floors 79-83 Severed  

Column 1004 Floors 79-83 Severed  

Column 1005 Floors 79-81 Moderate  

5.2.2 Structural Damage to Floor Slabs, Core Beams, and Floor Trusses 

Two types of floor damage were identified from the impact analysis results: (1) missing floor areas and 
(2) severely damaged floor areas incapable of supporting loads.  Figure 5–4 illustrates the floor damage 
computed by the aircraft impact analysis, with WTC 1 Structural Floor 95 Case A as an example. The 
damage to floor framing (i.e., trusses and beams) ranged from being severed and bent out of alignment to 
having localized damage to a component of the framing.  Concrete slab damage ranged from crushed 
areas (failure of both concrete slab and metal decking) to permanent plastic strains (failure of concrete 
slab, but not metal decking). The concrete slab was failed in the red regions shown in Figure 5–4(c), 
which indicated a 2 percent plastic strain or greater. At these strain levels, the concrete slab was assumed 
to be severely damaged and likely exposed the supporting metal decking. 
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Figure 5–4. Impact damage to WTC 1 Floor 95 for Case A (plan view). 

 

a. Floor trusses

b. Core floor beams 

c. Floor slab 
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For the fire dynamics analysis, missing floor areas were important since they created new ventilation 
paths between floors.  Ventilation is a critical parameter for fire growth and spread.  For the structural 
analyses, floor areas were removed where the intended structural function of the floor was severely 
impaired or no longer available.  For instance, if truss end connections were severed, the floor framing 
could not transfer its loads to the column at that point.  The condition of the concrete slab was also 
important as the concrete slab and floor framing were designed to act compositely.  Severe damage to the 
concrete over more than half of a truss or a beam length was considered to cause a severely impaired floor 
area. 

Figure 5–5 shows an example of how the damage in Figure 5–4 was evaluated and summarized for the 
structural analysis.  Areas with severed floor framing and crushed concrete (indicated by red zones) were 
outlined with a dashed line, indicating where floor areas were to be removed or considered missing.  
Areas with misaligned framing or loss of composite action with the slab (due to damaged concrete) over 
more than half the member length were marked with green shading as damaged floor areas.  In this 
example, the dashed outline and green overlay cover nearly the same area, though this is not generally the 
case for all floors. For analysis purposes, only severe damage was considered; isolated member damage 
or small areas of concrete damage were ignored as they were considered localized damage. Damage 
ranges in Figure 5–5 were delineated by boxed areas as there was insufficient data to develop criteria for 
irregular boundaries.  

 
Figure 5–5. Damage to WTC 1 Floor 95 framing and slab for Case A. 
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5.2.3 Damage to Fire Protection for Structural Steel 

The aircraft impact simulation models included not only the structural components of the towers and 
aircraft, but also representations of the partition walls and building contents and furnishings (modular 
office workstations).  The results of the analyses included damage to the partition walls, workstations, and 
structural elements.  Such damage estimates were crucial for the estimation of areas with dislodged 
insulation as explained in this section. 

Estimates of the post-impact condition of the fire protection was based on criteria that considered damage 
to structural components, building partitions, and furnishings along with the debris field as calculated 
from the aircraft impact analyses. Estimates for the extent of dislodged insulation considered insulation 
damage to structural components only in the direct path of debris, as follows:  

• Core columns had sprayed fire-resistant material (SFRM), gypsum wallboard enclosures, or a 
combination of both. Insulation was assumed to be dislodged from the columns if they were 
subject to direct debris impact that could fail wall partitions in the immediate vicinity. The 
representative bending strength of building partitions in the impact simulations was 500 psi 
(NIST NCSTAR 1-2), while the representative adhesive and cohesive strength of SFRM 
measured in the laboratory by NIST was generally less than 12 psi (NIST NCSTAR 1-6A). 
Gypsum column enclosures were also assumed to have a lesser representative strength than wall 
partitions. 

To consider that insulation on core columns was damaged, the predicted debris impact had to be 
sufficient to fail building partitions immediately in front of the columns. If the wall partitions 
remained intact in the core area after interaction with the debris field, then the insulation on core 
columns behind these partitions was assumed to remain intact. If wall partitions were damaged or 
destroyed by the debris field, then insulation on core columns behind these partitions was 
assumed to be dislodged over that floor height. 

• To consider that insulation on exterior columns was damaged, the debris impact had to damage or 
destroy office furnishings (modular office workstations) adjacent to the columns. If the office 
furnishings remained intact after interaction with the debris field, then the insulation on the inside 
face of the exterior columns behind these furnishings was assumed to remain intact. If the room 
furnishings were damaged or destroyed after interaction with the debris field, then the insulation 
on the inside face of the exterior columns in the same vicinity was assumed to be dislodged over 
that floor height. The other three faces of the exterior columns were protected by the windows 
and/or aluminum cladding and were assumed to have no insulation damage. 

• To consider that SFRM on floor trusses was damaged, the debris impact had to be sufficient to 
damage or destroy room furnishings (modular office workstations) in the same area of the 
affected floor. If the room furnishings remained intact, then the insulation on the steel trusses 
above these furnishings was assumed to remain intact. If the room furnishings were damaged or 
destroyed by the debris field, then the insulation on the steel trusses above these furnishings was 
assumed to be dislodged. 

The insulation damage estimates were conservative as they ignored possibly damaged and dislodged 
insulation in a much larger region that was not in the direct path of the debris but was subject to strong 
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vibrations during and after the aircraft impact.  A robust criteria to generate a coherent pattern of 
vibration-induced dislodging could not be established due to (1) the numerical noise inherent in the 
acceleration time-histories on structural components obtained from the aircraft impact analyses, and (2) 
lack of data on the strength of insulation materials under such a high rate of loading with sharp peaks in a 
very short duration. However, there were indications that insulation damage occurred over a larger region 
than that estimated.  Photographic evidence showed insulation dislodged from exterior columns not 
directly impacted by debris (NIST NCSTAR 1-3C). The towers underwent a period of strong impact 
loading for about 0.6 to 0.7 s. Further, video analysis showed that WTC 2 vibrated for over 4 minutes 
after aircraft impact with amplitudes in excess of 20 inches at the roof top (NIST NCSTAR 1-5A). First-
person interviews of building occupants indicated that building vibrations due to aircraft impact were 
strong enough to dislodge ceiling tiles and collapse walls throughout the height of both WTC towers and 
to cause nearly all elevators to stop functioning (NIST NCSTAR 1-7).  Due to lack of experimental data, 
estimates of insulation damage ignored the possibility that the impact of jet fuel might also result in 
dislodging insulation.  The global structural analyses used to determine the probable collapse sequence 
included some variation in the extent of dislodged insulation. 

Figure 5–6 shows an elevation view of WTC 1 during the aircraft impact for Case B.  As impact debris 
traveled across multiple floors, it tended to fill the space between the two floor slabs.  Figure 5–7 shows 
more detail with specific damage to framing, partitions, and furnishings on Floor 95. The floor-to-floor 
dispersal pattern led to the assumption that when the insulation was dislodged from direct debris impact, 
it was dislodged over the full floor height.  This assumption was consistent with the level of modeling 
detail (i.e. insulation was not included in the aircraft impact model) and with expected thermal behavior 
of a steel component if substantial portions of the insulation were removed. 

As an example, Figs. 5–8 and 5–9 show plan views of WTC 1 Floor 95 for Case B impact damage.  
Figure 5–8 shows the location of floor furnishings and partitions prior to impact.  The extent of 
furnishings and partitions in the impact models was limited to areas where interaction with the aircraft 
was expected due to computational limits on the number of nodes and elements in the model. Figure 5–9 
shows the extent of damage to Floor 95.  The area of dislodged insulation for columns and floor framing 
between floor slabs 95 and 96 is indicated by the shaded overlay.  Where partition walls and furnishings 
remained intact, the insulation was also assumed to remain intact.  Where the debris extended to the 
exterior wall, the insulation on the inside surface of the exterior columns and spandrels was assumed to be 
dislodged over the full floor height. 
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Figure 5–6.  Debris and fuel field in WTC 1 Case B analysis of aircraft impact. 

 
Figure 5–7.   WTC 1 Case B aircraft impact damage to framing, partitions, and furnishings 

on Floor 95. 
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Figure 5–8. WTC 1 Case B Floor 95 partitions and furnishings layout prior to impact 

(layout provided in model only where interaction with aircraft was expected). 

 
Figure 5–9. WTC 1 Case B Floor 95 partitions and furnishings layout after impact with 

overlay showing extent of dislodged insulation from direct debris impact. 
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5.2.4 Summary of Aircraft Impact Damage 

The use of the aircraft impact results by the fire dynamics, thermal, and structural analyses required 
presentation of debris damage data in two formats, referred to here as ‘occupancy floor’ and ‘structural 
floor’ formats.  Figure 5–10 illustrates the terms occupancy floor (e.g. the elevator floor number) and 
structural floor.  Damage to columns, partitions, and insulation between floor slabs are presented in the 
occupancy floor format, as shown in Fig. 5–11.  Structural damage to the composite floor (i.e. truss, 
beams, and floor slab) is presented in the structural floor format, as shown in Fig. 5–12.  The aircraft 
impact, thermal, and structural analyses used both formats. The fire dynamics analyses used the 
occupancy floor format, as the floor slabs provided natural boundaries for fire.   

  
Figure 5–10. Definition of structural floor and occupancy floor. 

 

 
Figure 5-11. Plan view of WTC 1 Case B insulation and column damage for Occupancy 

Floor 95. 
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Figure 5-12. Plan view of WTC 1 Case B damage to Structural Floors 95. 

5.3 STRUCTURAL AND FIRE PROTECTION DAMAGE TO WTC 1 

This section presents summary graphics of structural and fire protection damage that were developed 
using results of the aircraft impact simulations.  Figures 5–13 and 5–16 show plan views of the 
cumulative damage over Floors 93 to 99 for Case A and Case B, respectively.  The impact damage at 
each floor level is shown in Figures 5–14 and 5–15 for Case A and 5–17 and 5–18 for Case B with 
occupancy and structural formats. The damage graphics for Cases A and B are also presented at a larger 
scale in Appendix B. 

The structural damage in WTC 1 extended from the north exterior wall, through the central region of the 
north floor area and through to the south side of the core.  An exterior panel was knocked out of the south 
wall by aircraft debris. Damage to the insulation from direct debris impact extended over a larger region 
and included most of the north floor areas, the core, and central regions of the south floor areas.  Case B 
predicted more damage to core columns and a larger extent of insulation damage to the south floor area 
than Case A, including damage to the south exterior wall insulation on the inside face. 
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Figure 5–13. Plan view of WTC 1 Case A cumulative damage for Floors 93 to 98. 
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Figure 5–14. Plan view of WTC 1 Case A insulation and column damage to Occupancy 

Floors 93 to 98. 
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Figure 5–15. Plan view of WTC 1 Case A damage to Structural Floors 93 to 98. 
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Figure 5–16. Plan view of WTC 1 Case B cumulative damage from Floors 93 to 98. 
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Figure 5–17. Plan view of WTC 1 Case B insulation and column damage to Occupancy 

Floors 93 to 98. 
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Figure 5–18. Plan view of WTC 1 Case B damage to Structural Floors 93 to 98. 
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5.4 STRUCTURAL AND FIRE PROTECTION DAMAGE TO WTC 2 

This section presents summary graphics of structural and insulation damage that were developed using 
results of the aircraft impact simulations.  Figures 5–19 and 5–22 show plan views of the cumulative 
damage over floors 78 to 84 for Case C and Case D, respectively.  The impact damage at each floor level 
is shown in Figures 5–20 and 5–21 for Case C and 5–23 and 5–24 for Case D with occupancy and 
structural formats. The damage graphics for Cases C and D are also presented at a larger scale in 
Appendix B. 

The structural damage in WTC 2 extended from the south exterior wall, through the south and east floor 
areas and the southeast region of the core, to the north side of the east floor area.  Exterior columns were 
severed by debris near the northeast corner. Damage to the insulation from direct debris impact extended 
over a larger region, and included the south floor area, the central and east regions of the core, and most 
of the east floor area.  Case D predicted more damage to core columns than Case A, but the extent of the 
insulation damage was similar.   

 

 
Figure 5–19. Plan view of WTC 2 Case C cumulative damage from Floors 78 to 83. 
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Figure 5–20. Plan view of WTC 2 Case C insulation and column damage to Occupancy 

Floors 78 to 83. 
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Figure 5–21. Plan view of WTC 2 Case C damage to Structural Floors 78 to 83. 
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Figure 5–22. Plan view of WTC 2 Case D cumulative damage from Floors 78 to 83. 
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Figure 5–23. Plan view of WTC 2 Case D insulation and column damage to Occupancy 

Floors 78 to 83. 
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Figure 5–24. Plan view of WTC 2 Case D damage to Structural Floors 78 to 83. 
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5.5 OBSERVATIONS OF AIRCRAFT IMPACT DAMAGE TO THE PENTAGON 

The Pentagon was impacted by an aircraft of similar size (Boeing 767) and at a speed similar to those of 
the WTC towers (ASCE 2003).  The impact speed at the Pentagon was about 530 mph (460 knots or 780 
fps), which is similar to the aircraft impact speeds of 443 mph and 542 mph for WTC 1 and WTC 2, 
respectively.  The aircraft completely entered the lower floors of the Pentagon and traveled along a 
diagonal path for approximately 230 ft.  The Pentagon was constructed with a reinforced concrete frame 
with columns spaced at regular intervals.  Figure 5–25 shows a graphic depiction of the damage that was 
documented after the impact and subsequent fire.  An overlay of the WTC tower footprint was added to 
the original graphic to provide a sense of scale between the two building footprints. Figure 5–25 shows 
column damage classifications similar to those described in Section 5.2.1—severed, heavy damage 
(permanently deformed laterally from the column centerline), moderate damage (some impairment of 
function), and light damage (concrete cracking and spalling but no impairment of function).   

It is the light damage that is of interest relative to insulation damage from aircraft impact.  Reinforced 
concrete columns have a concrete cover of at least one inch, and typically more, over the steel 
reinforcement.  Figures 5–26 and 5–27 show two examples of columns with their concrete cover stripped 
by the debris field down to the spiral reinforcement over most of the column height.  It was assumed that 
if the debris field could strip away concrete cover then a similar debris field would strip SFRM from steel 
components. 
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Source:  Reproduced from “The Pentagon Building Performance Report” (2003) and use with permission of The American Society of Civil 
Engineers. 

Figure 5–25. Overlay of WTC Footprint on Pentagon damage area from aircraft impact (original figure from ASCE, 2003). 
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Source:  Reproduced from “The Pentagon Building Performance Report” (2003) and use with 
permission of The American Society of Civil Engineers. 

Figure 5–26. Typical damage to spirally reinforced columns in the Pentagon impacted 
and bent by large debris (ASCE, 2003). 
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Source:  Reproduced from “The Pentagon Building Performance Report” (2003) and use with 
permission of The American Society of Civil Engineers. 

Figure 5–27. Typical damage to spirally reinforced columns in the Pentagon not impacted 
or bent by large debris (ASCE, 2003). 

5.6 SUMMARY 

The methodology and criteria for developing input data from the aircraft impact analysis results was 
summarized for Cases A, B, C, and D.  The approach for identifying severe structural damage to columns 
and floors and insulation damage was described.    

A four category classification of core column structural damage into four categories was established: 
severed, heavy damage, moderate damage, and light damage.  Classification criteria included plastic 
strain levels and lateral deformation from the column centerline. Two types of floor structural damage 
were identified from the impact analysis results: (1) missing floor areas and (2) severely damaged floor 
areas incapable of supporting loads.   

Insulation was assumed to be dislodged from core columns only if the columns were subject to direct 
debris impact that failed wall partitions in the immediate vicinity of the column. For exterior columns, the 
debris impact was required to be strong enough to damage or destroy room furnishings (modular office 
workstations) adjacent to the columns. For floor trusses, the debris impact was required to be strong 
enough to damage or destroy room furnishings (modular office workstations) in the same area of the 
affected floor.  
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The insulation damage estimates were conservative as they ignored possibly damaged and dislodged 
insulation in a much larger region that was not in the direct path of the debris but was subject to strong 
vibrations during and after the aircraft impact.  A robust criteria to generate a coherent pattern of 
vibration-induced dislodging could not be established to estimate the larger region of damaged insulation. 

The structural damage in WTC 1 extended from the north exterior wall, through the central region of the 
north floor area, into the north side of the core.  An exterior panel was knocked out of the south wall by 
aircraft debris. Damage to the insulation from direct debris impact extended over a larger region, and 
included most of the north floor areas, the core, and central regions of the south floor areas.  Case B 
predicted more damage to core columns and a larger extent of insulation damage to the south floor area 
than Case A, including damage to the south exterior wall insulation on the inside face. 

The structural damage in WTC 2 extended from the south exterior wall, through the south and east floor 
areas and the southeast region of the core.  Exterior columns were severed by debris near the northeast 
corner. Damage to the insulation from direct debris impact extended over a larger region and included the 
south floor area, the central and east regions of the core, and most of the east floor area.  Case D predicted 
more damage to core columns than Case C, but the extent of the insulation damage was similar.   
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Chapter 6 
OBSERVATIONS AND TIMELINE OF STRUCTURAL EVENTS 

6.1 INTRODUCTION 

Development of the probable collapse sequence for each tower was shaped by evidence gathered in the 
investigation, from photographs and videos, design and maintenance documents, and eyewitness 
accounts. Data about the events following the aircraft impact were primarily obtained from three sources: 

 Photographic and videographic records that had been catalogued and time stamped for the 
NIST Investigation (NIST NCSTAR 1-5A)   

 Interviews of individuals in the towers who survived and individuals outside the towers who 
received telephone calls from individuals in the towers (NIST NCSTAR 1-7)   

 Interviews of emergency response personnel and emergency communication records (NIST 
NCSTAR 1-8)   

Changes in structural performance are generally difficult, if not impossible, to perceive until significant 
deformation has taken place relative to the dimensions of the structure.  The ability to perceive structural 
changes depends on the detail and resolution of the image being examined and the vantage point of the 
photographer.  Observations of structural performance for the WTC towers include severed components, 
local deflections or buckling, possible sagging of floors, and relative alignment of columns or building 
sections.   

Photographic and videographic records were reviewed to identify structurally-related events.  Where 
possible, all four faces of a building were examined for a given event or time period to provide complete 
understanding of the building response.  Observations from a single vantage point can be misleading and 
may result in incorrect interpretation of events. For instance, photographic and videographic records taken 
from due north of the WTC 1 collapse appeared to indicate that the antenna was sinking into the roof 
(McAllister 2002).  When records from east and west vantage points were viewed, it was apparent that the 
building section above the impact area tilted to the south as the building collapsed. 

Photographs and videos provided information about events at or near the exterior walls of the towers. 
Events that occurred in the building interior were predicted through analytical simulations validated by 
exterior observations of aircraft impact, fire dynamics, and structural response. 

Evidence was used in the analyses in three ways:  (1) to determine input parameters, such as the aircraft 
speed and direction upon impact or floor sagging at exterior windows, (2) to impose time-related 
constraints upon an analysis, such as imposing observed broken windows over time to constrain the 
spread of fire or the extent of inward bowing of an exterior wall, or (3) to validate analysis results, such as 
global stability after impact and during thermal loading. 
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Observations of structural behavior were broken into two groups: key observations and noted 
observations.  Key observations were significant structural events that were explicitly addressed in or 
used to validate the structural analyses.  Noted observations were events that may have been a structural 
response but could not be conclusively identified as to their significance to the structural response. 

Key observations were used to develop a timeline of structural events for each tower.  Structural analyses 
were used to support development of the probable collapse sequence for each tower and to develop and 
refine understanding of the probable collapse sequence of events between observations. 

6.2 OBSERVATIONS OF STRUCTURAL EVENTS 

The following key observations were obtained primarily from photographic and videographic records and 
are shown in the structural events timeline developed for each tower.  Some of the observations may not 
have directly reflected the structural condition of the towers, but they contributed to a determination of 
the extent of damage or the duration of fires in damaged areas.  Other observations reported here were 
derived from testing of materials recovered from the collapse site. 

Aircraft Impact: 

 Aircraft impact conditions – aircraft velocity, location, orientation to building 

 Structural damage to the exterior columns and spandrels 

 Structural stability of each tower after the aircraft impact 

 Areas of debris accumulation near the exterior walls 

 Locations where debris exited the buildings 

 Stairwell damage  

 Damage to WTC 2 east and north face floor systems (observed as draped, hanging objects in 
windows)   

 Damage to fireproofing on the exterior sides of the exterior columns 

Fire and Thermal Analysis: 

 Duration and location of fires and smoke near the perimeter of the floors 

 Locations and times of window breakage  

Structural Materials: 

 Mechanical properties of all steel types from recovered steel 

 Concrete composition from concrete samples 
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 Damage and fracture patterns in recovered steel 

Structural Response: 

 Additional damage to floor systems on the east and north sides of WTC 2 (observed as 
draped, hanging objects in windows) 

 Inward bowing of an exterior wall on the south face of WTC 1 and the east face of WTC 2 

 Tilting of the building section above the impact areas as the structural collapse initiated 
(WTC 1 tilted to the south, WTC 2 tilted primarily to the east and somewhat to the south) 

 Time to collapse initiation 

 Observed component and subsystem failures and building movements at collapse initiation 

The specific events and timelines for each tower are given in the following sections. 

6.2.1 WTC 1 Structural Response Observations 

Table 6–1 summarizes the timeline of structural events for WTC 1.  Column 6 of the table refers to the 
figure (Figs. 6–1 through 6–11) that illustrates the described event.   

Key Observations 

 Inward bowing of the south exterior wall was first observed at 10:23 a.m., as shown in 
Fig. 6–6.  The bowing appeared to extend between Floors 94 to 100 and columns 305 to 359.  
The maximum bowing was estimated from images to be 55 in.±6 in. at Floor 97 on the east 
side of the south face of WTC 1.  The central area in available images was obscured by 
smoke. The extent of fires observed on all faces of WTC 1 was similar, although somewhat 
more extensive on the east and west faces (where short span floors were located) and similar 
in extent on the north and south faces (where long span floors were located).  Inward bowing 
was observed only on the south face.  

 The time to collapse initiation was 102 minutes from the aircraft impact (9:46:30 a.m. until 
10:28:22 a.m.) 

 From exterior observations, tilting of the building section appeared to take place near 
Floor 98.  Column buckling was then observed to progress rapidly across the east and west 
faces 

 The WTC 1 building section above the impact and fire area tilted to the south as the structural 
collapse initiated, as shown in Fig. 6–7.  The tilt was toward the side of the building that had 
long span floors. Video records taken from east and west viewpoints showed that the upper 
building section tilted to the south. Video records taken from a north viewpoint showed no 
discernable east or west component in the tilt. A tilt to the south of at least 8 degrees occurred 
before dust clouds obscured the view and the building section began to fall downwards. 
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Noted Observations 

At 10:18 a.m., smoke was observed to be suddenly expelled on the north and west faces: 

 North face - Floor 92, Floor 94 on the east side, and Floors 95 to 98 on west side  

 West face - Floors 95 and 98 on north side; a lower floor on south side  

 Smoke puffs were observed, but they occurred less frequently than in WTC 2. 

 The first exterior sign of collapse (downward movement of building) was observed at 
Floor 98.  From a northwest viewpoint (there were no useful south views), large amounts of 
smoke and dust were first expelled from Floor 98 across the north and west faces. Smoke and 
dust were also observed being expelled from the east face. 

Table 6–1.  WTC 1 Timeline of Observed Structural and Fire Events. 

 
Start 
Time Floors Face Columns Figures Event Description 

1 8:46:26 93-99 N 109-152 Fig. 6–1 WTC 1 was impacted by a Boeing 767 between Floors 
93 to 99 and Columns 109 to 152.  Fig. 6–1 (taken 
nearly an hour after impact) shows Columns 120 to 
159. 

2  94-96 S 329 Fig. 6–2 A perimeter wall panel face was knocked out by the 
aircraft nose or landing gear at the center of the south 
between Floors 94 to 96 

3  92-95 N 130-151 Fig. 6–3 SFRM was knocked off the exterior sides of perimeter 
columns; the pattern of damage was irregular 

4 9:25:28 
 

   Fig. 6–4 Fire was observed only on the west side of the south 
face (note debris under missing panel) 

5 9:40  S 301-323 Fig. 6–5 No inward bowing of perimeter columns was visible 
6 10:22:59 95-99 S 308-

326+ 
Fig. 6–6 Inward bowing of the south perimeter wall was visible 

from Floor 95 to about Floor 99, with a maximum 
inward bowing of  ~ 55 in. at Column 315 and Floor 
97   

10:28:18    Fig. 6–7 
Fig. 6–8 
Fig. 6–9 

Pressure pulses of smoke were pushed out the west 
face at its north edge and center; Smoke and debris 
clouds were pushed out the north, east, west faces at  
Floor 98; Fire came out windows on the north, east, 
west, and south faces between Floors 92 to 98 and 
Floor 104 

7 

10:28:20    Fig. 6–10 
Fig. 6–11 

WTC 1 began to collapse.  The first exterior movement 
was at Floor 98. Rotation of the building section above 
the impact and fire zone to at least 8 degrees to the 
south occurred before the building section began to fall 
vertically. 
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Figure 6–1. Initial aircraft impact damage on WTC 1 north face. 
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Figure 6–2.  Initial aircraft impact damage on WTC 1 west and south faces minutes after 

impact (exact time of image is unknown). 



 Observations and Timeline of Structural Events 

NIST NCSTAR 1-6, WTC Investigation 159 

 
Figure 6–3. SFRM knocked off north exterior columns.  Arrows show where fireproofing 

was damaged or missing. 

 
Figure 6–4.  South face of WTC 1 with fire visible only on the west side at 9:25. Arrow 

shows region where debris pile under missing panel was observed. 
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Figure 6–5. Fires on WTC 1 south face at 9:40 a.m. Note lack of inward bowing.  
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Measurements were based on calibration measures shown on the west face 
Foreshortening into depth of field across the south face of 17% was included in the measurements 
Measurement error was at least +/- 6 inches 

Figure 6–6. WTC 1 exterior columns bowing inward across most of the south face 
between Floors 95 to 97 (or 98) at 10:22:59 a.m. Note buckled panel at SW corner. 
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Figure 6–7. Expulsion of smoke and debris at WTC 1 Floor 98 on the east, north, and 

west faces. 

Fire expelled on 
east face 

Smoke and debris 
expelled on north face at 
Floor 98 

WTC 1 building 
section above impact 
damage zone tilts to the 
south 
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Figure 6–8. Smoke expulsion at Floor 98 from north and west faces as collapse initiates. 

Upper building section moves 
downward 

Smoke is ejected from Floor 98 
at the north face 

Smoke is ejected from Floor 98 
across the north and west faces 
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Figure 6–9. Smoke expulsion at Floor 98 from north and east faces at collapse initiation. 
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Figure 6–10. Rotation of WTC 1 building section above the aircraft impact zone toward 

the south as viewed from due north.  Note that there is no tilt in the east or west 
directions. 
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Figure 6–11. WTC 1 tilt to the south of approximately 8 degrees was measured before 

smoke and debris obscured view.  Note view is from west and tilt is directly south. 
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6.2.2 WTC 2 Structural Response Observations 

Table 6–2 summarizes the timeline of structural events for WTC 1.  Column 6 of the table refers to the 
figures and table (Figs. 6–12 through 6–26 and Table 6–3) that illustrate the described event.   

Key Observations 

 Following the aircraft impact and fireballs, hanging objects were observed through the 
windows of the east and north faces.   These objects appeared to be floor slabs and were 
observed to change shape and/or length over time and extend across approximately half of the 
east face. The hanging objects suggest that there was structural damage to WTC 2 Floor 83 
along the east face and to Floors 81 to 83 of the north face near the northeast corner.   

 Inward bowing of the east wall was first observed at 9:21 a.m.  The inward bowing was 
approximately 10 in. at Floor 80 and extended between Floors 78 and 83 and Columns 304 
and 344.  The remaining portion of the face to the south of Column 344 was not included in 
the image.  The bowing appeared to extend over a large fraction of the east face and to be 
greatest near the center of the face. Fires were more extensive along the east face (where long 
span floors were located) and at the east side of the north and south faces (where short span 
floors were located). Fires were not observed on the west face (where long span floors were 
located).  Inward bowing was observed only on the east face.  

 An increase of the inward bowing of the east wall was observed at 9:53 a.m. The inward 
bowing appeared to extend between Floors 78 and 84 and Columns 305 and 341.  The 
remaining portion of the face to the south of Column 344 was not included in the image.  The 
greatest bowing was approximately 20 in.±1.0 in. at Floor 80 on the east face of WTC 1.   

 Collapse initiated 56 minutes after the aircraft impact (9:02:59 a.m. to 9:58:59 a.m.). 

 From a northeast viewpoint, initial downward motion was observed at several columns as 
they moved inward on the north side of the east face. From exterior observations, tilt of the 
building section above the impact and fire area appeared to take place near Floor 82.  Column 
buckling was then seen to progress across the north face. 

 The building section above the impact and fire area tilted to the east and south as the 
structural collapse initiated.  Estimates from photographs indicated that there was 
approximately a 3 to 4 degree tilt to the south and a 7 to 8 degree tilt to the east prior to 
significant downward movement of the upper building section.  The tilt to the south did not 
increase any further as the upper building section began to fall, but the tilt to the east 
continued up to 20 to 25 degrees before dust clouds obscured the view. 

Noted Observations 

 A fireball on the east face was observed coming from Floor 82.  Fireballs on the north face 
were observed coming from Floors 79 to 82.  The deflagration prior to the fireballs may have 
caused a pressure pulse to act on floors above and below. 
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 A ‘cold spot’ on the north face, where little or no fires were observed, may indicate that 
Floors 82 and 81 had disconnected and dropped over a 12 window span along the north face. 

 Molten material pouring from the northeast corner indicated that Floor 81 on the east side of 
the north face may be shifting.  If the substance was molten aluminum, that would have 
required temperatures on the order of 500 °C or higher. 

 Numerous puffs of smoke may indicate internal changes in architectural or structural features. 

 Outward bowing of the spandrel near the center of the north face on Floor 79 was observed 
near columns 237 and 238. 

 As the portion of the building above the impact area tilted to the south and east: 

1. A kink formed at the southeast corner near Floor 106 as the upper building section 
tilted and collapse initiated.   

2. The southeast corner also kinked approximately midway between the impact and fire 
zone and the kink near Floor 106 as the upper building section tilted. 

Hanging Objects 

The hanging objects observed on the east face and north face of WTC 2 (listed in the Key Observations) 
appeared to be the exterior edges of the floor slabs.    

The slab thickness was nominally 4 inches over a fluted deck with 1.5 in. ribbing.  Scaling of the object in 
the windows found the depth to be approximately 4 in. to 6 in. The concrete slab was reinforced with two 
layers of welded wire fabric and had a flexural stiffness that was greater than other items that might have 
been draped in the windows, such as ductwork.  The drape of the object was consistent with a floor 
flexural stiffness.  There was ductwork between the damper at the lower chord of the truss and the floor 
slab at the exterior wall.  However, for the ductwork to be draped in the windows, all the dampers would 
have had to fail while the floor slab would have had to remain in place.  Such a sequence of events is 
unlikely.  Also, such ductwork would be light and hang with a deeper drape.  From these observations, it 
appears that the hanging objects were the exterior edges of floor slabs. 



 Observations and Timeline of Structural Events 

NIST NCSTAR 1-6, WTC Investigation 169 

Table 6–2.  WTC 2 Timeline of Observed Structural and Fire Events 
 Start 

Time 
Floors Face Columns Figures 

and 
Tables 

Event Description 

1 9:02:59 77-85 S 404-443 Fig. 6–12 
 

WTC 2 was impacted by a Boeing 767 between 
Floors 77 and 85 and Columns 404 and 443.  

2 9:03:42 83 E 310-342 Fig. 6–13 
Tbl. 6–3 

The edge of Floor 83 appeared to be draped in 
Floor 82 windows between Columns 310 and 
342. 

3 910:01 79-83 N,E  Fig. 6–15 Hanging object in windows of Floor 79 that 
appears to be the edge of Floor 80. 

4 9:11:14 79-82 N  Fig. 6–14 
Tbl. 6–3 

Debris piles were visible at windows where 
fires were burning at Floor 79, Columns 231 to 
241, and Floors 81 to 82 at the northeast corner. 
Hanging objects noted with arrows. 

5 9:14:03 79-82 N 237-254 Fig. 6–16 Missing SFRM on several columns. 

6 9:21:29 78-82 E 302-342 Fig. 6–17 
Fig. 6–18 

Inward bowing of east face, maximum 
deflections of 10 in. at Floor 80. 

7 9:53:04 ~78-82 E 318-334+ Fig. 6–19 
Fig. 6–20 

Bowing in of columns, maximum deflections of 
20 in. at Floor 80. 

8 9:55:04 83 E 310-342 Tbl. 6–3 Floor edge is draped in Floor 82 windows 
between columns 310 and 342. 

9 9:58:55  E  Fig. 6–21 
 

Perimeter columns bowing inward on east face. 

10 9:58:59     WTC2 begins to collapse. 

9:58:59 78-83 E 324-359 Fig. 6–22 
Fig. 6–23 

Columns spring back from bowing as collapse 
initiates on east face near NE corner (every 3rd 
panel). 

9:58:59  E,N,W   Smoke and debris clouds are expelled from 
Floor 81 on E,N,W faces of the building. 

9:58:59  S  Fig. 6–24 
Fig. 6–25 
 

Building section above the impact area tilted to 
the east and south.  Tilting appears to take place 
around Floor 82.  Rotation of approximately 4 
to 5 deg to the south and 20 to 25 deg to the 
east occurred before the building section begins 
to fall vertically. 

11 
 

9:59:02 ~ 106 SE + E  Fig. 6–26 Kink (and offset) about Floor 106 which 
propagates across the east face where degrades 
into a gentle curve on the northeast corner; 
indicates that the kink did not precede the 
initiation of the global collapse. 
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Table 6–3. Possible floor damage observed in photos of WTC 2 windows. 
East Face 

Floor Estimated Left 
Intact Column 

Connection 

Left Visible Floor 
Location 

Right Visible Floor 
Location 

Estimated Right 
Intact Column 

Connection 

9:03:42     

83 343 340 321 317 

9:38:22     

83 317 317 311 308 

9:55:04     

83 346 343 310 309 

North Face 

Floor Estimated Left 
Intact Column 

Connection 

Left Visible Floor 
Location 

Right Visible Floor 
Location 

Estimated Right 
Intact Column 

Connection 

9:10:01     

82     

81 251 248 241 241 

80     

9:14     

83     

82 247 243 238 237 

81 251 
255 

248 
254 

241 
252 

237 
251 

80     

9:58:37     

83 259 259 250 248 

82 254 251 247 235 

81 251 249 245 235 

80 234 
258 

234 
255 

229 
252 

226 
249 

*Floor is not visible beyond this point, separation from wall was truncated at the closest intact point where there appeared to be 
no damage beyond the burning debris pile on Floor 79. 
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Figure 6–12. Aircraft impact into WTC 2 and fireball, view from the east. 

 

(a) (b)

(c) (d)

(e) (f)
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Figure 6–13. Hanging object (noted by arrows) in east windows of Floor 82 appears to be 

edge of Floor 83. 

 
Figure 6–14. Debris piles at windows where fires are burning at the northeast corner. 
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Figure 6–15. Hanging object (noted by arrows) in north windows of Floor 79 appears to 

be edge of Floor 80.   
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Figure 6–16.  Image showing damage to fireproofing on east face of WTC 2 due to 

internal impact.  Red arrows highlight areas where fireproofing has been damaged.  The 
blowup to the right shows a column where red Tnemec primer paint is visible.  
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Figure 6–17.  WTC 2 exterior columns bowing inward across north side of the east face 

between Floors 77 and 83 at 9:21 a.m. 

 
Figure 6–18. Inward Bowing of east Face of WTC 2 at 9:21 a.m. 
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Figure 6–19. Inward Bowing of east Face of WTC 2 at 9:53 a.m. 
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Figure 6–20. Inward Bowing of east Face of WTC 2 at 9:53 a.m. 
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Figure 6–21. WTC 2 exterior columns bowing inward across the east face between 

Floors 77 and 83 at 9:58:55 a.m. 
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Figure 6–22. View of WTC 2 buckling of east wall near northeast corner as collapse 

initiates from northeast. 
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Figure 6–23. View of east wall buckling and WTC 2 collapse from southeast. 
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Figure 6–24. View of upper building section of WTC 2 tilting to the east. 
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Figure 6–25.  View of upper building section of WTC 2 tilting to the east from the 

northeast. 

(a) (b)

(c) (d)

(e) (f)
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Figure 6–26.  Kink on southeast corner near Floor 106 formed after collapse initiation. 
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Chapter 7 
STRUCTURAL RESPONSE OF MAJOR TOWER SUBSYSTEMS TO 

AIRCRAFT IMPACT DAMAGE AND FIRE 

7.1 INTRODUCTION 

Prior to conducting the analysis of the global structural response of each tower, major structural 
subsystems were analyzed to provide insight into their behavior within the WTC global system1.  The 
three major structural subsystems, the core framing, a single exterior wall, and full tenant floors, were 
analyzed separately for their response to impact damage and fire. The hat truss was not analyzed 
separately as its structural behavior did not require significant reductions in model complexity for the 
global analysis.  The component analyses provided a foundation for these large, nonlinear analyses with 
highly redundant load paths by determining component behavior and failure modes and enabling a 
significant reduction in finite element model complexity and size. While the component models used 
preliminary estimates of elevated temperatures, the major subsystem models used final estimates of 
impact damage and elevated temperatures determined from the aircraft impact analysis and the fire 
dynamics and thermal analyses. 

The capacity of each subsystem to sustain loads for the imposed damage and elevated temperatures was 
evaluated. The isolated subsystem models lacked the restraint and load paths to other subsystems found in 
the global analysis.  Even so, the isolated subsystem response was useful for refining the global models 
and interpreting subsystem behavior in the global system. For instance, when a column buckled in the 
isolated core subsystem model, the only load path available to carry that column’s load was the floor 
system within the core structure.  However, in the global structure, the hat truss at the top of the core 
would transfer loads to other core columns or the exterior walls, assuming the connections between the 
core columns and hat truss remained intact.    

7.2 CORE SUBSYSTEM 

The core subsystem in the WTC towers was designed to carry gravity loads, which included the weight of 
the structure, equipment, furnishings, and occupants. The core system was not designed to carry lateral 
wind loads. The core columnthe structure,(n)-3e, orieodel leng.0016 Tc -0.]TJ
0.0005 Tc 0.0009 T04 Tc220Ce(the lin8e weight of )]TJ
-22.514 gloses -U 2 C TD
[ei08 Tcb struxe floor preliminaryght n finfloor 
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Case B and Case D impact damage could not be used for the isolated core models as no stable solution 
was obtained.  Instead, for WTC 1, Case A impact damage was used for both Case A and Case B 
temperature histories and, for WTC 2, Case C impact damage was used for both Case C and Case D 
temperature histories.  This approach allowed for comparison of the differences between Case thermal 
loads for the same impact damage for each tower. 

Temperature histories were input as nodal temperatures at each node in the structural model that was 
subject to heating.  The temperatures predicted in the structural members depended on the extent of 
insulation assumed to be in place and on the material properties and geometry of the structural members.  
In each tower, the temperature in the structural members varied through the length and cross section and 
changed with time.  The temperature at every node in the global models was calculated by interpolation of 
temperatures from the thermal analysis, which had a much finer mesh than the global structural models.  
A linear temperature gradient was assumed across column cross sections and along the length of 
members.  To reduce data handling, the continuous temperature time histories were replaced with 
piecewise linear time-histories without significant loss of accuracy.  Elevated temperatures were applied 
to the damaged core structure in 10 min intervals, where a temperature state was given for all structural 
components at a given time and linearly ramped to the next temperature state. Examination of temperature 
histories indicated that no significant fluctuations between temperature states occurred for the 10 min 
intervals selected for analysis.  Temperature data were provided at 10 min intervals up to 100 min for 
WTC 1 and up to 60 min for WTC 2 (see NIST NCSTAR 1-5G for more discussion of the 10 min 
intervals). 
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Figure 7–1.  Isolated core models. 

7.2.2 WTC 1 Core Analysis Results 

Figure 7–2 shows the vertical displacement of the WTC 1 isolated core model with impact damage (prior 
to applying thermal loading) for Case A, where the colors represent the magnitude of vertical 
displacement.  The maximum vertical displacement was approximately 5 in. along the north side of the 
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core where core columns were severed.  Figures 7–3 and 7–4 show the WTC 1 core structural response to 
Case A and Case B temperature histories, respectively.  Case A resulted in column buckling at the 
northwest corner and the center of the south side between Floors 94 and 97.  There was a 21 in. vertical 
displacement at the northwest corner and a 12 in. vertical displacement at the center of the south side of 
the core. Case B resulted in column buckling between Floors 94 and 98 and a 44 in. vertical displacement 
at the center of the south side of the core.   

For Case A temperatures, the core structure was first weakened on the northeast side as fires started in 
that area after the aircraft impact and then on the south side as the fires spread. For Case B temperatures, 
the core structure weakened at the center of the north side and then the south side.  The core structural 
responses to these two temperature conditions illustrate the slight difference in core areas that were 
weakened by the elevated temperatures (northeast versus center of north side). When the results of each 
isolated core model were compared to the observed behavior of WTC 1, the weakening on the south side 
of the core was best matched by Case A impact damage and Case B temperatures (Case A impact damage 
and Case A temperatures showed core weakening at the northwest corner of the core). 

 
Figure 7–2.  Vertical displacement of WTC 1 isolated core model with impact damage and 

gravity loads. 
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Figure 7–3.  North side vertical displacement of the WTC 1 core model at 100 min for 

Case A temperatures. 
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Figure 7–4.  South side vertical displacement of the WTC 1 core model at 100 min for 
Case B temperatures. 
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(b) South side (10X magnification) 
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7.2.3 WTC 2 Analysis Results 

Figure 7–5 shows the vertical displacement of the WTC 2 isolated core model with impact damage for 
Case C.  The maximum vertical displacement was approximately 5.6 in. at the southeast corner of the 
core where core columns were severed.  Figures 7–6 and 7–7 show the response (vertical displacement) 
of the WTC 2 core model to Case C and Case D temperature histories, respectively.  Case C resulted in a 
6.1 in. vertical displacement at the southeast corner. Case D resulted in an 8.1 in. vertical displacement at 
the southeast corner.  Without horizontal restraints, the core would have tilted more toward the southeast 
corner, and the vertical displacement would have been larger.  No columns buckled in either Case C or 
Case D. 

For both Case C and Case D temperatures, the core structure was weakened at the southeast corner and 
along the east side of the core.  The core structural responses to these two temperature conditions 
illustrate the slight difference in core weakening by the larger deflection in the southeast corner for Case 
D, which had more column damage. The WTC 2 response for Case C and Case D temperatures was 
similar, with a 2 in. increase for Case D.  When the results of each isolated core model were compared to 
the observed behavior of WTC 2, both Cases provided a reasonable match. 

 
Figure 7–5.  Vertical displacement of the WTC 2 isolated core model with impact damage 

and gravity loads (south and east faces). 
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Figure 7–6.  Vertical displacement of the WTC 2 core model at 60 min for Case C 

temperatures (south and east faces). 
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Figure 7–7.  South and east side vertical displacement of the WTC 2 core model at 60 min 

for Case D temperatures. 

7.3 FULL FLOOR SUBSYSTEM 
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Figure 7–8. Full floor model. 

The full floor subsystem models included large deflection and temperature-dependent material properties 
with plasticity for all steel components. The model was used to evaluate structural  response under dead 
and live loads and elevated temperatures, identify failure modes and associated temperatures and times to 
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response included thermal expansion of steel and concrete members, temperature-dependent properties of 
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with this material model showed a very similar behavior to the detailed truss model, and the key failure 
modes of the floors were not significantly affected.  

Failure modes of the full floor model included truss diagonal buckling and weld failure, exterior and 
interior truss seat failure, stud failure, strap anchor weld failure, connection failure between primary and 
bridging trusses, and connection failure between long-span and transfer trusses. 

Separate floor models were created from the Floor 96 structural model by imposing the different damage 
and temperature conditions for WTC 1 Floors 93 to 99 and WTC 2 Floors 79 to 83.  Structural 
components that were severed due to the aircraft impact were removed from each floor model, based 
upon four initial damage cases, WTC 1 Case Ai and Case Bi and WTC 2 Case Ci and Case Di.  Each full 
floor model was analyzed for stability under gravity loads consisting of dead load, superimposed dead 
load, and service live load (25 percent of design live load), which varied from 55 psf to 85 psf.  No 
column loads were applied. 

Each floor model was then subjected to the corresponding temperature conditions for each Case in 10 min 
intervals, as described previously.  Temperatures were assigned at structural component nodes.  A 
uniform distribution of temperatures through a cross section was assumed for truss members and 
spandrels.  For columns, a linear gradient in two directions was assumed, and the slabs had temperatures 
defined at 5 nodes through the slab depth. 

Some members were removed from the model to improve computational performance.  They were found 
to fail in the early stages of thermal loading and caused convergence problems.  Removal of the following 
members did not affect the stability and ultimate failure mode of the full floor system under fire: 

 Deck support angles and bridging trusses, which buckled due to thermal expansion.   

 Shear studs and welds between strap anchors and truss top chords, which failed due to shear 
force caused by differential thermal expansion between the floor and the exterior wall.   

Final damage Cases A, B, C, and D were completed after the initial set of floor analyses were conducted, 
as described above.  The fire simulations did not change between initial Cases Ai to Di and final Cases A 
to D, which resulted in the same concrete slab temperatures for the initial and final Cases.  The truss 
temperatures differed as a result of the different estimates of dislodged fireproofing. The full floor models 
were not rerun for Cases A through D as comparisons showed that the structural temperature histories of 
the floors were nearly identical for most floors and only slightly different for a few floors.  The floor 
analysis results for Cases Ai to Di were used for Cases A to D in the exterior wall subsystem (Section 7.4) 
and global analyses (Chapter 8). 

For WTC 1, only Floor 97 showed a significant increase in damage to truss fireproofing on the south side 
between Case Ai and Case A, where the fireproofing damage over 11 trusses increased from just beyond 
the core to two thirds of the floor span, as shown in Fig. 7–9.  Figure 7–10 shows the temperature 
distributions for WTC 1 Floor 97 trusses for Case Ai and Case A.  Analysis of Floor 97 for Case A 
damage and temperature histories showed little difference in the floor behavior.  Case Bi and Case B 
structural and fireproofing damage were similar for all floors.   
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A review of WTC 2 Cases showed that the differences in truss fireproofing damage between Cases Ci and 
C and Cases Di and D (mostly on the east side) would cause little difference in the floor temperatures or 
in the structural behavior.  The exception was Floor 83 for Cases Ci and C, where the fireproofing damage 
increased from half to three quarters of the floor area.  However, observations from photographs 
suggested that the floor was disconnected immediately after the aircraft impact and fireball in this area.  
Since Floor 83 was assumed to be disconnected at the exterior wall over the area that would be heated in 
Case C, the analysis was not rerun for this case. 
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Figure 7–9.  Fireproofing damage to WTC 1 Floor 97 for Case A i and Case A. 
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Figure 7–10. WTC 1 Floor 97 comparison of truss temperatures for Case A i and Case A. 
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7.3.2 WTC 1 Analysis Results 

Areas of the floors that were subject to the combined effects of dislodged fireproofing and exposure to 
fire were found to have two primary failure mechanisms: buckling of diagonal web members and 
associated sagging of the floor or disconnection of exterior truss seat connections.  When the vertical 
support of truss seat connections failed, the floor would hang or sag between the remaining intact 
supports.  The following descriptions of floor responses to structural impact damage and temperature 
histories for Cases Ai, Bi, Ci, and Di present the time, locations, and maximum vertical displacements of 
the sagging predicted in the floors. 

Case Ai 

As shown in Fig. 7–9, the intact fireproofing on the south floor trusses resulted in delayed heating of the 
trusses.  The WTC 1 floors in the impact zone had upgraded fireproofing thickness of 2.5 in. (modeled as 
a thermally equivalent 2.2 in. to account for variability in thickness, Chapter 2).  The maximum 
temperatures shown for Floor 97 trusses on the south side ranged from 300 °C to 400 °C at 100 min.  At 
these temperatures, the steel expanded thermally but had only a modest reduction in stiffness and strength 
(see Chapter 4). 

The maximum vertical displacements of WTC 1 floors are listed in Table 7–1. Floor 95 to Floor 98 
showed a significant vertical deflection (sag) in the north office area near the impact damage.  The 
vertical deflection in the south office area was found to be insignificant for all floors.  Many diagonals of 
Floor 95 to Floor 98 buckled in the hottest zones of the north office area.  Although gusset plates 
fractured at several locations, a complete disconnection of the floor from the exterior wall was not 
predicted.  Slab thermal expansion at 100 min (across the entire floor) ranged between 4 in. and 8 in. 
Since the floors did not sag except in areas adjacent to the impact zone on the north side, almost all the 
exterior columns were pushed out by the floors.  The high level of restraint imposed on the slab expansion 
by the exterior columns, due to their fixed boundary conditions at column ends, resulted in compressive 
forces developing in the slab.  These compressive forces would likely have been smaller in the towers, as 
the exterior columns would have expanded outward over the four to five floors subject to fires and 
provided minimal restraint against thermal expansion of the slab. 

Case Bi 

Table 7–2 gives the maximum vertical displacement of WTC 1 floors for Case Bi, and Figs. 7–11 through 
7–15 show the vertical displacement contours at time of maximum displacement for Floors 95 to 99.  
Floors 93 and 94 had no fireproofing damage to the south floor trusses.  The maximum deflection of 
Floors 95 and 96 occurred just after the aircraft impact on the north side next to the damage area.  Floors 
97 and 98 maximum deflection occurred at 100 min on the south side.  The time and location of 
maximum floor deflections illustrate the movement of the fires from the north side just after impact to the 
south and the effect of the truss fireproofing.  The large deflections on the south side of Floors 97 and 98 
were caused by the exterior seat failures that began at 90 min, due to reduction of vertical shear strength 
under the elevated temperatures.  Figure 7–16 shows the extent of truss seat failures for Floor 97 and 
Floor 98, which was a loss of 18 percent to 25 percent of exterior connections for the two floors on the 
south face. The average slab expansion across the entire floor ranged from 5 in. to 8.5 in.  The interaction 
of the floor slab and exterior columns was the same as described for Case Ai.   
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Table 7–1.  Maximum vertical displacement of WTC 1 floors for Case Ai. 
Floor Maximum 

Displacement 
(in.) 

Location of 
Displacement on  

WTC 1 floor 

Time after Aircraft 
Impact 
(min) 

93 5.4 North side 30 

94 13.5 North side 100 

95 30.9 North side 10 

96 23.3 North side 10 

97 31.5 North side 60 

98 26.4 North side 30 

99 7.0 North side 50 

 

Table 7–2.  Maximum vertical displacement of WTC 1 floors for Case Bi. 
Floor Maximum 

Displacement 
(in.) 

Location of 
Displacement on  

WTC 1 floor 

Time after Aircraft 
Impact 
(min) 

93 -5.8 South side 100 

94 12.7 South side 100 

95 29.2 North side 10 

96 28.6 North side 10 

97 37.4 South side 100 

98 49.0 South side 100 

99 6.8 North side 100 
Note: Negative value represents upward displacement. 
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Figure 7–11.  Vertical deflection of WTC 1 Floor 95 for Case Bi at 10 min. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7–12.  Vertical deflection of WTC 1 Floor 96 for Case Bi at 10 min. 

1

MN

MX

X Y

Z

WTC1 FL96 - Maximum Damage Case Temperature at 600 sec                          

-28.649
-24.69

-20.73
-16.771

-12.812
-8.853

-4.894
-.934992

3.024
6.983

SEP 27 2004
09:12:34

NODAL SOLUTION

STEP=2
SUB =52
TIME=600
UZ       (AVG)
RSYS=0
DMX =28.652
SMN =-28.649
SMX =6.983

N 

Displacements magnified 5Xs 

1

MN

MX

X Y

Z

WTC1 FL95 - Maximum Damage Case Temperature at 600 sec                          

-29.244
-25.227

-21.21
-17.193

-13.176
-9.159

-5.143
-1.126

2.891
6.908

OCT 20 2004
11:41:49

NODAL SOLUTION

STEP=2
SUB =26
TIME=600
UZ       (AVG)
RSYS=0
DMX =29.247
SMN =-29.244
SMX =6.908

N 

Displacements magnified 5Xs



 Structural Response of Major Tower Subsystems 

NIST NCSTAR 1-6, WTC Investigation 203 

 
Figure 7–13.  Vertical deflection of WTC 1 Floor 97 for Case Bi at 100 min. 

 
Figure 7–14.  Vertical deflection of WTC 1 Floor 98 for Case Bi at 100 min. 
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Figure 7–15.  Vertical deflection of WTC 1 Floor 99 for Case Bi at 100 min. 

 

 
Figure 7–16.  Loss of vertical supports in WTC 1 Floor 97 and Floor 98 for Case Bi. 
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7.3.3 WTC 2 Analysis Results 

Case Ci 

Table 7–3 lists the maximum vertical displacement of WTC 2 floors for Case Ci, and Figs. 7–17 through 
7–21 show the vertical displacement contours at time of maximum displacement for Floors 79 to 83.  
Floors 79 to 83 had impact damage at the south side of the east floor area, but Floors 80 and 81 had many 
interior truss seats severed from the south exterior wall to the east side of the core perimeter.  The 
maximum vertical deflection occurred in the southeast floor area near the impact damage for all floors, 
with the exception of Floor 82, which had a maximum deflection in the northeast floor area.  The 
maximum deflection occurred at 60 min for all floors.  The location of the maximum deflection was 
primarily due to the combined effects of impact damage and elevated temperatures.  Floor 82 had a large 
span of unsupported floor along the exterior wall resulting from heat-induced truss seat failures, which led 
to floor sagging in the northeast corner (see Fig. 7–20). 

The west office area of Floors 79 to 83 had vertical deflections ranging from 12 in. to 18 in. at 60 min, 
due to the combined effect of hot gases that spread throughout the floors and the 0.75 in. fireproofing on 
the trusses.  The average thermal expansion of slabs across the entire floor ranged from 2.5 in. to 5.5 in. at 
60 min.  

A significant number of truss web diagonals buckled in the east floor area of Floor 81 to Floor 83.  Truss 
seat failures were not observed on Floor 79 to Floor 81.  Figure 7–22 shows the truss seat failures for 
Floor 82 and Floor 83, which extended over 15 percent to 30 percent of the exterior wall width.   

 

Table 7–3.  Maximum vertical displacement of WTC 2 floors for Case Ci. 
Floor Max. Displacement 

(in) 
Location of Displacement 

On East Floor 
Time After Aircraft 

Impact 
(min) 

79 19.0 South side  60 
80 30.1 South side  60 
81 31.0 South side  60 
82 45.2 North side  60 
83 38.9 South side  60 
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Figure 7–17.  Vertical deflection of WTC 2 Floor 79 for Case Ci at 60 min. 

 
Figure 7–18.  Vertical deflection of WTC 2 Floor 80 for Case Ci at 60 min. 
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Figure 7–19.  Vertical deflection of WTC 2 Floor 81 for Case Ci at 60 min. 

 
Figure 7–20.  Vertical deflection of WTC 2 Floor 82 for Case Ci at 60 min. 
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Figure 7–21.  Vertical deflection of WTC 2 Floor 83 for Case Ci at 60 min. 

 

 

 

 

 

 

 

 

 

Figure 7–22.  Loss of vertical supports in WTC 2 Floor 82 and Floor 83 for Case Ci. 
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Case Di 

Table 7–4 lists the maximum vertical displacement of WTC 2 floors for Case Di, and Figs. 7–23 through 
7–27 show the vertical displacement contours at time of maximum displacement for Floors 79 to 83.  
Floors 79 to 83 had impact damage at the southeast floor area, but Floors 80 and 81 had many interior 
truss seats severed from the south exterior wall to the east side of the core perimeter.  As Case Di had 
more impact damage near the southeast corner of the core than did Case Ci, Floors 80 and 81 had much 
greater vertical deflections.  At 50 min they were 66 in. and 97 in., respectively, in the southeast floor 
area. The maximum temperatures were similar for Case Ci and Case Di, but differences in times and 
locations of maximum temperatures led to differences in locations of maximum vertical displacements. 
Bridging trusses that had been removed in Case Ci were replaced in Floors 80 and 81 to provide support 
to the primary trusses in the single-span (one-way) floor area during greater vertical deflections.   

The slab expansion across the entire floor ranged from 1 in. to 5 in.  Gusset plates and bolts at more than 
75 percent of all the exterior seats along the east face of Floors 82 and 83 failed.  These connection 
failures were due to horizontal shear, parallel to the exterior wall, which was caused by differential 
thermal expansion between the floor framing, the floor slab, and the exterior wall. The truss at Column 
357 of Floor 81 was the only one that lost its vertical support at the exterior seat among all the floors.  
This truss walked off the truss seat. 

Several columns along the east and west sides of Floor 80 were pulled inward by the floor sagging in the 
southeast area.  (The inward pull on the west face was due to the lack of horizontal restraint for the core 
columns in the floor model; in the global model, the inward pull would be resisted by the core.  The west 
face inward pull was not applied in the global model).  Floor 79 and Floor 81 showed similar behaviors to 
Floor 80 in terms of column horizontal reaction forces.  Many columns of the west face of Floor 82 were 
pulled inward, while reaction forces at many columns of the east face were close to zero.  As described 
above, gusset plates and seat bolts failed at a number trusses on the east face of Floor 82.  Because 
columns at these locations were not supported in the horizontal direction by the floor, the reaction force 
became zero at these columns. 

 

Table 7–4.  Maximum vertical displacement of WTC 2 floors for Case Di. 
Floor Maximum 

Displacement 
(in) 

Location of 
Displacement on East 

Floor 

Time After Aircraft 
Impact 
(min) 

79 35.8 South side 60 

80 65.6 South side 40 

81 96.7 South side 50 

82 49.4 South side 60 

83 44.6 South side 60 
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Figure 7–23.  Vertical deflection of WTC 2 Floor 79 for Case Di.  

 
Figure 7–24.  Vertical deflection of WTC 2 Floor 80 for Case Di. 
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Figure 7–25.  Vertical deflection of WTC 2 Floor 81 for Case Di.  

 
Figure 7–26.  Vertical deflection of WTC 2 Floor 82 for Case Di. 
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Figure 7–27.  Vertical deflection of WTC 2 Floor 83 for Case Di. 
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truss members extending from the core perimeter.  The hat truss provided a load path between the core 
and exterior walls.  As discussed previously, the hat truss was the primary load path between the core and 
exterior walls, and the floors provided a secondary load path. 

The analysis of a single exterior face provided insight into the conditions that would result in the inward 
bowing of the south wall of WTC 1 and the east wall of WTC 2 observed in photographs (see Chapter 6).  
Conditions examined included pull-in forces resulting from sagging floors, disconnected floors resulting 
from truss seat failure, additional vertical loads simulating load transfer to the exterior wall, and elevated 
temperatures. 

7.4.1 Finite Element Model and Methods of Analysis 

The exterior wall models extended over 18 floors for the full width of a single face and were centered 
around the areas of impact and fire damage.  The south face of WTC 1 extended from Floor 89 to Floor 
106, and the east face of WTC 2 extended from Floor 73 to Floor 90, as shown in Fig. 7–28. The exterior 
panel that was severed during the aircraft impact and found south of the tower was removed from the 
south face of WTC 1.  No structural damage to the panels was observed on the east wall of WTC 2. The 
same boundary conditions were applied for both exterior wall models, shown in Fig. 7–29.  Springs were 
included at the base of the global models to represent the response of the exterior wall below the model.  
The exterior wall models included temperature-dependent plasticity, creep, and plastic buckling behavior.   

The exterior wall models were first analyzed for gravity loads with aircraft impact damage.  The loads in 
the columns right after aircraft impact included a set of axial forces at the top of the isolated wall model 
that accounted for the columns above the top of the model. These loads were taken from an initial global 
model that did not include creep or column buckling.  This global model is further described in NIST 
NCSTAR 1-6C.  Floor gravity loads were also applied at each column with a floor connection.   

The exterior wall models were then subjected to two temperature conditions for each tower: Case A and 
Case B for WTC 1 and Case C and Case D for WTC 2.  Elevated temperatures were applied to the wall 
structure in 10 min intervals, as described previously. At the beginning of each 10 min interval, floor 
connections were either (1) disconnected where observed in photographs and videos or computed in the 
full floor analyses,  or (2) loaded with an inward force where inward bowing was observed during that 
time interval.  At later stages of the WTC 2 analysis, where additional floor disconnection occurred, the 
inward pull at that connection was removed.   

Temperatures of structural components were based upon the combined effects of member size, 
fireproofing damage, and fire size and duration.  For the exterior columns and spandrels, the interior face 
was heated directly by fires through radiation and convection and the adjacent faces were heated through 
conduction and cooled by convection.  Elevated temperatures caused thermal expansion of heated 
columns and modified the stresses in affected and adjacent structural members.  Elevated temperatures 
above 400 °C to 500 °C resulted in a reduction of load-carrying capacity and an increase in plastic and 
creep deformations. 

Inward pulling forces were estimated through a trial and error procedure.  In each trial, a magnitude of 
inward pull force was assumed and the model results were checked.  The magnitude was kept constant 
until the end of the analyses unless a floor connection became disconnected (see Section 7.3), at which 
point the inward pulling force was set to zero.  The inward bowing displacements were compared to the 
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displacements measured from photographs at the same time points.  The wall response was significantly 
affected by accumulated plastic and creep strains, which were themselves functions of temperature and 
inward pull over time.   

 

 
Figure 7–28.  Isolated exterior wall segments from WTC 1 and WTC 2. 

 
Figure 7–29.  Boundary conditions applied on the isolated exterior wall segment. 
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7.4.2 WTC 1 Analysis Results 

The magnitude and distribution of inward pull forces on the south wall, which resulted in inward bowing 
similar to that observed in photographs, were estimated from the WTC 1 exterior wall subsystem 
analyses.  The final magnitude thus obtained was used in the WTC 1 global analysis.   

Initial trials with Case A and Case B damage and temperatures limited pull-in forces to areas with floor 
sagging sufficient in the full floor models to cause pull-in forces.  However, such limited areas of pull-in 
forces did not produce results that were consistent with the observed inward bowing. This was primarily 
due to the lack of fireproofing damage to the south exterior wall and floor truss on the south side in Case 
A impact damage estimates.  With the thermally equivalent 2.2 in. of fireproofing intact on the south 
trusses, these trusses did not heat appreciably, and the floors did not sag. 

Case B had elevated temperatures for the south floor trusses and exterior columns where fireproofing was 
damaged between Floors 94 and 98. A second set of trials applied a pull-in force uniformly across 
Floors 95 to 99, except where the floor connections had failed.  This extent of pull-in forces from floor 
sagging was greater than that shown by the full floor analyses, but produced a better estimate of the 
inward bowing as evidenced from the photographs.  The smaller extent of floor sagging in Floors 95 to 99 
that was predicted by the full floor analyses was likely due to the conservative estimates of fireproofing 
damage.  This assumption produced a lower bound on the bare steel surface area, thereby making it more 
difficult to heat the steel to the point of failure.  Greater fireproofing damage from structural accelerations 
caused by the aircraft impact and subsequent vibrations as well as possible damage to the concrete slab 
from high thermal gradients near the slab surface may have contributed to the more extensive inward 
bowing of the exterior wall that was observed.  

In one trial, the magnitude of the pull-in force was increased over time until the the wall became unstable 
at 90 min.  When the magnitude of the pull-in force reached 9.37 kip per column, the analysis stopped due 
to non-convergence.  At the end of analysis, the maximum inward bowing was 24.7 in.   

In another trial, the effect of thermal loading in combination with pull-in forces was examined.  Pull-in 
forces were applied at 80 min, since temperatures on the south side began to increase around that time, 
and the thermal loading was continued to 100 min.  In this analysis, the magnitude of the pull-in force 
was set to 6 kip per column so that the wall would not become unstable as a result of pull-in forces alone.   

Figure 7–30 shows the locations of floor disconnections and pull-in forces. After applying a 6 kip pull-in 
force per column from 80 min to 100 min, the maximum inward bowing increased from 12.2 in. to 
31.3 in., as shown in Figs. 7–31 and 7–32.  This analysis demonstrated that the thermal softening 
increased existing inward bowing.  Analysis results also showed that, at 100 min, Columns 320 to 346 
had reached their load capacity for their plastically buckled shape and steel temperatures and were 
shedding their loads to adjacent columns. 

The maximum inward bowing of 31 in. was smaller than the observed maximum bowing of 55 in., and 
the bowed wall was still stable in the analysis at 100 min.  The magnitude of pull-in forces was expected 
to be less than 6 kip in the global analysis with the addition of gravity loads from the core subsystem as it 
also weakened; therefore, pull-in forces of 4 kip to 5 kip were used in the global model analyses. 
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Figure 7–30.  Locations of WTC 1 disconnections and pull-in forces over five floors for 

Case B. 

(a) Between 80 min and 90 min

(b) Between 90 min and 100 min 
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Figure 7–31.  Inward displacement of the WTC 1 south wall at 80 min of the Case B 

temperatures with floor disconnections and 6 kip pull-in forces over five floors. 

1

MN

MX

XY
Z

WTC1 Isolated South Wall - Upper Bound Temp at 4800 sec (NIST w/ 6kip)          

-.353471
1.041

2.435
3.829

5.223
6.617

8.012
9.406

10.8
12.194

MAR  4 2005
16:54:19

NODAL SOLUTION

STEP=17
SUB =5
TIME=4800
UY       (AVG)
RSYS=0
DMX =12.31
SMN =-.353471
SMX =12.194

FL91 

FL93 

FL95 

FL97 

FL99 

COL359 

80 min



Chapter 7   

218  NIST NCSTAR 1-6, WTC Investigation 

 
Figure 7–32.  Inward displacement of the WTC 1 south wall at 100 min of the Case B 

temperatures with floor disconnections and 6 kip pull-in forces over five floors. 
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A second set of trials with Case D elevated temperatures applied a pull-in force uniformly across 
Floors 79 to 83 of the east wall, except where the floor connections had failed.  In two separate analyses, 
pull-in forces of 0.5 kip and 5 kip were held constant as the temperature histories were applied until the 
analysis failed to converge.  The analysis with the 0.5 kip pull-in force failed to converge at 32 min.  As 
shown in Fig. 7–33, the wall bowed primarily outward (positive displacement direction is inward) as the 
pull-in force was insufficient to cause inward bowing.  The analysis with the 5.0 kip pull-in force failed to 
converge at 18 min.  The inward bowing of the exterior wall had reached 31 in., as shown in Fig. 7–34.  
This value is about three times larger than the 10 in. displacement measured in photographs at this time, 
indicating that the assumed value of pull-in force was too large.  Based on these two analyses, it was 
concluded that the magnitude of the pull-in force for a uniform distribution was bounded by 0.5 kip and 
5.0 kip.  This range for the pull-in force is of the same order of magnitude as the tension calculated from 
the detailed truss model (see Chapter 4). 

The out-of-plane displacements shown in Fig. 7–33 at 20 min were inward on the south side and outward 
in the middle and north section of the wall.  This difference in behavior was due to the combined effects 
of column temperatures and column loads across the east wall. Temperatures were higher at the middle 
and north half of the wall compared to the area near the southeast corner.  The primary reasons for the 
outward bowing on the north side of the east wall are as follows: (1) the higher temperatures in the north 
side of the wall resulted in restrained thermal expansion and larger column loads; (2) the higher 
temperatures of the inside face of the columns, relative to the outside, caused higher plastic and creep 
strains and resulted in differential shortening of the inside relative to the outside; and (3) the plastic 
softening and creep of the inside caused an outward shift in the neutral axis, and a resulting outward bow 
of the columns.   

This observation formed the basis for the next set of trials, where a step function was used to represent the 
distribution of pull-in forces along the east wall.  In each trial, the magnitude of pull-in force for each half 
of the wall was assigned independently, with a higher magnitude on the north half of the east wall. 

Two additional trials were analyzed.  In the first trial, the magnitude of the pull-in forces was set to 
1.0 kip and 4.0 kip for the south and north halves of the east wall, respectively.  Figure 7–35 shows the 
out-of-plane displacements at 20 min and 50 min.  As can be seen, the maximum inward bow calculated 
at 20 min was 7.5 in. and located near the middle of Floor 81.  This agreed well with the measured 
displacements, which showed a maximum inward displacement of 10 in. near the middle of Floor 81. 

The inward bowing started to decrease with time after 20 min and at around 40 min changed to outward 
bowing. The bowing at 50 min was mostly outward and did not agree with the measured displacements at 
this time. This indicated that the assumed magnitudes of the applied pull-in force were smaller than the 
actual pull-in force on the east wall.   

In the second trial, the magnitude of the pull-in force was increased to 1.5 kip and 5.0 kip on the south 
and north portions of the east wall, respectively.  Temperature histories were applied up to 50 min, at 
which point the analysis failed to converge.  Figure 7–36 shows the magnitude of inward bowing at 
20 min and at 50 min.  The maximum inward bowing calculated at 20 min was 9.5 in. near the middle of 
Floor 81.  This observation agreed well with the 10 in. measured displacements at that time.  The inward 
bowing continued to increase with increasing time and reached a maximum of 37 in. at 50 min.  As seen 
in Fig. 7–30, the location of the maximum displacements agreed well with the observations, but the 
calculated magnitude of 37 in. was twice as large as the measured inward displacement of 20 in.  
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This indicated that the magnitude of the applied pull-in force was close to the two sets of values assumed 
for the step function distribution, 1.0 kip to 1.5 kip and 4.0 kip to 5.0 kip on the south and north portions 
of the east wall, respectively. Considering the possible increase in column loads after impact for Case D 
conditions, a pull-in force of 1.0 kip on the south half and 4.0 kip on the north half of the east wall was 
selected as the initial estimate for the WTC 2 global model analysis. 

 
Figure 7–33.  Out-of-plane displacements of the WTC 2 east wall calculated with 0.5 kip 

pull-in force with uniform magnitude distribution at 32 min.   
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Figure 7–34.  Out-of-plane displacements of the WTC 2 east wall calculated with 5.0 kip 

pull-in force with uniform magnitude distribution at 18 min. 
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Figure 7–35.  Out-of-plane displacements of east wall calculated with pull-in force of 1.0 

kip on the south half and 4.0 kip on the north half of the WTC 2 east wall. 
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Figure 7–36.  Out-of-plane displacements of east wall of WTC 2 calculated with pull-in 

forces of 1.5 kip on the south half and 5.0 kip on the north half. 
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7.5 SUMMARY OF SUBSYSTEM ANALYSES 

The structural response of the isolated major subsystems (core, full floor, and exterior wall) to aircraft 
impact damage and fire are summarized here.  These responses provided insight for the global model and 
results analysis. 

Core Subsystem 

 If core column connections to the hat truss failed, the core subsystem may have experienced 
large vertical deflections in the local area of the connection failure due to loss of the primary 
load path for the redistribution of loads and subsequent column plastic buckling and/or plastic 
and creep deformations.  

 The WTC 1 isolated core subsystem was stable with Case A aircraft impact damage and 
gravity loads.  

 To reach a stable solution for Case C structural damage and gravity loads, the WTC 2 isolated 
core model required horizontal restraints to be added in the east and south directions at each 
floor representing the lateral restraint provided by the office area floors.  Without the 
horizontal restraints, the WTC 2 core model tilted significantly due to the severed columns in 
the southeast corner of the core.  

 The isolated core models did not converge for WTC 1 Case B and WTC 2 Case D structural 
impact damage, which had more severed columns than Case A and Case C, respectively.  The 
core needed to redistribute loads to other areas in the global system for a stable solution with 
Case B and Case D damage. 

 The WTC 1 isolated core subsystem with Case A impact damage and Case B temperature 
histories resulted in column buckling between Floors 94 and 98 and a 44 in. vertical 
displacement at the center of the south side of the core.  The core structure was most 
weakened from impact and thermal effects at the center of the south side of the core. Smaller 
displacements occurred in the global model due to the constraints of the hat truss and floors. 

 The WTC 2 isolated core subsystem with Case C impact damage and Case D temperature 
histories resulted in an 8.1 in. vertical displacement at the southeast corner.  Without the 
horizontal restraints, the core would have tilted more toward the southeast corner, and the 
vertical displacement would have been larger.  No columns buckled. The core structure was 
weakened from impact and thermal effects at the southeast corner and along the east side of 
the core.   

Full Floor Subsystem 

 Final damage Cases A, B, C, and D were completed after the initial set of floor analyses were 
conducted with Cases Ai, Bi, Ci, and Di.  The fires did not change between initial Cases Ai to 
Di and final Cases A to D.  The concrete slab temperatures were the same for the initial and 
final Cases.  The truss temperatures changed where the fireproofing damage changed. The 
full floor models were not rerun for Cases A through D as comparisons showed that the 
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structural temperature histories of the floors were nearly identical for most floors and only 
slightly different for a few floors.  The floor analysis results for Cases Ai to Di were used for 
Cases A to D in the exterior wall subsystem and global analyses.    

 The full floor model boundary conditions for the exterior columns constrained thermal 
expansion of the concrete slab, which led to high compressive forces in the slabs, even with 
sagging of floors. 

 At lower elevated temperatures (approximately 100 °C to 400 °C), the floors thermally 
expanded and displaced the exterior columns outward by a few inches; horizontal 
displacement of the core columns was insignificant.  None of the floors buckled as they 
thermally expanded, even with the exterior columns restrained so that no horizontal 
movement was allowed at the floors above and below the heated floor, which maximized 
column resistance to floor expansion.  Even with level of column restraint, the exterior 
columns did not develop a sufficient reaction force (push inward to resist the expansion 
outward) to buckle any of the floors. 

 At higher elevated temperatures (above 400 °C), the floors began to sag as the floors’ 
stiffness and strength were reduced with increasing temperature and the difference in thermal 
expansion between the trusses and the concrete slab became larger.  As the floor sagging 
increased, the outward displacement of the exterior columns was overcome, and the floors 
exerted an inward pull force on the exterior columns.   

 The floors began to exert inward pull forces when floor sagging exceeded approximately 
25 in. for the 60 ft floor span.  This is based upon analysis results of both the detailed truss 
model and the full floor models (which showed a reduction in compression instead of tension 
at the truss connections). 

 Floor sagging was primarily caused by either buckling of truss web diagonals or 
disconnection of truss seats at the exterior wall or the core perimeter.  Except for the truss 
seat failures near the southeast corner of the core in WTC 2 following the aircraft impact, 
web buckling or truss seat failure was caused primarily by elevated temperatures of the 
structural components. 

 Sagging at the floor edge was due to loss of vertical support at the truss seats.  The loss of 
vertical support was caused by the reduction in vertical shear capacity of the truss seats due to 
elevated steel temperatures in most cases.   

 When the gusset plates and bolts of the truss seat failed in the floor models due to horizontal 
loads, it was rare that the truss also walked-off of the seats because the thermal expansion of 
the floor was restrained by the exterior columns.  The straps and studs at the exterior wall had 
been removed from the floor models, which provided additional resistance to horizontal 
loads; if the floor slab expansion had not been restrained by the exterior columns, the 
horizontal loads between the slab and gusset plate and bolt would have been reduced. 

 The high surface temperatures in the concrete slabs of fire affected floors could have resulted 
in delamination by spalling of the slab.  This would possibly compromise knuckle strength, 
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crack the slab, or cause loss of integrity of the floor system, contributing to greater floor 
sagging. 

 Case B impact damage and thermal loads for WTC 1 floors resulted in floor sagging on the 
south side of the tower over floors that reasonably matched the location of inward bowing 
observed on the south face.  Case A impact damage and thermal loads did not result in 
sagging on the south side of the floors. 

 Case C and Case D impact damage and thermal loads for WTC 2 both resulted in floor 
sagging on the east side of the tower over floors that reasonably matched the location of 
inward bowing observed on the east face.  However, Case D provided a better match. 

Exterior Wall Subsystem 

 Inward forces were required to produce inward bowing that was consistent with 
displacements measured from photographs. The inward pull was caused by sagging of the 
floors.  Heating of the inside face of the perimeter columns also contributed to inward 
bowing.  Thermal expansion occurred as soon as steel temperatures began to rise; column 
shortening occurred when creep and plastic strains overcame thermal expansion strains, 
typically at temperatures greater than 500 °C to 600 °C with accompanying high stresses and 
duration of temperatures and stress levels. 

 Models of exterior wall sections bowed outward in a pushdown analysis when several 
consecutive floors were disconnected, the interior face of the columns was heated, and 
column gravity loads increased (e.g., due to load redistribution from the core and hat truss).  
At lower temperatures, thermal expansion of the inside face was insufficient to result in 
inward bowing of the entire exterior column. At higher temperatures, outward bowing 
resulted from the combined effects of reduced steel strength on the heated inside face, which 
shortened first under column gravity loads, and the lack of lateral restraint from the floors. 

 The observed inward bowing of the exterior wall indicated that most of the floor connections 
must be intact to cause the observed bowing.     

 The floor levels predicted to have damaged fireproofing in the aircraft impact analysis 
matched well with the floors that were identified from photographic and video analysis to 
have participated in the inward bowing of the exterior walls. 

 The extent of floor sagging required at each floor was greater than that predicted by the full 
floor models.  The estimates of the extent of sagging at each floor were governed by the 
combined effects of fireproofing damage and fire; fireproofing damage was limited to areas 
subject to direct debris impact.  Other sources of floor damage from the aircraft impact and 
fires (e.g., fireproofing damage from structural accelerations at impact and subsequent strong 
vibrations or floor damage from concrete cracking and spalling from thermal effects) were 
not included in the floor models. 

 The exterior wall models were used to estimate the pull-in force magnitude and locations for 
each tower that would produce the observed bowing of the exterior wall. 
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 The WTC 1 isolated exterior wall analysis found that an inward pull force of 6 kip at each 
column at Floors 95 to 99, starting 80 min after the aircraft impact, caused a maximum 
inward bowing of 31 in. This inward deflection was smaller than the observed maximum 
bowing of 55 in., and the bowed wall was stable at 100 min.  The magnitude of pull-in forces 
was expected to be less than 6 kip in the global analysis with the addition of gravity loads 
from the core subsystem as it also weakened; therefore, pull-in forces of 4 kip to 5 kip were 
used in the global model analyses. 

 The WTC 2 isolated exterior wall analysis found that an inward pull force of 1.0 kip to 1.5 
kip and 4.0 kip to 5.0 kip on the south and north portions of the east wall, respectively, over 
Floors 79 to 83, caused a maximum inward bowing of 9.5 in. at 20 min and 37 in. at 50 min.  
The observed deflections were 10 in. and 20 in., respectively. Considering the possible 
increase in column loads after impact for Case D conditions, a pull-in force of 1.0 kip on the 
south half and 4.0 kip on the north half of the east wall was selected for the initial estimate 
for the WTC 2 global model analysis.    
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Chapter 8 
STRUCTURAL RESPONSE OF THE WTC TOWERS TO AIRCRAFT 

IMPACT DAMAGE AND FIRE 

8.1 INTRODUCTION 

Prior to conducting global analysis of the structural response of each World Trade Center (WTC) tower, a 
tremendous amount of input data was obtained2 and developed.  Input data required for the structural 
response models included: 

 Reference model of each WTC tower before the aircraft impact, based upon design and 
construction documents (NIST NCSTAR 1-2) 

 Steel and concrete material properties for room and elevated temperatures (NIST NCSTAR 1-3 
and Chapter 4) 

 Structural damage to columns and floors from the aircraft impact (NIST NCSTAR 1-2 and 
Chapter 5) 

 Passive fire protection conditions before and after impact (NIST NCSTAR 1-6A and Chapter 5) 

 Temperature histories for all structural elements in the impact zone (NIST NCSTAR 1-5) 

 Observed structural conditions and events from photographic and videographic records 
(NIST NCSTAR 1-5A and Chapter 6) 

Input data was based on available records.  For data that were not directly available, analytical and 
experimental results were used to develop the required information.  The tower design and construction 
and the supplied structural materials were well documented.  The passive fire protection conditions before 
impact were less well documented, but review of Port Authority of New York and New Jersey (PANYNJ) 
records and interpretation of photographs (from several sources throughout the life of the structure) 
provided a documented basis for determining the likely conditions that existed in both towers before 
September 11, 2001.  Steel and concrete temperature-dependent properties were developed from available 
technical literature and from tests of samples recovered from the collapse site (steel tests were conducted 
at National Institute of Standards and Technology (NIST) and concrete tests were conducted at Simpson 
Gumpertz & Heger, Inc. (SGH) under contract to NIST) to assess conformance with specified properties. 
Temperature histories were developed from fire dynamics simulations and thermal analyses conducted at 
NIST.  The observed structural conditions and events defined the known events that occurred that day.  
The structural response analyses helped determine the probable collapse sequence for each tower.  These 
sequences were validated using the observed structural events. 

                                                      
2 All information and data related to the design and construction of the WTC towers were obtained from contract drawings 

provided to NIST by The Port Authority or New York and New Jersey.  Refer to NIST NCSTAR 1-2A for a complete 
description of the WTC structural system and an index of all structural drawings. 
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The global analyses of WTC 1 and WTC 2 used final estimates of impact damage and elevated 
temperatures to determine the structural response and sequence of component and subsystem failures that 
led to collapse initiation.  Case B was used for WTC 1 and Case D was used for WTC 2 used, as 
described in previous chapters. 

The global models and required input data are discussed in Section 8.2.  The analysis methodology is 
presented in Section 8.3, and the results of the global analyses for WTC 1 and WTC 2 are presented in 
Sections 8.4 and 8.5, respectively. To better understand the relative contributions of impact damage and 
fire to each tower collapse initiation, the hypothetical condition of the towers subjected to the same fires 
without aircraft impact damage is discussed in Section 8.6. 

8.2 GLOBAL MODEL OF TOWERS 

8.2.1 Model Description 

The global model of each tower, which was used to determine the structural collapse sequence, was based 
on the reference structural models developed for baseline structural analyses of the towers (NIST 
NCSTAR 1-2).  The reference models were developed with SAP2000 and were used as a common basis 
for the aircraft impact analysis, using LS-DYNA, and the structural response analysis, using ANSYS.   

The SAP2000 global models were more detailed than models typically used for structural design 
purposes.  The models included exterior and core columns, the hat truss, and mechanical floors, but did 
not explicitly model the tenant floors due to model size limitations.  The tenant floors were accounted for 
with constraint equations and concentrated floor loads at floor-to-column connection nodes.   

The reference global models for WTC 1 and WTC 2 were translated into ANSYS models using an 
automated translator developed specifically for this effort by Computer Aided Engineering Associates, 
Inc. (CAEA), as a subcontractor under the NIST contract to SGH.  The coordinates of the nodes, cross-
sectional properties of members including orientation and offset of the cross-section, nodal loads, material 
properties, and member end releases were automatically converted from the SAP2000 format to the 
ANSYS format as described in 
NIST NCSTAR 1-6C.  

The ANSYS models were truncated several floors below the impact floors, as previous analyses showed 
that the structural response below the impact area remained elastic. WTC 1 was truncated at Floor 91, and 
WTC 2 was truncated at Floor 77. The axial stiffness of the remaining structure below the line of 
truncation was replaced with equivalent elastic springs. The global models of the two towers are shown in 
Fig. 8–1. 

The truncated ANSYS global models were validated against the SAP2000 baseline global analyses for 
gravity loads. The results from the translated ANSYS global models showed good agreement with the 
baseline analyses: displacements were within 1.4 percent for WTC 1 and 0.7 percent for WTC 2, and base 
reactions were within 1.2 percent for WTC 1 and 0.3 percent for WTC 2.  Based on these comparisons, it 
was concluded that the translation of the global models from SAP2000 to ANSYS was correct, and the 
ANSYS models and their derivatives were used for the global analyses. Details of the translation and 
validation are found in NIST NCSTAR 1-6C. 
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The core columns and exterior columns and spandrels were modeled with elements and features similar to 
those used in the isolated core and exterior wall analyses.  Column analysis features included the effects 
of thermal expansion, plastic, and creep strains on column behavior within the global structural system.  
When thermally-induced strains were sufficiently large, column loads increased if they were restrained.  
Columns shortened and shed loads if either plastic or creep strains were large enough or if they buckled 
plastically.  Plastic (or inelastic) buckling describes the condition where a column becomes bowed 
(displaced laterally between its ends) by plastic or creep strains, but continues to support a reduced 
axial load.  As the bowing becomes larger, the column’s capacity to carry load diminishes further (see 
Fig. 435) until the column no longer participates in carrying load in the global structure. 

Floors in the global model were modeled by shell elements, which have their membrane stiffness equal to 
that of the full floor system.  Floors in the global model functioned as diaphragms and transferred loads 
between the exterior wall system and the core.  Office area and core floors were modeled with an 
equivalent floor slab thickness and modulus calculated to match the in-plane stiffness of the composite 
floor system, including the concrete slab, floor trusses, and the floor seats.  Bending stiffness of the floor 
system was not matched because the floor loads were applied at the columns.  Both core and office area 
floor slabs were modeled with linear-elastic material properties for lightweight concrete.  

Figure 8–2 shows the model of the core and tenant floors and the core beams that had moment 
connections. Beams without moment connections cannot effectively transfer shear between columns 
without significant relative displacement and, thus, were not modeled individually.  The stiffness of 
simply connected beams was smeared into that of the slab to capture the in-plane stiffness of the floor in 
the core.  Inclusion of the core and office area floors was necessary for modeling force redistribution 
within the core and between the core and the exterior columns.  The core was effective in redistributing 
loads from damaged core columns to adjacent core columns when the load path through the hat truss 
could not be developed due to either severed columns or column splices.  

Floors in the global models were not intended to capture floor response and failure modes during fires.  It 
was not practical, or in some cases not possible, to create computationally efficient global models that 
included all details of the floor system.  The BEAM188/189 elements used in the full floor model caused 
severe convergence problems when creep was included and those elements experience thermally-induced 
buckling.  Also, the extent of pull-in forces from sagging floors in the full floor models was less than 
estimated from the observed bowing of the exterior walls in photographs and videos because the aircraft 
impact damage to thermal insulation of the floors was conservatively estimated by limiting the dislodged 
thermal insulation to regions of direct debris impact. 

Important failure modes were identified in the truss and full floor analyses and incorporated into the 
global models as floor/wall disconnections and pull-in forces at appropriate time intervals.  Since the full 
floor models did not accurately estimate the pull-in forces at floor/wall connections, the fire-induced 
damage obtained from the full floor model analyses were modified by  observations obtained from the 
examination of photographs and videos performed by NIST (NIST NCSTAR 1-5A).  See Chapter 7 in 
NIST NCSTAR 1-6C and Chapter 2 in NIST NCSTAR 1-6D for more details. 

The global model included the hat truss at the top of each tower.  The hat truss was designed to support an 
antenna on top of the towers and transmitted loads to both the core and exterior columns.  The loads were 
distributed primarily to the core columns.  There were four outriggers to each exterior wall that provided 
rotational restraint for the antenna under wind loads.  In addition, the outriggers provided a secondary 
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load path between the core and exterior walls as determined from the structural response of the towers to 
impact damage and fires.  Figure 8–3 shows the hat truss, with the outriggers labeled A through P.  
During the global structural response to impact and fire, the hat truss provided a primary path for 
transferring loads between the core columns and between the core and exterior walls. 

 
Figure 8–1. Displaced shape of WTC 1 and WTC 2 at the end of gravity load analysis. 

(a) WTC 1 ANSYS Model Vertical Displacements  

N

(b) WTC 2 ANSYS Model Vertical Displacements  

N
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Figure 8–2.  Office area and core floors and core beams. 

 
Figure 8–3.  Hat truss with labeled outriggers. 

8.2.2 Model Modifications 

The validated ANSYS models were modified to incorporate nonlinear material and geometric behaviors 
required in areas subject to impact and fire.  Modifications incorporated modeling enhancements and 
refined input data based on numerous component and subsystem analyses.  Temperature-dependent 
modifications included material properties, coefficients of thermal expansion, plastic and creep strains. 
Nonlinear geometric behavior modifications included large displacements, plastic buckling and post-
buckling of columns. Break elements were not included, based on the behaviors shown in the major 
subsystem analyses of the isolated core, exterior wall, and full floors.  Break elements for knuckles, 
exterior wall bolted connections, and spandrel connections did not fail in the full floor and exterior wall 

1

X
Y

Z

 WTC-2 Severe Case Temperature Analysis                                         

MAR 14 2005
19:22:03

ELEMENTS

TYPE NUM

N 

N 

O 

B 

A 

P 

C E 

D 

J 

I 

G 

F 

K 

H 

M 
L 

NN
NN

floor 
openings 

= Severed or 
highly 
damaged 
column



Chapter 8   

234  NIST NCSTAR 1-6, WTC Investigation 

analyses.  Truss seat connection failures were imposed during analyses according to the time they were 
calculated or observed to have occurred, rather than through use of break elements.  

Preliminary global analyses had unacceptably slow rates of computation, due to the size of the models 
and the computational effects of temperature-dependent material properties, especially creep.  To reduce 
the size of the global models and to increase the speed of the solution without adversely affecting the 
analysis results, modifications were made to the models to improve computational efficiency.    

The spandrels were modeled with BEAM 188 elements which experienced convergence problems when 
thermal expansion caused them to buckle since there were not enough elements between two columns to 
capture the buckling detail.  The buckling of spandrels did not compromise their ability to transfer shear 
and bending moment.  Based on visual evidence, buckling of spandrels did not play an important role in 
the collapse sequence, and increasing the number of spandrel elements would have unnecessarily 
increased the model size.  Therefore, the coefficient of thermal expansion for spandrels was set to zero, 
and the axial degree of freedom was released.   

Since trusses were not modeled individually, the equivalent floor slab buckled easily when thermal 
expansion was restrained by the exterior wall.  Buckling of the equivalent floor slab often caused 
convergence problems in the global analysis.  The coefficient of thermal expansion of the floor in the 
office area was set to zero to eliminate the unrealistic buckling problem.  Neglecting the thermal 
expansion of the office area floors introduced errors in bending of exterior columns between a heated 
floor and a cool floor.  The effect of this modeling assumption was small for columns extending between 
two heated floors. 

Neglecting the thermal expansion of the office area slabs did introduce small errors in the out-of-plane 
bending of columns extending between a hot floor and a cool floor, but such errors were small for 
columns extending between two hot floors.  The error introduced by this modification was not expected to 
change failure modes or collapse sequence in the global analysis, because thermal expansion of floors was 
limited to less than a few inches (see Appendix A).  The full floor models thermally expanded and pushed 
outward on the columns until the thermal expansion was overcome by the floor sagging and the floors 
pulled inward on the exterior columns. 

Construction sequence was not included in the global models with creep.  The effect of neglecting 
construction sequence was examined for both buildings.  When construction sequence was not included in 
the analysis, the total axial loads in columns along the exterior walls increased by 7 percent to 15 percent.  
Similarly, the total column loads supported by the core columns decreased by about 10 percent.   

The calculations showed that the outriggers in the WTC 1 simulations were more highly stressed when 
the construction sequence was not considered.  Since it was believed that the hat truss played an important 
role in transferring loads in WTC 1, the yield strengths of the materials for these outriggers in WTC 1 
were artificially increased to account for the incorrect increase in compressive stresses when construction 
sequence was not considered.   

The term “super-element” in ANSYS is used for sub-structuring in an analysis, where a portion of the 
model with elastic behavior is condensed into a single element with a representative stiffness, damping 
and mass matrix.  The WTC 2 model was suitable for such a simplification as the section of the building 
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above Floor 86 was expected to remain elastic, based on the results of the isolated core analyses and 
preliminary global analyses without creep strains or plastic buckling (see NIST NCTAR 1-6D). 

The use of super-elements reduced the time to complete a single iteration by a factor of three.  However, 
if at later stages of the analysis the hat truss members became inelastic, the nonlinearities associated with 
such inelastic behavior were not captured.  A super-element cannot determine individual component 
behavior as the group of components is represented by a single ‘super’ element.  Moreover, the effects of 
construction sequence on the load distribution between the core and wall elements could not be 
represented, since the birth and death option could not be used in a super-element.  (Birth and death refer 
to the addition or removal, respectively, of an element during an analysis.)  The effect of not including 
construction sequence was evaluated and found to introduce an error of less than 12 percent for vertical 
displacement. To evaluate whether the hat truss exceeded elastic limits, a separate model that included the 
components at and above Floor 86 in the super-element was created. The stresses in all the components 
were calculated at the end of each 10 min time interval and compared with their capacities.  

As the use of a super-element in the WTC 2 global model precluded the application of construction 
sequence, construction sequence was not included in either the WTC 1 or WTC 2 global analysis.  
Construction sequence refers to an analysis method where the self-weight loads are applied to the 
structural model in steps to simulate the sequential loading that takes place as a building is constructed.  
When construction sequence was not included, the total column loads in each exterior wall increased by 7 
percent to 15 percent, and the total core columns loads decreased by about 10 percent for both models.  It 
was also found that the outriggers of the hat truss were more highly stressed in the WTC 1 model without 
construction sequence than in the translated ANSYS model which included construction sequence (see 
Section 8.2.1).  Since the hat truss played an important role in transferring loads, the yield strengths of 
these outriggers in WTC 1 were increased to account for the artificially higher compressive stresses that 
resulted without consideration of construction sequence.  The difference in the maximum displacement 
between the models with and without construction sequence was within 12 percent for both WTC 1 and 
WTC 2. 

8.3 ANALYSIS METHODOLOGY 

WTC 1 and WTC 2 global models were subjected to Case B and Case D aircraft damage and fires, 
respectively.  The results of the isolated wall, core, and full floor analyses indicated that structural 
responses to Case B and Case D more closely matched observed structural behavior in photographs and 
videos than did Case A or Case C, respectively.  Thus, Case B and Case D were chosen for the global 
analysis of WTC 1 and WTC 2, respectively. 

The global analysis was conducted in steps.  Severed and heavily damaged core columns, floors, and 
exterior columns and spandrels were removed from the model, and gravity loads were applied as 
concentrated loads at each column-floor node. Then, dead load and 25 percent of the design live loads 
were applied to the model without considering construction sequence.  The solution for the first step, 
which determined the structural condition of the tower after aircraft impact, provided the initial condition 
for the application of temperature histories and thermally-induced structural damage.   

Wind forces were not included in the global analysis of the WTC towers.  Wind speeds were recorded at 
three nearby airports, and are shown in Table 8–1.  The average wind speed on September 11, 2001, 
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ranged from 7 knots to 11 knots (10 mph to 13 mph).  In comparison, the design wind speed was 98 mph 
averaged over 20 minutes at a height of 1,500 ft above ground (see Chapter 3 of NIST NCSTAR 1-2).  
This speed is equivalent to a 3 s peak gust wind speed of about 81 mph to 90 mph at 33 ft above ground 
in open terrain.  Wind force is proportional to the wind velocity squared, therefore, the wind force on the 
towers from the 13 mph winds on September 11, 2001, were approximately two percent of the average 
design wind speed of 86 mph, which were negligible. 

Table 8–1: Wind speeds recorded at airports near the WTC towers on 
September 11, 2001. 

Airport Time (a.m.) Direction Speed1 (knots) Speed2 (mph) 
LaGuardia (NOAA 2001a) 8:51 320 9 13 
 9:51 340 9 13 
John F. Kennedy (NOAA 
2001b) 

8:51 310 11 16 

 9:51 350 7 10 
Newark, NJ (NOAA 2001c) 8:51 330 8 12 
 9:51 No data No data No data 
Average Wind Speed   9 13 

1.  Wind speed recorded as a 20 min average at a 33 ft elevation. 
2.  Wind speed converted to a 3 s peak gust at 33 ft (knots (20min) * 1.4375 = mph (3 s)) 

Temperature data were provided for heated structural components at 10 min intervals up to 100 min for 
WTC 1 and up to 60 min for WTC 2.  The temperature histories were based on the combined effects of 
impact damage to fireproofing and fire spread and growth.  The structural analysis used time steps 
significantly less than 10 min, as a result the temperatures were linearly interpolated between the 
temperatures at 10 min intervals.   

Column-floor disconnections and pull-in forces that occurred during a time step were imposed at the start 
of the time step.  In the global models, nodal couplings tied the exterior columns to the floors.  The nodal 
couplings were removed at locations of floor/wall disconnections.  If disconnections were projected to 
occur or were observed in visual evidence at a time intermediate to the 10 min intervals used in the 
analyses, for example, between 10 min and 20 min, they were imposed starting at the earlier time point, in 
this example, at 10 min.  Once a portion of a floor was disconnected from the exterior wall, it remained 
disconnected for the remainder of the analysis.  Similarly, pull-in forces were also applied to the global 
models at the beginning of the 10 min time intervals in which they were predicted to occur or were 
observed, and they were maintained at a constant level for the 10 min time interval.   

Thermal expansion of the floors was not included in the global models.  Floor analyses showed that the 
floors initially pushed exterior column outward by a few inches.  However, significant outward bowing 
was not observed and several inches of outward deflection of exterior columns would not affect the global 
stability of the towers.   
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8.4 RESULTS OF WTC 1 ANALYSIS 

The global model of WTC 1 with creep, plastic buckling of columns, plasticity, and nonlinear geometry 
was analyzed with Case B structural damage and temperature histories.   

8.4.1 WTC 1 Structural Response to Aircraft Impact Damage  

Case B structural and passive fire protection damage after the aircraft impact was as follows: 

 WTC 1 had 41 north exterior columns (Columns 112 to 151) severed, 9 core columns on the 
north central side of the core (Columns 503, 504, 505, 506, 604, 704, 706, 805, and 904), and one 
exterior panel of the south face (Columns 329 to 331 between Floors 93 and 96 ) severed or 
heavily damaged between Floors 93 and 98 

 Floor slabs and framing were severed or heavily damaged in the north office floor area through to 
the central north region of the core on Floors 94 to 97 

 WTC 1 fireproofing damage was centered primarily through the north face and floor area, the 
core, and into the south floor area between Floors 94 to 99. 

Figure 8–4 shows the vertical displacements at Floor 99, just above the impact area, with total 
displacements before aircraft impact and incremental displacements after impact.  Figures 8–5 through 
8–8 show the vertical displacement contours of the exterior walls and the core area before and after the 
aircraft impact.  Before the aircraft impact, the maximum vertical displacements of the exterior wall and 
the core at Floor 99 were 2.5 in. and 3.6 in., respectively.  Due to severe impact damage on the north face 
and the north side of the core, WTC 1 tilted slightly to the north after the aircraft impact as can be seen in 
Fig. 8–4.  The maximum displacement of the north wall increased from 2.5 in. to 5.7 in., and the 
maximum displacement of the south wall decreased from 2.5 in. to 2.4 in.  The vertical displacement of 
the east and west wall slightly increased due to load redistribution.   
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Figure 8–4.  Vertical displacement at Floor 99 of WTC 1.  Total displacements are shown 

before aircraft impact and incremental displacements, with total displacements in 
parentheses, are shown after impact. 

 
Figure 8–5.  Vertical displacement of WTC 1 east and north exterior walls before aircraft 

impact. 
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Figure 8–6.  Vertical displacement of east and north exterior walls of WTC 1 after aircraft 

impact for Case B. 

 
Figure 8–7.  Vertical displacement of the east and north side of the WTC 1 core before 

aircraft impact. 
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Figure 8–8.  Vertical displacement of the east and north side of the WTC 1 core after 

aircraft impact for Case B. 

The global analysis results showed that WTC 1 did not collapse following aircraft impact, as was 
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each gained about 7 percent (466 kip and 472 kip, respectively) and the core gained about 1 percent (400 
kip) through the hat truss. 

 
Figure 8–9.  Maximum demand-to-capacity ratio for axial force in core columns between 

Floor 93 and Floor 99 of WTC 1 before aircraft impact. 

 
Figure 8–10.  Maximum demand-to-capacity ratio for axial force in core columns between 

Floor 93 and Floor 99 of WTC 1 after aircraft impact for Case B. 
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Table 8–2.  Total column loads at Floor 98 of WTC 1 for Case B conditions. 
North East South West Core Total

(1) Before Impact 10,974 8,545 11,025 8,572 34,029 73,144
(2) After Impact 10,137 9,071 10,356 9,146 34,429 73,139
(3) 10 min 9,796 8,490 9,848 8,536 36,473 73,143
(4) 20 min 10,437 9,108 9,900 9,202 34,495 73,143
(5) 30 min 10,913 10,034 10,420 9,715 32,060 73,142
(6) 40 min 11,068 10,599 11,004 10,178 30,294 73,142
(7) 50 min 11,149 10,908 11,192 10,458 29,435 73,141
(8) 60 min 11,205 11,168 11,285 10,716 28,766 73,141
(9) 70 min 11,286 11,366 11,343 10,939 28,205 73,138

(10) 80 min 11,376 11,555 11,409 11,119 27,681 73,140
(11) 90 min 10,916 11,991 9,949 11,657 28,587 73,099
(12) 100 min 10,828 12,249 9,638 11,905 28,478 73,098
(13) (2) - (1) -837 526 -668 574 400 -5
(14) (10) - (2) 1,239 2,484 1,052 1,973 -6,748 1
(15) (12) - (2) 692 3,178 -719 2,759 -5,951 -41
(16) (12) - (10) -548 694 -1,771 786 797 -42

Note: Compression is positive.  Units are in kip.  
 

Table 8–3.  Total column loads at Floor 105 of WTC 1 for Case B conditions. 
North East South West Core Total

(1) Before Impact 8,026 6,562 8,092 6,604 20,361 49,645
(2) After Impact 7,294 7,028 7,488 7,076 20,761 49,646
(3) 10 min 6,944 6,461 6,981 6,469 22,790 49,646
(4) 20 min 7,551 7,075 7,057 7,158 20,806 49,647
(5) 30 min 8,020 7,998 7,569 7,685 18,377 49,648
(6) 40 min 8,193 8,571 8,129 8,147 16,608 49,649
(7) 50 min 8,285 8,878 8,315 8,428 15,743 49,650
(8) 60 min 8,351 9,130 8,414 8,687 15,069 49,650
(9) 70 min 8,435 9,319 8,481 8,914 14,502 49,651

(10) 80 min 8,528 9,497 8,551 9,097 13,978 49,651
(11) 90 min 8,096 9,847 7,327 9,506 14,876 49,652
(12) 100 min 8,023 10,076 7,066 9,720 14,767 49,653
(13) (2) - (1) -732 466 -604 472 400 1
(14) (10) - (2) 1,234 2,470 1,063 2,021 -6,783 5
(15) (12) - (2) 730 3,048 -422 2,644 -5,993 7
(16) (12) - (10) -504 579 -1,485 623 790 2

Note: Compression is positive.  Units are in kip.  
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8.4.2 WTC 1 Structural Response to Elevated Temperatures 

In the early stages of the fire, temperatures of structural components in the core rose between 500 °C and 
700 °C over a 10 min to 20 min time interval (where fireproofing was damaged), and the thermal 
expansion of the core was greater than the thermal expansion of the exterior walls.  The difference in the 
thermal expansion between the core and the exterior walls increased the loads in the core columns at 
20 min.  After 20 min, the core continued to lose gravity loads due to thermal weakening and shortening 
until the south wall started to bow inward.  By 50 min, the core had displaced downward by 1.6 in on 
average at Floor 99 due to creep and buckling of core columns.  About 20 percent (6,748 kip) of the 
gravity load was transferred by the hat truss to the exterior walls due to thermal weakening of the core at 
80 min, as shown in Table 8–2; the north and south walls each carried about 10 percent more loads 
(1,239 kip and 1,052 kip, respectively)and the east and west walls each carried about 25 percent more 
loads (2,484 kip and 1,973 kip, respectively).  Since the hat truss outriggers to the east and west walls 
were stiffer than the outriggers to the north and south walls, they transferred greater loads to the east and 
west exterior walls.  At 100 min, the core displaced downward at Floor 99 by 2.0 in. on the south side of 
the core.  As the core was weakened by creep and plastic buckling, gravity loads in the core were 
transferred to the exterior walls.   

The full floor analyses for WTC 1 Case B showed that the floors on the south side in the impact zone did 
not begin to sag and apply a pull-in force at the column connections until approximately 80 min after 
impact.  Based upon the full floor and isolated south wall subsystem analyses, 5 kip of pull-in force was 
applied to all columns across Floors 95 to 99 beginning at 80 min, as shown in Fig. 7–30.  Figures 8–11 
and 8–12 show the out-of-plane displacement contours of the south wall at 80 min and 100 min, 
respectively.  Figure 8–13 shows the time history of the inward bowing of the south wall.  Until the 5 kip 
pull-in forces were applied, no inward bowing had occurred.  With the application of the 5 kip pull-in 
force, the maximum inward bow increased to 15.5 in.   

 
Figure 8–11. Out-of-plane displacement of south wall of WTC 1 at 80 min for Case B. 
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Figure 8–12. Out-of-plane displacement of south wall of WTC 1 at 100 min for Case B 

conditions with 5 kip pull-in forces. 
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Figure 8–13. Time history of maximum out-of-plane displacement of WTC 1 south wall for 

Case B with 5 kip pull-in forces. 
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wall. Due to bowing of the south wall, the vertical displacement of the south wall increased as shown in 
Figs. 8–16 and 8–17, and the south wall lost about an additional 5 percent (1,771 kip) of load between 
80 min and 100 min (see Table 8–2).  As a result, the east and west walls and the core gained gravity 
loads. 

By approximately 87 min, the inward bowing increased significantly. As the bowing of the south wall 
increased, a section of the south wall above the bowed-in area moved downward as can be seen in 
Fig. 8–18.  By 90 min, the rate of increase in the inward bowing slowed down as the south wall 
redistributed the gravity loads to the east and west walls and to the core. The inward bowing increased to 
42.8 in. at 100 min.  However, the south wall remained stable (had not buckled) at 100 min. 

Isolated exterior wall and global analyses showed that varying the inward pull force by a small amount 
caused a large difference in the amount of inward bowing.  For a comparison, the inward bowing of the 
south wall at 100 min from the analysis with a 4 kip pull-in force was only 14.5 in. at 100 min. Given that 
the inward bowing increased from 14.5 in. to 42.8 in. when the inward pull force was increased from 
4 kip to 5 kip, a slight increase in the pull-in force over 5 kip would have resulted in instability of the 
south wall. 

 

 
Figure 8–14.  Distribution of axial force in exterior columns at Floor 98 of WTC 1 south 

wall for Case B with 5 kip pull-in forces. 
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Figure 8–15.  Distribution of axial force in exterior columns at Floor 98 of WTC 1 east wall 

for Case B with 5 kip pull-in forces. 

 

 
Figure 8–16. Vertical displacement of west and south exterior walls of WTC 1 at 80 min 

for Case B. 
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Figure 8–17.  Vertical displacement of west and south exterior walls of WTC 1 at 100 min 

for Case B. 

 
Figure 8–18. Change in vertical displacement at Floor 99 of WTC 1 from the state before 

impact to 100 min for Case B. 
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highly damaged columns experienced plastic strains. Plastic strain of the core increased for the first 
40 min, and then remained almost constant to 100 min. Plastic strain of the south exterior columns 
increased in almost all the bowed columns from 40 min to 100 min. However, creep strain was found to 
be far greater than plastic strain, especially in the core.  At 40 min, 22 of 47 core columns had creep strain 
larger than 1.0 percent.  After 40 min, creep strain in core columns on the south side had increased.  The 
maximum elastic-plus-plastic-plus-creep strain at 100 min was 7.3 percent in Column 1006.  As 
temperature increased on the south exterior wall in the later stages of the fire, creep strain also increased 
in about 20 columns on the south face. The maximum elastic-plus-plastic-plus-creep strain in the south 
exterior columns reached 2.9 percent. 

 

 
Figure 8–19.  Maximum elastic-plus-plastic-plus-creep strain for columns between 
Floor 93 and Floor 99 of WTC 1 at 10 min for Case B (strain values are in percent). 
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Figure 8–20.  Maximum elastic-plus-plastic-plus-creep strain for columns between 
Floor 93 and Floor 99 of WTC 1 at 40 min for Case B (strain values are in percent). 

 
Figure 8–21.  Maximum elastic-plus-plastic-plus-creep strain for columns between 

Floor 93 and Floor 99 of WTC 1 at 100 min for Case B with 5 kip pull-in forces (strain 
value are in percent). 
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Figures 8–22 and 8–23 show the axial force demand-to-capacity ratio for each core column at 80 min and 
100 min, respectively.  Compressive capacities of the core columns were calculated by AISC LRFD Eq. 
E2-1 for plastic buckling with effective length factor of K equal to 1.0 and a resistance factor of 1.0.  
Comparison of Figs. 8–10 and 8–23 shows that the demand-to-capacity ratio increased for core columns 
with relatively small elastic-plus-plastic-plus-creep strains and decreased for columns with high strains.  
Figure 8–21 shows that core columns with high creep strains had lower demand-to-capacity ratios. 
Columns with high compressive loads and large creep strains shortened and unloaded to stiffer columns 
with less creep.    

At 100 min, the core had weakened on the south side and shortened by 1.6 in. The south wall had bowed 
inward approximately 43 in. and was unloading to the core and the adjacent east and west walls.  As 
discussed previously, a small change in the magnitude of the inward pull force changed the rate at which 
the exterior wall bowed inward and reached a point of instability.  Based upon observations and similar 
results for WTC 2 at collapse initiation (described in the next Section), the following sequence of events 
likely occurred as soon as the south wall reached instability and buckled. 

The inward bowing of the south wall caused failure of exterior column splices and spandrels, and induced 
column instability.  The instability progressed horizontally across the entire south face.  The south wall 
unloaded and redistributed its gravity loads to the thermally weakened core through the hat truss and to 
the east and west walls through the spandrels.  The beginning of this load redistribution is illustrated in 
Tables 8–1 and 8–2.  The building section above the impact zone began tilting to the south as column 
instability progressed rapidly from the south wall along the adjacent east and west walls and increased the 
gravity load on the core columns.  The change in potential energy due to downward movement of the 
building mass above the buckled columns exceeded the strain energy that could have been absorbed by 
the structure.  Global collapse then ensued. 

 
Figure 8–22.  Maximum demand-to-capacity ratio for axial force in core columns between 

Floor 93 and Floor 99 of WTC 1 at 80 min for Case B conditions. 
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Figure 8–23.  Maximum demand-to-capacity ratio for axial force in core columns between 

Floor 93 and Floor 99 of WTC 1 at 100 min for Case B with 5 kip pull-in forces. 

8.4.3 WTC 1 Hat Truss Members and Connections 
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core column splices for tension, outriggers and supporting columns for compression, and the hat truss 
connections that were in the primary load path for tension. 

Core column splices had compressive forces before the aircraft impact.  With the aircraft impact damage 
and increasing plastic and creep strains, the core weakened and shortened, and some core columns were 
supported from the hat truss.  At 100 min, nine core columns (503, 504, 505, 602, 603, 604, 605, 702, and 
802) were in tension at Floor 105 as shown in Fig. 8–24.  To evaluate the condition of the core column 
splices at Floor 106, the tension capacity of these splices was compared to the tensile forces developed 
during each 10 min time interval.  To calculate the connection tensile capacity, AISC-LRFD procedures 
were used.  It was found that tensile forces in the core columns were less than the capacities of the splices. 

There were sixteen outriggers (four on each face), as shown in Fig. 8–25, that transferred gravity loads 
between the core and the exterior walls.  In the global model, each of these outriggers was modeled by 
only one BEAM 24 element; therefore, buckling of the member was not captured although material 
nonlinearity was included.  Table 8–4 lists demand-to-capacity ratios for the outrigger members over 
time.  Capacities of the outriggers were calculated using AISC LRFD procedures for plastic (inelastic) 
buckling with effective length factor K equal to 0.75 (the outrigger end connections were different from 
those used for the core columns) and a resistance factor of 1.0.  As the outrigger members were not 
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modeled with sufficient elements to capture plastic buckling, they yielded when the outrigger reached its 
compressive capacity; therefore, force redistribution to other outriggers was underestimated.   

The hat truss connections within the hat truss itself were also checked. The hat truss connections in the 
primary load path were identified, and their capacities were compared to their forces.  The primary load 
path was identified by selecting hat truss members with an absolute axial stress of 25 ksi or more at 
80 min, as this was when maximum forces occurred.  Only the connections that were transferring tensile 
forces were evaluated. In calculating the capacity of the connections, the AISC-LRFD procedures were 
used.  None of the hat truss connection capacities were exceeded.  It was concluded that the hat truss 
redistributed loads between the core and the exterior wall columns as modeled in the global analysis. 

 

 

 

 

 

 
Figure 8–24.  Tension demand-to-capacity ratio for core column splices at WTC 1 

Floor 106 at 100 min for Case B with 5 kip pull-in forces. 
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Figure 8–25.  Location and label of outriggers and supporting columns for WTC 1. 

Table 8–4.  Demand-to-capacity ratio for axial force in outriggers of WTC 1 for Case B. 
Outrigger ID Bfr Imp Aftr Imp 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min

North
A 0.26 0.35 0.26 0.40 0.49 0.53 0.56 0.59 0.62 0.65 0.54 0.52
B 0.22 -0.07 -0.13 -0.04 0.02 0.04 0.06 0.07 0.08 0.09 0.03 0.03
C 0.21 -0.05 -0.11 -0.02 0.04 0.06 0.08 0.08 0.09 0.11 0.05 0.04
D 0.25 0.35 0.29 0.45 0.61 0.67 0.70 0.72 0.73 0.75 0.65 0.63

East
E 0.32 0.48 0.38 0.56 0.75 0.83 0.88 0.92 0.94 0.97 0.95 0.96
F 0.23 0.28 0.21 0.30 0.41 0.48 0.52 0.55 0.57 0.59 0.62 0.64
G 0.23 0.26 0.20 0.26 0.35 0.42 0.46 0.49 0.51 0.54 0.58 0.61
H 0.33 0.31 0.23 0.25 0.36 0.46 0.51 0.55 0.58 0.60 0.72 0.77

South
I 0.25 0.12 0.04 0.03 0.12 0.20 0.23 0.26 0.27 0.28 0.28 0.28
J 0.21 0.10 0.01 0.03 0.13 0.24 0.28 0.29 0.30 0.31 0.04 -0.02
K 0.21 0.10 0.01 0.03 0.13 0.24 0.27 0.28 0.30 0.31 0.02 -0.04
L 0.26 0.12 0.02 0.05 0.11 0.20 0.24 0.27 0.29 0.31 0.19 0.18

West
M 0.33 0.33 0.22 0.29 0.36 0.44 0.49 0.53 0.56 0.58 0.69 0.73
N 0.24 0.27 0.20 0.28 0.34 0.40 0.44 0.47 0.50 0.52 0.56 0.58
O 0.24 0.29 0.22 0.31 0.38 0.43 0.47 0.50 0.53 0.55 0.59 0.61
P 0.33 0.48 0.39 0.54 0.64 0.71 0.75 0.79 0.83 0.87 0.88 0.90  

8.5 RESULTS OF WTC 2 ANALYSIS 

The global model of WTC 2 with creep, plastic buckling of columns, plasticity, and nonlinear geometry 
was analyzed with Case D structural damage and temperature histories.   
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8.5.1 WTC 2 Structural Response to Aircraft Impact Damage  

Case D structural and passive fire protection damage after the aircraft impact was as follows: 

 WTC 2 had 34 severed columns on the south wall (Columns 407 to 440) and 11 core columns on 
the south side of the core (Columns 701, 702, 801, 802, 803, 901, 903, 1001, 1002, 1003, and 
1004) and 4 exterior columns on the north wall (Columns 253, 254, 257, and 258) that were 
severed or heavily damaged between Floors 78 to 84. 

 Floor slabs and framing were severed or heavily damaged in the south office floor area through 
the east side of the core between Floors 78 and 84. 

 WTC 2 fireproofing damage extended from the south exterior wall, through the east side of the 
core, to the east and north exterior walls between Floors 78 and 84. 

The vertical displacements of the exterior wall before the aircraft impact were about 2.0 in. to 3.0 in. 
(Fig. 8–26). After aircraft impact, the vertical displacements increased to 7.4 in. on the south wall 
(Fig. 8–27).  There was no horizontal (out-of-plane) displacement on the east wall before the aircraft 
impact. After aircraft impact, the south side of the east wall at Floor 86 displaced outward about 2.0 in.; 
whereas, the north side at the same floor did not displace.   

In the core, the vertical displacements were about 3.5 in. to 4.2 in. before the aircraft impact, as shown in 
Fig. 8-28.  After aircraft impact, the vertical displacements increased to 10 in. at the southeast corner of 
the core where the aircraft impact had severed columns, as shown in Fig. 8–29.   

Figures 8–30 and 8-31 show the north-south and east-west lateral displacements of the exterior wall 
above Floor 86 after aircraft impact.  Floor 110 moved toward the south about 5.1 in. and toward the east 
about 5.0 in.  There was also a slight twist around the z-axis of the tower of about 0.07 percent at 
Floor 110.  The twist around the z-axis was calculated by taking the difference between the average in-
plane displacement of the two opposing exterior walls (such as the east and the west walls) at Floor 110 
and dividing the result by the distance between these walls (~200 ft). 

The global analysis showed that WTC 2 was stable following aircraft impact, as was observed, and had 
considerable reserve capacity.  Similar to WTC 1, the core columns were loaded to approximately 50 
percent of their capacity prior to impact, and the exterior columns were loaded to approximately 20 
percent of their capacity.  The exterior columns were capable of large load transfers from the core 
columns after impact. 

The loads in the severed exterior columns were transferred to adjacent exterior columns through the 
spandrels and to the core through the hat truss.  Several of the severed core columns at the southeast 
corner of the core were computed to have failed splice connections to the hat truss (discussed in 
Section 8.5.3). The loads from these columns were transferred through the core floors to adjacent core 
columns and then to the east and south exterior walls through the hat truss.  Additionally, the severed core 
columns at the southeast corner resulted in the core leaning to the southeast.  While the isolated WTC 2 
core model was not stable with the structural impact damage, within the global system the core was 
supported by the floors and exterior walls.   
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The leaning of the core to the southeast contributed to the load redistribution in WTC 2, with a general 
pattern of increased loads on the south and east columns (core and exterior) and decreased loads on the 
north and west columns. Tables 8–5 and 8–6 show the total columns loads at Floors 83 and 105, 
respectively, for the analysis stages from before impact to collapse initiation at 43 min. After impact, as 
shown in Table 8–5, the core carried 6 percent less loads (4,007 kip), and the east wall carried 24 percent 
more gravity loads (4,368 kip).  The north wall loads decreased by 10 percent (1,374 kip), and the south 
and west walls loads increased by 2 percent (227 kip) and 3 percent (604 kip), respectively. 

The loads on the core columns before aircraft impact were distributed essentially symmetrically with 
respect to the center of the core.  There was a slight difference between corner columns on the south side 
(501 and 1001) and north side (508 and 1008) due to slightly higher dead and live loads in the north side 
columns.  Columns 506, 507, 508, and 1008 at the northeast and northwest corners unloaded; the other 
intact core columns increased in load (Figs. 8–32 and 8–33).  The loads in Columns 904 and 1005, which 
were adjacent to the severed and heavily damaged columns, increased substantially at Floor 83 after 
impact.  Column 904 increased from 660 kip to 1,506 kip and Column 1005 increased from 1,287 kip to 
2,794 kip. 

 

 
Figure 8–26.  Vertical displacement before impact of WTC 2 exterior wall for Case D. 
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Figure 8–27.  Vertical displacement after impact of WTC 2 exterior wall for Case D. 

 

 
Figure 8–28.  Vertical displacement before impact of WTC 2 core for Case D. 
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Figure 8–29.  Vertical displacement after impact of WTC 2 core for Case D. 

 

 
Figure 8–30.  Lateral displacements after impact above WTC 2 Floor 86 in the x-direction 

(north-south) for Case D. 
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Figure 8–31.  Lateral displacements after impact above WTC 2 Floor 86 in the y-direction 

(east-west) for Case D. 

Table 8–5.  Total column loads at WTC 2 Floor 83 for Case D (Compression is positive). 

 
 

Row Analysis Stage West East North South Core Sum
(1) Before Impact 18065 18114 13567 13284 61828 124857
(2) After Impact 18670 22481 12193 13511 57821 124676
(3) 10 min 18728 22226 11896 13358 58413 124621
(4) 20 min 18914 22208 12052 13318 58124 124616
(5) 30 min 18876 23681 11770 13365 56967 124659
(6) 40 min 18531 23682 11906 13473 56825 124418
(7) 43 min 15667 15143 14215 16292 62422 123738
(8) (2)-(1) 604 4368 -1374 227 -4007 -181
(9) (3)-(1) 662 4112 -1670 74 -3415 -236

(10) (4)-(1) 849 4094 -1515 35 -3704 -241
(11) (5)-(1) 811 5567 -1797 81 -4861 -199
(12) (6)-(1) 466 5568 -1661 190 -5003 -439
(13) (7)-(1) -2398 -2971 648 3009 594 -1119



 Structural Response of WTC Towers 

NIST NCSTAR 1-6, WTC Investigation 259 

Table 8–6.  Total column loads at WTC 2 Floor 105 for Case D (Compression is positive). 

 
 

 
Figure 8–32.  Core column loads (kip) before impact at WTC 2 Floor 83 for Case D 

(compression is positive). 
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Figure 8–33.  Core column loads (kip) after impact at WTC 2 Floor 83 for Case D 

(compression is positive). 

8.5.2 WTC 2 Structural Response to Elevated Temperatures 

In contrast to the fires in WTC 1, which generally progressed from the north side to the south side over 
approximately one hour, the fires in WTC 2 started and remained on the east side of the building until it 
collapsed, with the fires spreading from south to north.  With fireproofing dislodged over much of the 
same area, the structural temperatures increased in the core, floors, and exterior walls at similar times. 
During the early stages of the fires, columns with dislodged fireproofing elongated due to thermal 
expansion.  As the structural temperatures continued to rise beyond 500 °C, the thermal expansion was 
overcome by plastic and creep deformations under compressive loads.   

Vertical displacement of the exterior walls before impact were 2.0 in. to 3.0 in.  Vertical displacements of 
the south and east walls after impact were around 7.3 in. on the south face (over the severed columns) and 
about 3.5 in. on the east face, as shown in Figs. 8–34 and 8–35.  These vertical displacements remained 
essentially constant after impact until the east wall became unstable at 43 min (Figs. 8–36 and 8–37).  

After impact, the core and the north wall unloaded, and their load was redistributed to the south, west, and 
east walls.  Table 8–7 shows that about 94 percent (3,740 kip/4,000 kip) of the load from the core was 
redistributed through the hat truss to the east, south, and west walls and 6 percent was redistributed 
through the floors to the east wall.  A similar calculation for the east wall indicates that about 62 percent 
(2,699 kip/4,368 kip) of the load increase came through the hat truss and 38 percent was transferred 
through the spandrels to the north and south walls.  Comparison of loads shown in Rows 8, 9, 10, and 11 
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in Tables 8–5and 8–6 show that the column loads did not significantly change until the core unloaded at 
30 min. Prior to this point, the thermal expansion of the core columns caused loads to increase.  When the 
plastic and creep strains exceeded the thermal strains, the core columns shortened and unloaded.  Loads in 
weakened core columns were redistributed to adjacent columns primarily through the hat truss.   

Shortly after impact, Floors 79 to 83 began to sag and pull inward on the east wall (except where truss 
seat connections had failed).  At 20 min, the east wall had bowed inward 9.5 in. near the center of the east 
wall, as shown in Fig. 8–38.  The computed inward displacement agrees well with the observed inward 
displacement (~10 in.) that was measured from photographs at 9:21 a.m. (approximately 20 minutes after 
the aircraft impact).  Inward displacements of the east wall steadily increased until collapse initiation.   

At 30 min, the core unloaded about 850 kip (from 4,861 kip to 4,007 kip), the east wall increased about 
1,200 kip (from 5,567 kip to 4,368 kip), and the north wall unloaded about 420 kip (from 1,797 kip to 
1,374 kip) at Floor 83.  Floor 105 column loads remained almost constant after aircraft impact until the 
east wall became unstable at 43 min.  From 40 min to 43 min, the east wall suddenly unloaded about 
8,540 kip, the west wall unloaded about 2,860 kip, the core load increased by about 5,600 kip, the north 
wall load increased by about 2,310 kip, and the south wall load increased about 2,820 kip at Floor 83 
(Table 8–8).  Comparison of the load redistribution that took place at Floor 105 with that at Floor 83 
indicates that essentially all the additional core load from the east and west walls was transferred through 
the hat truss.  For the east wall, about 46 percent (3,901 kip/8,539 kip) of the load shed was redistributed 
through the hat truss to the core and 54 percent was redistributed primarily through the spandrels to the 
south and north walls.  After the load redistribution, the total load in the core columns increased to the 
same level as before the aircraft impact.   
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Figure 8–34.  Vertical displacement of exterior wall of WTC 2 at 20 min for Case D. 

 
Figure 8–35.  Vertical displacement at Floor 83 of WTC 2 at 20 min for Case D (note the tilt 

toward east and south). 
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Figure 8–36.  Vertical displacement of exterior wall of WTC 2 at 43 min for Case D. 

 
Figure 8–37.  Vertical displacement at Floor 83 of WTC 2 at 43 min for Case D (note the tilt 

toward east and south). 
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Table 8–7.  Change in total column loads before and after aircraft impact. 
(Loads After Impact) – (Loads Before Impact) 

(Compression is positive). 

 

Table 8–8.  Change in total column loads between 40 min and 43 min. 
(Loads at 43 min) – (Loads at 40 min) 

(Compression is positive). 

 

 
Figure 8–38.  Out-of-plane displacement of the east wall of WTC 2 at 20 min for Case D.  
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At 43 min, the east wall became unstable and the inward displacement increased to 62 in., as shown in 
Figs. 8–39 and 8–40.  The south and east wall vertical displacements increased to 11.3 in.  The northwest 
corner of the exterior wall displaced upward about 1.0 in. to 2.0 in., as the tower tilted to the southeast 
around an axis passing through the southwest and northeast corners, as indicated in Fig. 8–37.  The north 
exterior wall displaced laterally by an additional 15.2 in. to the east, and the south exterior wall 
displacement increased 6.7 in. to the south.  The building section above the impact damage rotated about 
the tower axis an additional 0.10 percent at Floor 110. 

The core displacements suddenly increased to 13 in. at the southeast corner of the core, as shown in 
Figs. 8–41 and 8–42.  Loads on the core columns increased significantly, especially at the northeast 
corner.  For instance, at Floor 83 the load in core column 1008 increased from 2,826 kip after aircraft 
impact (Figs. 8–33 and 8–43) to 5,317 kip at 43 min (Fig. 8–44), the load in core column 907 increased 
from 1,290 kip to 2,328 kip, the load in core column 805 increased from 950 kip to 1,483 kip.   

Figure 8–45 shows the total displacements (deformed shape scaled by a factor of 20) above Floor 86 
when the east wall buckled.  The building section above the impact damage tilted to the southeast, and 
collapse initiated.  For reference, the original undeformed tower is also shown. 

When the east wall buckled, the load distribution changed significantly, due to the increased tilting of the 
building section above the impact damage towards the east.  Figures 8–46 to 8–49 show how exterior 
columns loads changed in the exterior walls from before impact to when the east wall became unstable at 
43 min. The exterior columns of the east wall unloaded about 200 kip on average at Floor 83.  Similarly, 
the columns on the west face unloaded about 65 kip on average.  Part of the load from the east and the 
west walls was redistributed to the east side of the south and the north walls.  The column loads on the 
east side of the south wall increased from about 500 kip to 800 kip.  The column loads on the east side of 
the north wall increased from about 250 kip to 400 kip.   

Figures 8–50 and 8–51 illustrate the load redistribution among the exterior wall and core columns at 
Floor 83 before aircraft impact and at 43 min, respectively.  The tilting of the building about an axis 
through the shaded area in Fig. 8–51 followed the buckling of the east wall and weakening of the core.  
Comparison of column loads before aircraft impact and when the east wall became unstable shows the 
columns unloading over the width of the east face and increasing at the east side of the south and north 
walls. 

Figures 8–52 and 8–53 show the maximum elastic-plus-plastic-plus-creep strains in the columns between 
Floor 78 and Floor 83 at 20 min and 43 min, respectively.  The elastic-plus-plastic strains, which were 
less than 0.05 percent before the aircraft impact, reached 0.60 percent in some exterior columns and 
0.35 percent in some core columns after the aircraft impact, typically those adjacent to severed or heavily 
damaged columns. With increasing temperatures the plastic and creep strains increased, especially on the 
east wall and the east side of the core.  When the east wall buckled, the elastic-plus-plastic strains reached 
their maximum of 2.2 percent in the east wall and 0.9 percent in the east side core columns.  Creep strains 
were 1.0 percent to 2.0 percent in the east wall, about 2.0 percent to 6.0 percent in the core columns, and 
about 4.0 percent to 5.0 percent in the east side of the north wall. 
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Figure 8–39.  Out-of-plane displacement of the east wall of WTC 2 at 43 min for Case D. 

 

 
Figure 8–40.  Variation of maximum out-of-plane displacement on the east wall of WTC 2 

over time for Case D. 
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Figure 8–41.  Vertical displacement of core of WTC 2 at 20 min for Case D. 

 
Figure 8–42.  Vertical displacement of core of WTC 2 at 43 min for Case D. 
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Figure 8–43.  Core column loads (kip) at Floor 83 of WTC 2 at 20 min for Case D 

(compression is positive). 

 
Figure 8–44.  Core column loads (kip) at Floor 83 of WTC 2 at 43 min for Case D 

(compression is positive). 
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Figure 8–45.  Total displacements of WTC 2 above Floor 86 at 43 min of Case D 

(deformed shape magnified 20 times).  Note the tilt toward east and south. 

 
Figure 8–46.  Axial force in the east wall columns at Floor 83 of  

WTC 2 for Case D (compression is positive). 
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Figure 8–47.  Axial force in the west wall columns at Floor 83 of  

WTC 2 for Case D (compression is positive). 

 
Figure 8–48.  Axial force in the south wall columns at Floor 83 of WTC 2 for Case D 

(compression is positive). 
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Figure 8–49.  Axial force in the north wall columns at Floor 83 of WTC 2 for Case D 

(compression is positive). 

 

 
Figure 8–50.  Axial force in Floor 83 columns of WTC 2 before impact for Case D 

(compression is positive). 
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Figure 8–51.  Axial force in Floor 83 columns of WTC 2 at 43 min for Case D 

(compression is positive). 

 

 
Figure 8–52.  Maximum elastic-plus-plastic-plus-creep strains at 20 min for columns 

between Floor 78 and Floor 83 of WTC 2 for Case D (strain values are in percent). 
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Figure 8–53.  Maximum elastic-plus-plastic-plus-creep strains at 43 min for columns 

between Floor 78 and Floor 83 of WTC 2 for Case D (strain values are in percent). 
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super-element and the nonlinear portion of the building (Floor 86) were applied to the base of the top 
model for each analysis step. 

Figures 8–54, 8–55, and 8–56 show the loads on the core column splices at the hat truss level at different 
steps of the analysis.  Each splice was under compressive load before the aircraft impact.  After the 
aircraft impact, the splices at severed core column lines started to carry tensile loads.  The tensile capacity 
of the splices was compared to tensile forces at 40 min, which was when the maximum tensile forces 
occurred.  In calculating the tensile capacity of the connections, AISC-LRFD procedures were used.   

 

 

 
Figure 8–54.  Axial force in core columns (kip) at WTC 2 Floor 105 (at hat truss level) 

before impact for Case D (compression is positive). 
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Figure 8–55.  Axial force in core columns (kip) at WTC 2 Floor 105 (at hat truss level) after 

impact for Case D (compression is positive). 
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Figure 8–56.  Axial force in core columns (kip) at Floor 105 (at hat truss level) of WTC 2 

for Case D conditions (compression is positive). 
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Figure 8–57.  State of core column splices at Floor 105 of WTC 2. 
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core (the corner where the core columns were severed due to aircraft impact). 
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Figure 8–58.  Location and IDs of outriggers and supporting columns 

Table 8–9.  Demand-to-capacity ratios for outriggers of WTC 2 for Case D conditions 
(outrigger IDs are shown in Fig. 8–3). 

 

*** 

Outrigger ID Bfr. Imp. Aftr. Imp. 10 min 20 min 30 min 40 min 40* min 40** min 43 min
West

A 0.23 0.61 0.61 0.64 0.66 0.63 0.63 0.38 0.25
B 0.19 0.30 0.30 0.32 0.33 0.31 0.31 0.25 -0.03
C 0.19 0.27 0.27 0.28 0.30 0.27 0.28 0.22 -0.07
D 0.21 0.18 0.18 0.19 0.21 0.18 0.20 0.19 -0.29

North
E 0.29 0.11 0.10 0.10 0.13 0.14 0.17 0.09 -0.01
F 0.21 0.10 0.08 0.08 0.10 0.12 0.13 0.11 0.08
G 0.20 0.11 0.08 0.08 0.11 0.13 0.14 0.13 0.10
H 0.30 0.21 0.16 0.18 0.19 0.18 0.19 0.24 0.24

East
I 0.22 0.39 0.35 0.34 0.45 0.43 0.42 0.41 -0.18
J 0.18 0.56 0.52 0.53 0.66 0.65 0.61 0.71 0.02
K 0.18 0.62 0.58 0.59 0.72 0.72 0.66 0.79 0.09
L 0.22 1.12 1.09 1.12 1.24 1.30 1.11 0.00 0.72

South
M 0.30 0.68 0.64 0.64 0.70 0.75 0.52 0.72 0.87
N 0.22 0.34 0.32 0.33 0.36 0.38 0.28 0.34 0.40
O 0.22 0.30 0.28 0.30 0.32 0.33 0.27 0.31 0.33
P 0.31 0.51 0.50 0.52 0.53 0.53 0.50 0.57 0.49

* After load redistribution due to core column splice failures.
** After Outrigger L was removed.
*** Negative value indicates tension
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With the identified splice failures in Columns 1001 and 1002 and adjacent core columns, the load in this 
outrigger would have been redistributed to other outriggers.  Based on the computed load redistribution 
after splice failures, the demand-to-capacity ratio on Outrigger L was estimated to be reduced from 1.3 to 
1.1 (Column “40* min” in Table 8–9).   

Outrigger L was removed from the top model after all the failed splices were removed to determine the 
effect on adjacent outriggers.  Removal of the Outrigger L represented an upper bound solution as the 
load in the Outrigger would not have dropped down to zero.  The adjacent outriggers increase in load; 
however, after the removal of the Outrigger L as presented in Column “40** min” of Table 8–9, none of 
the remaining outriggers exceeded their buckling or yield capacities. 

The connections within the hat truss were also checked. The hat truss connections in the primary load 
path were identified, and their capacities were compared to their forces.  The primary load path was 
identified by selecting hat truss members with an absolute axial stress of 25 ksi or more at 40 min, as this 
was when maximum forces occurred.  Only the connections that transferred tensile forces were evaluated. 
In calculating the capacity of the connections, the AISC-LRFD procedures were used.  None of the hat 
truss connection capacities were exceeded. Before redistribution of load due to the column-to-hat truss 
splice failure, none of the hat truss connections had exceeded their capacities except for the hat truss 
connections associated with the 1001 core column.  After the load redistribution following the splice 
failure, the demand on the hat truss connections for the 1001 column was less than the yield capacities of 
all connections.  It was concluded that the hat truss was capable of transferring loads from core columns 
to the outriggers. 

Based on this discussion, it was concluded that the hat truss transferred the majority of the loads between 
core and exterior wall columns, even though some column splices may have failed and one outrigger may 
have buckled. 

8.6 STRUCTURAL RESPONSE OF THE WTC TOWERS TO FIRE WITHOUT 
IMPACT DAMAGE  

Whether the towers would have collapsed if subjected to an intense but conventional fire without aircraft 
impact was considered to better understand the relative roles of the impact damage and fires.  This is not 
to imply that the fire growth and spread observed in the towers could be obtained without aircraft damage 
to the buildings and rapid ignition of multi-floor fires due to the dispersion of jet fuel. NIST used the 
observations, information, and analyses developed during the Investigation to enable the formulation of 
probable limits to the damage from such a fire. Since a complete analysis beyond the actual collapse times 
of the towers was not conducted, the findings in this section represent NIST’s best technical judgment 
based upon the available observations, information, and analyses.  

In making the comparison, the following points were considered. 

 Both WTC 1 and WTC 2 were stable after the aircraft impact.  The global analyses showed 
that both towers had considerable reserve capacity after structural impact damage.  For 
example, Figs. 8–9 and 8–10 show the core column demand-to-capacity ratios remained 
nearly the same before and after impact, except for a few columns adjacent to the severed 
columns.  Global analysis produced similar trend for the exterior columns. This was 
confirmed by analysis of video footage of the post-impact vibration of WTC 2, the more 
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severely damaged of the two towers, which showed that the period of vibration of the 
building before and after impact were nearly the same, thus showing that the building had 
significant reserve capacity.  WTC 2 oscillated with a peak amplitude that was between 30 
percent and 40 percent of the tower sway under design winds and at periods nearly equal to 
the first two translation and torsion mode periods calculated for the undamaged structure (see 
NIST NCSTAR 1-2). 

 Results of both the multi-workstation experiments and the simulations of the WTC fires 
showed that the combustibles in a given location, if undisturbed by the aircraft impact, would 
have been almost fully burned out in about 20 min.  Note that, for the occupancies in the 
World Trade Center, the fuel load was estimated—and supported by fire dynamics 
calculations and visual observations—to be approximately 4 psf (see NIST NCSTAR 1-5). 

 The fires used in the Investigation (Cases A through D), estimated from fire dynamics 
simulations, represented fires that were far more severe than an intense conventional fire (see 
NIST NCSTAR 1-5). 

 In WTC 1, if fires had been allowed to continue past the time of building collapse, complete 
burnout would likely have occurred within a short time since the fires had already traversed 
around the entire floor and most of the combustibles would already have been consumed (see 
NIST NCSTAR 1-5).  During the extended period from collapse to burnout, the steel 
temperatures would likely not have increased very much.  The installed insulation in the fire-
affected floors of this building had been upgraded to an average thickness of 2.5 in.  

 In a fire simulation of WTC 2, that extended Case D for 2 hours with all windows broken 
during this period, the temperatures in the truss steel on the west side of the building (where 
the insulation was undamaged) increased for about 40 minutes before falling off rapidly as 
the combustibles were consumed.  Results for a typical floor (floor 81) showed that 
temperatures of 700 C to 760 C were reached over approximately 15 percent of the west 
floor area for less than 10 minutes.  Approximately 60 percent of the floor steel had 
temperatures between 600 C and 700 C for about 15 minutes.  Approximately 70 percent of 
the floor steel had temperatures that exceeded 500 C for about 45 min.  At these 
temperatures, the floors would be expected to sag and then recover a portion of the sag as the 
steel began to cool.  Based on results for Cases C and D, the temperatures of the insulated 
exterior and core columns would not have increased to the point where significant loss of 
strength or stiffness would occur during these additional 2 hours. With intact, cool core 
columns, any inward bowing of the west exterior wall that might occur would be readily 
supported by the adjacent exterior walls and core columns. 

 In the simulations of Cases A through D, none of the columns and trusses for which the 
insulation was intact reached temperatures at which significant loss of strength occurred for 
the duration analyzed.  The relative effects of the presence or absence of insulation on 
structural components, subjected to the same fire conditions, are shown in Fig. 8–59 (see 
NIST NCSTAR 1-5) for both adjacent trusses and exterior columns.  As the plots indicate, 
the rate of heating was found to differ significantly depending on whether the insulation was 
intact or not.  
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Figure 8–59.  Temperatures of two adjacent trusses (left) and two adjacent perimeter 

columns (right) exposed to simulated fires in WTC 1.  Data plotted in blue are for 
structural steel components with fireproofing; data in red are for steel components 

without fireproofing (from NIST NCSTAR 1-5). 
 Structural computer simulations of the floor system (Chapter 7), supported by results of full-

scale fire tests (NIST NCSTAR 1-5) and performance observed in standard fire tests (NIST 
NCSTAR 1-6B), showed that structural steel, insulated with ¾ in. thick fireproofing, would 
not have reached temperatures greater than 650 C prior to burnout of the combustibles (20 
min as noted above).  Simulations also showed that variations in thickness resulting from 
normal application, even with occasional gaps in coverage, would not have changed this 
result. 

 The structural temperatures of core columns in WTC 1 and WTC 2 did not exceed 300 ˚C 
where the fireproofing was intact. Thermal analysis of the WTC 1 and WTC 2 floors and 
exterior columns indicated that the steel temperatures were generally lower than 300 ˚C, with 
a few isolated members that rarely exceeded temperatures of 400 ˚C for WTC 1 and 500 ˚C 
for WTC 2 (NIST NCSTAR 1-5). Under these temperatures, reductions of stiffness and 
strength were small and creep effects and buckling were found not to be significant (Chapters 
4 and 7).  Insulated floors thermally expanded and pushed outward on the exterior columns as 
well as sag in the full floor analyses, but the floor sag was insufficient to exert an inward pull 
on the exterior columns. 

 Inward bowing of the exterior walls in both WTC 1 and WTC 2 was observed only on the 
face with the long-span floor system.  In WTC 1, this was found to be the case even though 
equally extensive fires were observed on all faces.  The impact damage to the north face 
reduced the area over which pull-in could occur.  In WTC 2, fires were not observed on the 
long-span west face and were less intense on the short-span faces than on the east face.   
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 Inward bowing was a necessary but not sufficient condition to initiate collapse.  In both WTC 
1 and WTC 2, significant weakening of the core due to aircraft impact damage and thermal 
effects was also necessary to initiate building collapse. 

 The tower structures had significant capacity to redistribute loads (a) from bowed walls to 
adjacent exterior walls with short-span floors via the arch action of spandrels, and (b) 
between the core and exterior walls via the hat truss and, to a lesser extent, the floors. 

In evaluating how the undamaged towers would have performed in an intense, conventional fire, NIST 
considered the following factors individually and in combination: 

 The temperatures that would be reached in structural steel components with intact insulation. 

 The extent of the area over which high temperatures (e.g., greater than 600 °C where 
significant thermal weakening of the steel occurs) would be reached at any given time. 

 The duration over which the high temperatures would be sustained concurrently in any given 
area. 

 The length of the floor span (long or short) where high temperatures would be reached. 

 The number of floors with areas where high temperatures would be sustained concurrently in 
the long-span direction. 

 The potential for inward bowing of exterior walls (i.e., magnitude and extent of bowing over 
the width of the face and the number of floors involved) due to thermally-induced floor 
sagging of long-span floors and associated inward pull forces. 

 The capacity of the structure to redistribute loads (e.g., via the spandrels, hat truss, and floors) 
if the thermal conditions were sufficiently intense to cause inward bowing of the exterior 
walls.  

In addition, NIST considered the following known facts about the performance of the WTC tower 
structures in fires: 

 Historical fires also provided evidence that the towers would not collapse if subjected to a 
major fire without accompanying impact damage. WTC 1 did not collapse during the major 
fire in 1975, which engulfed about 9,000 ft2 on the southeast quadrant of Floor 11.  The fire 
spread mostly via utility closets to ten floors.  At the time, office spaces in the WTC towers 
were not sprinklered.  The fire caused minimal damage to the floor system with the ½ in. 
specified insulation thickness applied on the trusses (four trusses were slightly distorted) and 
at no time was the load carrying capacity of the floor system compromised.  The fire “did not 
damage a single primary, fireproofed element.  Some top chord members (not needed for 
structural integrity), some bridging members (used to reduce floor tremor and the like) and 
some deck support angles (used only as construction elements) were buckled in the fire—all 
were unfireproofed steel.” (SCHR Letter Report 1975).   
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 Additionally, the four Standard Fire Tests (ASTM E 119) of floor assemblies like those in the 
WTC towers showed that the load carrying capacity of the short span 35 ft floor system with 
a 0.75 in. insulation thickness was not compromised by heating for two hours at furnace 
temperatures with applied loads that exceeded those on September 11, 2001 by a factor of 
two.  It took about 90 minutes of sustained heating in the furnace for temperatures to exceed 
600 °C on steel truss members with either ½ in. or ¾ in. insulation thickness.  The high 
temperature conditions in the furnace tests were at least as severe and lasting as long as the 
WTC fires, although the top of the slab was not heated.  Although some web members 
buckled and the floor test assembly sagged up to 14 in. during the tests, the insulation 
remained intact during the tests. 

From these points and observed performance, NIST concluded: 

 In the absence of structural and insulation damage,  a conventional fire substantially similar 
to or less intense than the fires encountered on September 11, 2001 likely would not have led 
to the collapse of a WTC tower. 

 The condition of the insulation prior to aircraft impact, which was found to be mostly intact, 
and the insulation thickness on the WTC floor system contributed to, but did not play a 
governing role, in initiating collapse of the towers.   

 The towers likely would not have collapsed under the combined effects of aircraft impact and 
the subsequent multi-floor fires encountered on September 11, 2001 if the insulation had not 
been widely dislodged or had been only minimally dislodged by aircraft impact.  

These conclusions apply to fires that are substantially similar to or less intense than those encountered on 
September 11, 2001.  They do not apply to a standard fire exposure or an assumed fire exposure which 
has (a) uniform high temperatures over an entire floor or most of a floor (note that the WTC floors were 
extremely large) and concurrently over multiple floors and (b) high temperatures that are sustained 
indefinitely or for long periods of time (greater than about 20 min at any location), and (c) combusted fire 
loads that are significantly greater than those considered in the analyses.  They also do not apply if the 
capacity of the undamaged structure to redistribute loads via the spandrels, hat truss, and floors were not 
accounted for adequately in a full 3-dimensional simulation model of the structure. 

8.7 SUMMARY OF STRUCTURAL RESPONSE OF THE WTC TOWERS 

The structural analyses conducted of floors, isolated exterior walls and cores, and global models of 
WTC 1 and WTC 2 found that the collapse of the towers was due to the combined effects of structural 
and insulation damage from aircraft impact and the subsequent fires. 

Impact damage alone did not cause collapse of the towers, as they were stable after the aircraft impact and 
analyses showed that they had substantial reserve capacity.  The fires alone also would not have caused 
collapse of the towers. Without impact damage, there would not have been extensive dislodging of 
insulation, and the structural steel temperatures would have been generally less than 300 °C, with a few 
steel temperatures reaching 400 ˚C in WTC 1 floors and 500 ˚C in WTC 2 floors.  The core would not 
have weakened, the floor sag would have been insufficient to pull inward on the exterior columns, and as 
a consequence the exterior walls would not have bowed inward.    
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Collapse occurred after the fires weakened areas of the core, floors, and exterior walls that had dislodged 
insulation, and the core and exterior columns were unable to support the gravity loads with their reduced 
capacity.   

The towers would likely not have collapsed under the combined effects of aircraft impact and the 
subsequent multi-floor fires if the insulation had not been dislodged or had been only minimally 
dislodged by aircraft impact. The existing condition of the insulation prior to aircraft impact and the 
insulation thickness on the WTC floor system did not play a significant role in initiating collapse of the 
towers. 
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Chapter 9 
PROBABLE COLLAPSE SEQUENCES 

9.1 INTRODUCTION 

World Trade Center (WTC) 1 and WTC 2 were subjected to aircraft impact and uncontrolled fires and 
experienced a series of events that required complex analyses to determine their probable collapse 
sequences.  The analysis of these events required a formal approach to integrate multiple disciplines 
effectively, to discern which parameters significantly influenced the analysis methods and results, and to 
determine the probable sequence of events leading to the initiation of structural collapse. These methods 
were applied as appropriate to different scales of modeling—component, subsystem, and global scales—
for the aircraft impact damage, fire dynamics, thermal, and structural response analyses. 

To identify the probable collapse sequences, National Institute of Standards and Technology (NIST) 
adopted an approach that combined mathematical modeling, statistical-based analysis methods, laboratory 
experiments, and analysis of photographs and videos.  The approach accounted for variations in models, 
input parameters, analyses, and observed events.  It included the evaluation and comparison of possible 
collapse hypotheses based on various damage states, fire paths, and structural responses to determine the 
following:  

 The probable sequence of events from the moment of aircraft impact until the initiation of 
global building collapse;  

 How and why WTC 1 stood nearly twice as long as WTC 2 before collapsing (102 min for 
WTC 1 versus 56 min for WTC 2), although they were hit by virtually identical aircraft 
(Boeing 767-200ER); 

 What factors, if any, could have delayed or prevented the collapse of the WTC towers. 

Section 9.2 describes the methodology used to conduct the aircraft impact, fire dynamics, thermal, and 
structural response analyses for determining the probable collapse sequence of each tower, which is 
presented in Section 9.3.  Section 9.4 presents a discussion and summary of the collapse sequences. 

9.2 METHODOLOGY  

To determine the probable collapse sequence for each tower, the following steps were required: 

 identification of key observables, primarily from photographs and videos 

 development of collapse hypotheses, which were updated periodically through the course of 
the investigation with the acquisition of new data and analysis results 
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 sensitivity studies to identify influential parameters through the application of a formal 
statistical approach, orthogonal factorial design (OFD) 

 development and refinement of mathematical modeling—finite element analyses and 
computational fluid dynamics  

 evaluation of analysis results against observed and expected structural behavior, with 
adoption of the event tree technique, and pruning and updating of the tree branches based 
upon comparisons with observed data 

These steps were applied to the degree needed in each phase of the analyses, from aircraft impact to fire 
spread, thermal loads, and structural response.   

9.2.1 Key Observed Events and Conditions  

Observations and data about the events following the aircraft impact were primarily obtained from three 
sources: 

 Photographic and video records that had been catalogued and time stamped for the NIST 
Investigation (NIST NCSTAR 1-5A) 

 Interviews of individuals in the towers during the event and those contacted by individuals in 
the towers during the event (NIST NCSTAR 1-7) 

 Interviews of emergency response personnel and emergency communication records (NIST 
NCSTAR 1-8) 

Observations were used to develop timelines and refine collapse hypotheses for each tower.  Key 
observations were used to guide the towers’ structural analysis and are summarized in the structural 
timelines (Chapter 6).  Structural analyses were used to develop and refine understanding of the 
sequences of events, particularly events near or in the core that could not be observed. 

Observations were classified into two groups: key observations and noted observations.  Key observations 
were significant structural events that were explicitly addressed in or used to validate the structural 
analyses.  Noted observations were events that may have been linked to a structural response, but their 
significance could not be conclusively assessed. 

Observables were used in all the analyses in three ways:  (1) to determine input parameters, such as the 
aircraft speed and direction at impact, (2) to impose time-related constraints on the analysis, such as 
imposing observed broken windows over time to constrain the spread of fire, or (3) to validate analysis 
results, such as global stability after impact and during thermal loading.  

9.2.2 Collapse Hypotheses 

Collapse hypotheses were developed over the course of the NIST Investigation.  The first hypotheses 
were published in the May 2003 NIST Progress Report, and were updated in the June 2004 Progress 
Report and October 2004 Public Meeting at NIST.  The Probable Collapse Sequence for each tower was 
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presented at the April 2005 Public Meeting in New York City. The stages of hypothesis development are 
summarized as follows: 

 Possible Collapse Hypotheses (May 2003) – not building specific; key events not identified 

 Working Collapse Hypothesis (June 2004) – single hypothesis for both WTC towers; 
identified chronological sequence of major events 

 Leading Collapse Hypotheses (October 2004) – separate hypothesis for each WTC tower; 
identified building-specific load redistribution paths and damage scenarios in addition to 
chronological sequence of major events 

 Probable Collapse Sequences (April 2005) – refined building-specific collapse sequences 
with chronological sequence of major events, load redistribution paths, and damage 
scenarios. 

Over the course of the investigation, NIST continued to investigate technical issues and modify or refine 
the collapse hypotheses for each tower as needed.  Technical issues that were analyzed and refined during 
the investigation included: 

 Aircraft impact damage to structural components, insulation, and partition walls. 

 Dispersion of aircraft debris and damage to building contents.  

 Thermal effects on core columns and floors, especially extent and movement of fires. 

 Thermal effects on exterior columns, especially temperature gradients in columns. 

 Extent of load redistribution within and between core columns and exterior wall columns and 
their reserve capacity to accommodate added gravity loads with thermal effects. 

 Capacity of hat truss to accommodate load redistribution from severed columns. 

 Capacity of bolted splices in the severed core columns to carry tensile loads to the hat truss. 

 Relative magnitude of the load redistribution provided by the hat truss, local core floor, and 
the truss floor system for each tower.   

 Axial/shear/bending capacity of floor connections to core and exterior columns. 

 Mechanisms to propagate instability laterally in the exterior columns   

 Capacity of spandrels, including splices, to transfer shear in the exterior walls. 

 Role of bolted splices in the instability of exterior columns. 

 Comparison and reconciliation of hypotheses with observed facts (photographs and videos, 
eyewitness accounts, emergency communication records). 
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The possible collapse hypotheses published in May 2003 were developed by NIST and considered several 
leading hypotheses that had been postulated publicly by experts. These are summarized in Appendix C, 
Table C-1. One hypothesis suggested that the load carrying core columns were weakened by the fires and 
failed, initiating overall building collapse without the need for any weakening or failure of the steel truss 
floor system.  Another hypothesis suggested that significant portions of one or more floor truss systems 
sagged, as they were weakened by fires, pulling the exterior columns inward via the connections to 
initiate overall building collapse through combined compression and bending failure of the exterior 
columns. A variation of this hypothesis suggested that the sagging floor system failed in shear at its 
connections to the columns, leading to overall building collapse initiation through buckling failure of the 
exterior columns. Load eccentricities introduced by partially damaged floor systems could also have 
contributed to buckling failure of the columns.  

The working collapse hypothesis published in June 2004 was developed to explain the collapse initiation 
of the WTC towers.  The working hypothesis (summarized in Appendix C, Table C-2) identified the 
chronological sequence of major events as the WTC tower structures redistributed loads from one 
structural element to another to accommodate the aircraft impact and subsequent fire damage until no 
further load redistribution was possible, thus, leading to collapse.  The working hypothesis was based on 
analysis of the available evidence and data, consideration of a range of hypotheses (including those 
postulated publicly by experts), and the understanding of structural and fire behavior at that time.  It 
allowed for multiple load redistribution paths and damage scenarios for each building. 

The leading collapse hypotheses for WTC 1 and WTC 2 that were presented in October 2004 are shown 
in Appendix C, Figs. C–3 and C–4.  A separate collapse hypothesis was developed for each tower that 
identified load redistribution paths and damage scenarios for each major event.  The leading hypotheses 
accounted for the WTC structural system, aircraft impact and subsequent fires, post-impact condition of 
insulation, the quality and properties of the structural steel and concrete, and the relative roles of the 
exterior and core columns and the composite floor system, including connections.  The hypotheses were 
consistent with evidence held by NIST (at that time).  They were based on the subsystem analysis 
described in Chapter 7. 

The Probable Collapse Sequences for WTC 1 and WTC 2 were presented in April 2005 following 
completion of global structural response analyses and are shown in Section 9.3. The structural sequences 
of events were consistent with evidence held by NIST. 

9.2.3 Mathematical Modeling – Analysis Interdependencies 

Events that played a significant role in the structural performance of the towers were the aircraft impact, 
rapid ignition of fire on multiple floors, and the growth and spread of fire in each tower. To determine the 
structural response, detailed information was required on the condition of the structural system and its 
passive fire protection system both before and after the aircraft impact and during the ensuing fires that 
elevated temperatures in the structural members.  

The interdependence of the various analyses is illustrated in Fig. 9–1.  Reference structural models were 
developed before other structural models to determine the baseline performance of each tower prior to 
September 11, 2001.  The reference models were used as a basis for the aircraft impact damage models 
and the structural response and failure models to ensure consistency between structural models.  The 
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aircraft impact analysis determined damage to the exterior and the interior of the building and included 
the structural system, insulation, partition walls, and furnishings for each tower. The analysis also 
provided an estimate of the fuel dispersion in the towers. These results provided initial conditions for the 
fire dynamics analysis, thermal analysis, and structural analysis. The fire dynamics analysis simulated the 
growth and spread of fires and produced gas temperature histories for each floor subjected to fire. The fire 
dynamics model accounted for damage to interior partition walls and floors (which affected ventilation 
conditions) and the distribution of debris and fuel.  

 
Figure 9–1. Critical analysis inter-dependencies. 

The thermal analysis used a solid element heat transfer model to determine temperature histories for the 
various structural components accounting for the presence or dislodgement of insulation.  The thermal 
analysis required input from the structural analysis model, fire dynamics analysis results, the analysis of 
damage to insulation, and temperature-dependent thermal material properties. The structural temperature 
histories, also referred to as thermal loads, were input to the structural analysis, along with the structural 
impact damage and temperature-dependent material properties, to determine the structural response of 
each tower. 

Aircraft Impact 
Damage Analysis 

LS-DYNA 

Collapse Sequence 

Reference Structural 
Models 

SAP 

Compartment Damage 

Debris and Fuel Distribution 

Fireproofing 
Damage 

Structural 

Damage 

Gas Temperature 
Histories 

Structural 
Temperature 

Histories 

Fire Dynamics 
Analysis 

FDS 

Thermal Analysis 

ANSYS 

Structural Response and 
Failure Analysis 

ANSYS 

Baseline 
Performance  

Analysis 

SAP
Reference 

Model     
Conversion 

Reference 
Model     

Conversion 

Structural 
Model     

Conversion 

Resolution 
1-4 in. 
10-6 s 

Resolution 
50 cm 
10-3 s 

Resolution 
1-2 cm 
1 s

Resolution 
1 to 60 in. 
600 s Time scale range between analyses: 

10 orders of magnitude 

Length scale range between analyses: 
5 orders of magnitude 



Chapter 9   

290  NIST NCSTAR 1-6, WTC Investigation 

9.2.4 Sensitivity Studies to Identify Influential Variables 

Sensitivity studies were conducted for the aircraft impact, fire dynamics, and thermal analyses to identify 
the most influential parameters for component, connection, and subsystem behavior.  To identify the most 
influential parameters, an orthogonal factorial design process was used to design analysis ‘experiments’ 
(Box, 1978).  Numerical experiments with an orthogonal factorial design (OFD) method were conducted 
for detailed models of components and subsystems to identify parameters that strongly influenced the 
analysis results: 

 Only parameters whose values were not accurately known were selected (parameters that 
were known with near certainty were set to the known values). 

 Selected parameters were varied within a range of likely values, determined from available 
data and assigned three alternative values:  lower value (-), central value (0), upper value (+). 

The OFD approach allowed for identification of influential parameters that reduced the number of 
analysis runs at the global level.  The influential parameters for the structural response analyses included 
the aircraft impact analyses through the impact damage and temperature histories that were part of the 
required input data.  To determine structural response to damage and thermal loads, numerous component 
and subsystem studies were conducted that identified critical structural behavior and failure mechanisms 
and how they varied with temperature.  Structural behaviors that were studied included restrained thermal 
expansion, thermal weakening of columns and floors, floor sagging and associated inward pull on exterior 
wall, and load redistribution through major structural subsystems. Failure mechanisms that were studied 
included, for example, tensile failure of core column splices and hat truss connections, column buckling, 
or loss of composite action in the floor system.  

The influential parameters that were identified for each analysis, based on available information, were 
used to create three input data sets.  Figure 9–2 illustrates the analysis tree with all influential parameter 
combinations resulting from this procedure for the three likely values, a lower value, a central value, and 
an upper value.  It is apparent that analysis of all possible combinations required the number of analyses 
at each level to increase by a factor of three.  The number of global structural response analyses was 
prohibitive with this approach. 

However, computational analyses provided valuable insight into the relationship between input and 
output data for the aircraft impact, fire dynamics, thermal, and structural response analyses. These 
insights, along with the sensitivity studies, enabled significant reduction of the number of scenarios that 
were analyzed.  Figure 9–3 shows the final pruned analysis tree, which was obtained as follows.  After the 
aircraft impact analysis results were evaluated for the three sets of input parameters, the less severe 
damage case was discarded (pruned) as it did not reasonably match key observables.  The base and more 
severe damage cases were each analyzed for fire growth and spread (FDS) and for the corresponding 
temperature histories of structural components (FSI).  The linkage between the aircraft impact, fire 
dynamics, and thermal analyses for each damage case created highly correlated sets of input data and 
analysis results.  For instance, the damage from the severe aircraft impact case provided input data for 
analysis of the fires corresponding to the severe impact damage, and both analyses provided input data for 
the thermal analysis of structural components subject to severe impact damage and the corresponding 
fires.  The high level of correlation between the linked sets of aircraft impact, fire, and thermal analyses, 
as well as similar results for alternative fire conditions for the same impact damage, led to a single branch 
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at each successive analysis, as shown in Fig. 9–3.  The temperature histories for the base and more severe 
cases (referred to as Case A and Case B for WTC 1 or Case C and Case D for WTC 2 elsewhere in this 
report) were used in the structural analysis of major subsystems—the isolated core, a full floor, and the 
exterior wall analyses.  The results of the subsystem analyses showed that the more severe case impact 
damage results better matched key observables.  The subsystem analysis results led to the pruning of the 
global structural analysis for the base case impact damage sub-tree, as shown in Fig. 9–3.  Consequently, 
only the more severe cases (Cases B and D) were used in the global analysis of each tower. 

Tables 9–1 to 9–4 list the observables used for the validation of analysis results, the significant input data, 
influential parameters, and significant output for each analysis. 

 
Figure 9–2. Full analysis tree for influential parameter effects. 
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Figure 9–3. Pruned analysis tree for influential parameter effects. 
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Table 9–2. Fire dynamics analysis parameters. 
Validation Data Model and Analysis 

Observables from 
Photo/Video 

Observables 
from 
Interviews 

Significant Input 
 

Influential 
Parameters 

Significant Output 

Fire near windows 
vs location and time 

 

Smoke out windows 
vs location and time 

 

Window breakage vs 
location and time 

None Ventilation sources from 
debris damage 

 

Added fuel from aircraft  

 

Fuel distribution after 
aircraft impact  

 

Window openings vs time 

 

Floor content layout 

Average fuel density 

 

Distribution of intact 
contents vs rubble 

 

Shaft ventilation in 
core 

 

Partition damage 

Gas temperature 
histories 

Table 9–3. Thermal analysis parameters. 
Validation Data Model and Analysis 

Observables from 
Photo/Video 

Observables 
from 
Interviews 

Significant Input 
 

Influential 
Parameters 

Significant Output 

None None Thermal models of 
structure 

 

Insulation initial condition  

 

Estimated insulation 
damage 

 

Gas temperatures  

Insulation initial 
condition  

 

Estimated insulation 
damage 

Structural 
temperature histories 
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Table 9–4. Structural response analysis parameters. 
Evidence/ Data Model and Analysis 

Observables from 
Photo/Video 

Observables 
from 
Interviews and 
Recordings 

Significant Input 
 

Influential 
Parameters 

Significant Output 

Initial Stability 

 

Floors sagging at 
windows 

 

Exterior wall inward 
bowing and 
instability 

 

Tilt of building 
section above 
impact during 
collapse 

NYPD Aviation 
Unit first 
responder 
communications 

Initial structural 
condition after impact 

 

Structural temperature 
histories 

 

Pull-in force location 
and magnitude 

Pull-in force location 
and magnitude  

 

Floor disconnections 

 

Creep strain 

 

Probable collapse 
sequence 

 

Sequence of 
component and 
subsystem failures, 
including instability 
of exterior wall 

 

Global stability vs 
time 

 

 

9.2.5 Evaluation of Collapse Hypotheses 

Development and validation of the probable collapse sequence for each tower was shaped by evidence 
gathered in the investigation, including photographs and videos, design and maintenance documents, and 
eyewitness accounts. Photographs and videos provided knowledge about aircraft impact damage to the 
tower exterior walls, fire growth and spread at the building exterior, inward bowing of an exterior wall in 
each tower, and the direction of tilt for the building section above the impact zone as the towers collapsed.  
Eyewitness accounts provided some information about the interior conditions surrounding the impact 
areas, but the descriptions tended to be general in nature and often did not provide locations or specifics 
within a floor level.  Figure 9–4 lists data (primarily based on photos and videos except for the 
metallurgical measurements) used to determine input data, impose time-related constraints, and validate 
analysis results for determining the probable collapse sequences. 

The use of observables as a constraint had the important effect of reducing the uncertainty in the analysis 
results. The time and frequency of the applied constraints affected the degree to which the analysis 
uncertainty was reduced.   

Figure 9–5 illustrates conceptually how the variance (or uncertainty) of the global stability of the towers 
(indicated here by the global reserve capacity RC) changed from the time of impact to the time of 
collapse.  The shaded band qualitatively indicates the degree of uncertainty in RC at each time t after 
considering the analysis results and the observations made prior to t, except for collapse.  The aircraft 
impact caused a reduction in the towers strength, but substantial reserve capacity remained afterward.  
The combined effect of the impact damage and fires caused a gradual reduction of the global capacity.  
The initial period of heating caused minimal changes in the structural capacity, but as time progressed, 
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various events occurred that caused a sudden or more rapid loss of global capacity.  For instance, failure 
of critical columns from thermal weakening or inward bowing of an exterior wall may are events 
associated with a rapid loss of global capacity. 

Based only on model predictions, the variance (or uncertainty) of the global reserve capacity grew with 
time.  However, whenever an observable matched analysis results, it reduced the uncertainty in the 
analysis results.  Alternatively, when the observables were used to constrain model parameters and adjust 
results to be consistent with observations, the variance of the global reserve capacity and the sequence of 
events that took place were reduced.  As the structural analyses approached the time to collapse, the 
ability of the analyses to match the time to failure depended upon the variance in the analysis results.  
When considering the sequence of structural events and time to failure, it was more important to match 
the sequence of events as the time to collapse initiation was influenced by adjustments in influential 
parameters and imposition or matching of observables.  As a result of using observables to constrain 
model parameters and analysis results, NIST believes that the probable collapse sequences that were 
determined are highly robust.  The times to failure for the collapse sequences, however, are subject to 
considerable variability, particularly since they are sensitive to small changes in the magnitude of the 
pull-in forces. 

 
Figure 9–4. Data used for input, constraints, and validation of probable collapse 

sequences. 

 

Aircraft Impact 

 Impact damage to exterior wall 
 Engine exit location and speed 
 Exit areas for debris 
 Aircraft impact velocity, location, and orientation to building 
 Stairwell damage 

 
Fire/Thermal  

 Fire in windows vs. location and time 
 Smoke vs. location and time 
 Window breakage vs. location and time 

 
Material Properties 

 Mechanical and metallurgical properties of recovered steel 
 

Structural Response 

 Global stability after impact and during thermal loading 
 Floors draped in windows 
 Inward bowing of exterior columns 
 Tilting of building section above impact and fire zone 
 Time to collapse
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Figure 9–5.  Variability in global reserve capacity using model predictions and 

observables for sequential analyses with imperfect information. 

9.3 PROBABLE COLLAPSE SEQUENCES 

The following four structural events that were common to both towers are part of the sequence of events 
described: 

 Floor sagging was caused by elevated steel temperatures resulting from loss of insulation.  
Substantial sagging of the floor resulted in pull-in forces at column connections, and led to 
inward bowing of the exterior wall.  Calculations, supported by the four Standard Fire Tests, 
showed that the most likely cause of floor sagging was buckling of the truss web diagonals, 
as shown in Fig. 9–6.  In the figure, the left portion of the truss maintained flexural stiffness, 
but the right end lost some flexural stiffness as a result of extensive web buckling.  The 
resultant sagging produced tensile forces in the floor system which was approximated by a 
combination of flexural and catenary behaviors as shown in Fig. 9–7.  A floor system with 
tensile forces at its connections does not restrain the exterior wall from bowing inward.  

 Bowing and plastic buckling of an exterior wall under the combined effects of elevated 
temperatures, redistributed gravity loads, pull-in forces from sagging floors, and loss of 
lateral support due to failure of truss seat connections. 

 Weakening of the core columns (which was resisted by the hat truss) was caused by the 
combined effects of structural impact damage, redistributed gravity loads, elevated 
temperatures, plastic and creep strains, and plastic buckling of core columns. 
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 Redistribution of gravity loads resulted from impact damage, restrained thermal expansion, 
core weakening, leaning of the tower section above the impact damage, and bowing and 
buckling of exterior walls.  Redistribution of gravity loads between the core to the exterior 
walls occurred primarily through the hat truss, while load redistribution between adjacent 
exterior walls occurred primarily through the spandrels.  Restrained thermal expansion 
occurred in the exterior wall when heated columns were restrained by adjacent cooler 
columns.  Restrained thermal expansion also occurred when the core columns were restrained 
by the hat truss connection to the exterior wall; elongation of the core columns transferred 
loads from the exterior wall to the core.   

 
Figure 9–6.  Vertical displacement contour of the detailed truss model under thermal 

loading. 

 
Figure 9–7.  Combined flexural and catenary action in the floor system. 

9.3.1 Probable Collapse Sequence of WTC 1 

The aircraft impacted the north wall of WTC 1 at 8:46 a.m.  The aircraft impact severed exterior columns 
and floors on the north side of the tower and into the core between Floors 93 and 98.  The subsequent 
fires weakened structural subsystems, including the core, floors, and exterior walls.  The core weakened, 
the floors sagged, and the south exterior wall bowed inward.  At 10:28 a.m., about 102 min after the 
aircraft impact, WTC 1 began to collapse. 
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A sequence of main structural events that led to the collapse of WTC 1 starting from aircraft impact is 
discussed below.  The WTC 1 collapse sequence consisted of five main events: aircraft impact, core 
weakening, floor sagging and disconnection, inward bowing of the south wall, and collapse initiation. 
Each event is discussed in terms of (1) the factors and sub-events that led to the event and (2) the 
consequential structural changes that were caused by the event.  Observations for WTC 1 are presented 
again in Table 9–5. The probable collapse sequence is presented in Fig. 9–8.  

Table 9–5.  Observations for WTC 1. 

Time 
Time from 

Impact Observation 

8:46:26 0 min WTC 1 was impacted by a Boeing 767 between Floors 93 and 99 
and Columns 109 and 152.  Fig 6–1 shows Columns 120 to 159. 

9:25:28 39 min Fire on west side of south wall. 
9:40 69 min No inward bowing of perimeter columns was visible 

10:22:59 97 min Inward bowing of the south perimeter wall was visible from Floor 
95 to about Floor 99, with a maximum inward bowing of  ~ 55 in. at 
Column 315 and Floor 97. 

10:28:18 102 min Smoke and debris clouds out of the north, east, and west walls on 
Floor 98.  Fire out of windows on the north, east, west, and south 
walls between Floor 92 and Floor 98, and Floor 104. 

10:28:20 102 min Tower began to collapse – first exterior sign of collapse was at 
Floor 98.  Rotation of at least 8 degrees to the south occurred before 
the building section began to fall vertically under gravity. 

10:28:48 102 min Remaining portion of core collapsed. 
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Figure 9–8. WTC 1 probable collapse sequence. 

 

1. Aircraft Impact Damage: 
 Aircraft impact severed a number of exterior columns on the north wall from Floor 93 and 

Floor 98, and the wall section above the impact zone moved downward.   
 After breaching the building’s exterior, the aircraft continued to penetrate into the building, 

severing floor framing and core columns at the north side of the core.  Core columns were also 
damaged toward the center of the core and, to a limited extent on the south side of the core.  
Fireproofing was damaged from the impact area to the south exterior wall, primarily through 
the center of WTC 1 and at least over a third to a half of the core width. 

 Aircraft impact severed a single exterior panel at the center of the south wall between floors 94 
and 96. 

 The impact damage to the exterior walls and to the core resulted in redistribution of severed 
column loads, mostly to the columns adjacent to the impact zones.  The hat truss resisted the 
downward movement of the north wall, and rotated about the east-west axis.   

 As a result of the aircraft impact damage, the north and south walls each carried about 7 percent 
less gravity loads after impact, and the east and west walls each carried about 7 percent more 
loads.  The core carried about 1 percent more gravity loads after impact.

2. Effects of Subsequent Fires and Impact Damaged Fireproofing: 
A. Thermal Weakening of the Core: 

 The undamaged core columns developed high plastic and creep strains over the duration the 
building stood, since both temperatures and stresses were high in the core area.  The plastic 
and creep strains exceeded thermal expansion in the core columns.   

 The shortening of the core columns (due to plasticity and creep) was resisted by the hat 
truss, which unloaded the core over time and redistributed loads to exterior walls. 

 As a result of the thermal weakening (and subsequent to impact and prior to inward bowing 
of the south wall), the north and south walls each carried about 10 percent more gravity 
loads, and the east and west walls each carried about 25 percent more loads. The core 
carried about 20 percent less gravity loads after thermal weakening.   

B. Thermal Weakening of the Floors: 

 Floors 95 to 99 weakened with increasing temperatures over time on the long-span floors 
and sagged. The floors sagged first and then contracted due to cooling on the north side; 
fires reached the south side later, the floors sagged, and the seat connections weakened.  

 Floor sagging induced inward pull forces on the south wall columns.  
 About 20 percent of the connections to the south exterior wall on floors 97 and 98 failed 

due to thermal weakening of the vertical supports. 
C. Thermal Weakening of the South Wall:   

 South wall columns bowed inward as they were subjected to high temperatures and inward 
pull forces in addition to axial loads. 

 Inward bowing of the south wall columns increased with time. 
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Figure 9–8.  WTC 1 probable collapse sequence (cont). 

Aircraft Impact 

WTC 1 was impacted by an aircraft on the north wall.  Columns 112 to 151 between Floors 94 and 98 
were severed or heavily damaged on the north wall.  After breaching the building’s perimeter, the aircraft 
continued to penetrate into the building.  The north office area floor system sustained severe structural 
damage between Columns 112 and 145 at Floors 94 to 98.  Core columns were severed or heavily 
damaged (nine were predicted) between Floor 92 and Floor 97.  The aircraft impact also severed a single 
exterior panel at the center of the south wall from Columns 329 to 331 between Floor 93 and Floor 96.  In 
addition, insulation on floor framings and columns were damaged from the impact area to the south 
perimeter wall, primarily through the center of WTC 1 and over one-third to one-half of the core width. 

Gravity loads on severed columns were redistributed mostly to columns adjacent to the impact zone.  Due 
to the severe impact damage to the north wall, the wall section above the impact zone moved downward.  
The hat truss resisted the downward movement of the north wall and rotated about its east-west axis, 
which reduced the load on the south wall.  As a result, the north and south walls each carried about 7 
percent less gravity loads at Floor 98 after impact, the east and west walls each carried about 7 percent 
more loads, and the core carried about 1 percent more gravity loads at Floor 98 after impact, as shown in 
Table 9–6. 

Core Weakening 

Temperatures in the core area rose quickly; therefore, the thermal expansion of the core was larger than 
the thermal expansion of the exterior walls in early stages of the fire, resulting in an increase in the 
gravity loads in the core columns until 10 min (8:56 a.m.), as shown in Table 9–6.  The additional loads 
due to impact damage and high temperatures resulted in high plastic and creep strains in the core columns 
during early stages of the fire.  Creep strain continued to increase until the collapse initiated.  By 30 min 
(9:16 a.m.), the plastic-plus-creep strains exceeded thermal expansion strains.  Due to high plastic and 
creep strains and plastic buckling of some core columns, at 100 min (10:26 a.m.), the core structure at 
Floor 99 had displaced downward 2.0 in. on average. 

3. Collapse Initiation 
 The inward bowing of the south wall induced column instability, which progressed rapidly 

horizontally across the entire south face. 
 The south wall unloaded and tried to redistribute the loads via the hat truss to the thermally 

weakened core and via the spandrels to the adjacent east and west walls. 
 The entire section of the building above the impact zone began tilting as a rigid block (all 

four faces, not only the bowed and buckled south face) to the south (at least about 8º) as 
column instability progressed rapidly from the south wall along the adjacent east and west 
walls. 

 The change in potential energy due to downward movement of building mass above the 
buckled columns exceeded the strain energy that could be absorbed by the structure.  
Global collapse then ensued. 



 Probable Collapse Sequences 

NIST NCSTAR 1-6, WTC Investigation 301 

Table 9–6. Total column loads at Floor 98 and Floor 105 of WTC 1 for Case B. 
North East South West Core

Floor 98 Floor 105 Floor 98 Floor 105 Floor 98 Floor 105 Floor 98 Floor 105 Floor 98 Floor 105
(1) Before Impact 10,974 8,026 8,545 6,562 11,025 8,092 8,572 6,604 34,029 20,361
(2) After Impact 10,137 7,294 9,071 7,028 10,356 7,488 9,146 7,076 34,429 20,761
(3) 10 min 9,796 6,944 8,490 6,461 9,848 6,981 8,536 6,469 36,473 22,790
(4) 20 min 10,437 7,551 9,108 7,075 9,900 7,057 9,202 7,158 34,495 20,806
(5) 30 min 10,913 8,020 10,034 7,998 10,420 7,569 9,715 7,685 32,060 18,377
(6) 40 min 11,068 8,193 10,599 8,571 11,004 8,129 10,178 8,147 30,294 16,608
(7) 50 min 11,149 8,285 10,908 8,878 11,192 8,315 10,458 8,428 29,435 15,743
(8) 60 min 11,205 8,351 11,168 9,130 11,285 8,414 10,716 8,687 28,766 15,069
(9) 70 min 11,286 8,435 11,366 9,319 11,343 8,481 10,939 8,914 28,205 14,502

(10) 80 min 11,376 8,528 11,555 9,497 11,409 8,551 11,119 9,097 27,681 13,978
(11) 90 min 10,916 8,096 11,991 9,847 9,949 7,327 11,657 9,506 28,587 14,876
(12) 100 min 10,828 8,023 12,249 10,076 9,638 7,066 11,905 9,720 28,478 14,767
(13) (2) - (1) -837 -732 526 466 -668 -604 574 472 400 400
(14) (10) - (2) 1,239 1,234 2,484 2,470 1,052 1,063 1,973 2,021 -6,748 -6,783
(15) (12) - (2) 692 730 3,178 3,048 -719 -422 2,759 2,644 -5,951 -5,993
(16) (12) - (10) -548 -504 694 579 -1,771 -1,485 786 623 797 790

Note : Compression is positive.  Units are in kip.  
The shortening of core columns was resisted by the hat truss, which unloaded the core with time and 
redistributed the gravity loads from the core to the exterior walls, as can be seen in Table 9–6 at 80 min.  
As a result, the north, east, south, and west walls carried about 12 percent, 27 percent, 10 prcent, and 22 
percent more gravity loads, respectively, for Floor 98 at 80 min than the state after impact, and the core 
carried about 20 percent less loads.  At 80 min, the unloading of the core columns was at its maximum.   

Sagging of Floors and Floor/Wall Disconnections 

The floors thermally expanded in the early stages of the fires.  However, the thermal expansion was 
overcome by the significant sagging of the floors, which then pulled inward on the exterior columns.  
Floor 95 to Floor 99 sagged due to elevated temperatures in the south floor areas with long-span trusses.  
While the north floors first sagged and then contracted due to cooling on the north side, the fires reached 
the south side later, and the south floors sagged.  Figure 9–9 shows vertical displacement contours of 
Floor 95 to Floor 98 predicted by the full floor models at 100 min (10:26 a.m.).  Floor sagging induced 
pull-in forces on the south wall columns over Floors 95 to 99.  In addition, about 20 percent of the 
exterior seats of Floors 97 and 98 on the south wall failed due to their reduced vertical shear capacity, as 
shown in Fig. 9–10. 

Bowing of South Wall 

Exterior columns on the south wall bowed inward as they were subjected to high temperatures, pull-in 
forces from the floors (beginning at about 80 min), and additional loads redistributed from the core.  The 
observed inward bowing of the south wall at 10:23 a.m. was 55 in. while the calculated inward bowing 
was 31 in., as shown in Figs. 9–11 and 9–12.  Since no bowing was observed on the south wall at 
9:55 a.m., the south wall was considered to begin bowing inward around 10:10 a.m. when the floors on 
the south side began to experience large sagging.  The inward bowing of the south wall increased with 
time due to additional gravity loads caused by core weakening and increased temperatures on the south 
wall.  As the floor applied inward pull to the south exterior wall at approximately 80 min, the south wall 
began to unload to adjacent walls and the core. 
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Figure 9–9.  Vertical displacement of Floors of WTC 1 for Case B′ at 100 min. 

 
Figure 9–10.  Loss of vertical supports observed in Floor 97 and Floor 98 of WTC 1 for 

Case B′ (1x displacement magnification). 
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Figure 9–11.  Inward bowing of the WTC 1 south wall of WTC 1 at 10:23 a.m.   
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Figure 9–12.  Inward bowing of south wall of WTC 1 global model with creep at 100 min 

for Case B with 5 kip pull-in forces (5x displacement magnification). 

Buckling of South Wall and Collapse Initiation 

The inward bowing of the south wall increased as the post-buckling strength of bowed columns continued 
to reduce.  The bowed columns increased the loads on the unbuckled columns on the south wall by shear 
transfer through the spandrels.  Consequently, instability progressed horizontally, and when it engulfed 
the entire south wall, it progressed along the east and west walls.  Moreover, the unloading of the south 
wall resulted in further redistribution of gravity loads on the south wall to the east and west walls and to 
the thermally weakened core via the hat truss.  At 100 min, the north, east, and west walls at Floor 98 
carried about 7 percent, 35 percent, and 30 percent more gravity loads than the state after impact, and the 
south wall and the core carried about 7 percent and 20 percent less loads, respectively.  The increased 
loads on the east and west walls were due to their relative higher stiffness compared to the impact 
damaged north wall and bowed south wall.  The section of the building above the impact zone began 
tilting to the south at least about 8˚ as column instability progressed rapidly from the south wall along the 
adjacent east and west walls, as shown in Fig. 9–13.  The gravity loads could no longer be redistributed, 
nor could the remaining core and perimeter columns support the gravity loads from the floors above. The 
change in potential energy due to downward movement of building mass above the buckled columns 
exceeded the strain energy that could have been absorbed by the structure.  Global collapse ensued. 
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Figure 9–13.  Expulsion of smoke and debris at WTC 1 Floor 98 on the east, north, and 

west faces. 
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9.3.2 Probable Collapse Sequence of WTC 2 

The aircraft impacted the south wall of WTC 2 at 9:03 a.m.  The impact mostly severed columns and 
floors that were toward the east side of the building between Floor 78 and Floor 84.  The subsequent fires 
were also observed on the east side of the building.  At 9:59 a.m., about 56 min after the aircraft impact, 
the building started to collapse, with the east wall buckling inward followed by tilting of the building 
portion above Floor 82 toward the east and south.   

The section below discusses the sequence of main structural events that led to the collapse of WTC 2 
starting from aircraft impact.  Each event is discussed
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Figure 9–14. WTC 2 probable collapse sequence. 

1. Aircraft Impact Damage: 
 Aircraft impact severed a number of exterior columns on the south wall from floors 78 to 84, 

and the wall section above the impact zone moved downward.   
 After breaching the building’s exterior, the aircraft continued to penetrate into the building, 

severing floor framing and core columns at the southeast corner of the core.  Fireproofing was 
damaged from the impact area through the east half of the core up to the north and east 
exterior walls. The floor truss seat connections over about 1/4 to 1/2 of the east side of the 
core were severed on floors 80 and 81 and over about 1/3 of the east exterior wall on floor 83. 

 Aircraft impact severed a few columns near the east corner of the north wall between floors 80 
and 82. 

 The impact damage to the exterior walls resulted in redistribution of severed column loads, 
mostly to the columns adjacent to the impact zones.  The impact damage to the core columns 
resulted in redistribution of severed column loads mostly to other intact core columns and the 
east exterior wall. The hat truss resisted the downward movement of the south wall, and 
rotated about the east-west axis.   

 As a result of the aircraft impact damage, the core carried 6 percent less gravity loads after 
impact and the north face carried 10 percent less loads.  The east face carried 24 percent more 
gravity load, while the west face and the south face carried 3 percent and 2 percent more 
gravity load, respectively. 

 After impact, the core was leaning toward the east and south exterior walls.  The exterior 
walls acted to restrain the core structure. 

2. Effects of Subsequent Fires and Impact Damaged Fireproofing: 
A. Thermal Weakening of the Core: 

 Several of the undamaged core columns near the damaged and severed core columns 
developed high plastic and creep strains over the duration the building stood, since both 
temperatures and stresses were high in the core area.  The plastic and creep strains exceeded 
thermal expansion in the core columns.   

 The core continued to tilt toward the east and south due to the combination of column 
shortening (due to plasticity, creep, and buckling) and the failure of column splices at the hat 
truss in the southeast corner. 

 As a result of thermal weakening (and subsequent to impact), the east wall carried about 5 
percent more gravity loads and the core carried about 2 percent less loads.  The other three 
walls carried between 0 and 3 percent less loads. 

B. Thermal Weakening of the Floors: 
 Floors 79 to 83 weakened with increasing temperatures over time on the long-span floors on 

the east side and sagged.  
 Floor sagging induced inward pull forces on the east wall columns.  
 About an additional 1/3 of the connections to the east exterior wall on floor 83 failed due to 

thermal weakening of the vertical supports. 
C. Thermal weakening of the east wall:   

 East wall columns bowed inward as they were subjected to high temperatures and inward pull 
forces in addition to axial loads. 

 Inward bowing of the east wall columns increased with time.
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Figure 9–14. WTC 2 probable collapse sequence (cont). 

As a result of the impact damage, dead and live loads carried by severed columns on the south wall and in 
the southeast corner of the core were redistributed to adjacent intact columns and also to the columns on 
the east wall (see Table 9–8).  After redistribution, the total axial load on the core columns reduced by 
6 percent, and the total axial load on the north wall columns reduced by 10 percent.  The total axial load 
on the east wall columns, however, increased by 24 percent, and the total axial load on the west and south 
wall columns slightly increased by 2 percent to 3 percent. 

Just below the hat truss level (Floor 105), analyses predicted that about seven column splices failed for 
columns at the southeast corner of the core.  This increased the core tilting toward the southeast and also 
increased the vertical downward displacement of the core at the impact zone.  After the failure of the core 
column splices, the remaining core columns transferred 73 percent of the loads released in the failing core 
columns to the exterior walls through the hat truss and 27 percent of the loads were transferred through 
the core floors.   

Even though some column loads on the south wall were reduced after impact, the total load did not 
change, as some of the loads from the core area were redistributed to that wall through the hat truss (see 
Table 9–9).  At the end of the load redistribution after impact, the core was leaning toward the east and 
south.  The perimeter walls acted to restrain the core structure in the lateral direction. 

Sagging of Floors and Floor/Wall Disconnections 

Thermal expansion of the floors also occurred early in the fires, but as floor temperatures increased, the 
floor sagged and began to pull inward on the exterior columns.  As a result of the aircraft impact damage 
and increasing temperatures due to subsequent fires, Floor 79 through Floor 83 sagged over time.  The 
amount of sagging was more significant at Floor 80 and Floor 81 where the truss seats on the east side of 
the core were failed due to aircraft impact (see Fig. 9–15).  Increased temperatures also weakened the 
truss seats on the east exterior wall and caused additional disconnections at Floor 82 and Floor 83, which 
further increased the floor sag (see Fig. 9–16).  Floor sagging induced pull-in forces on the east wall 
columns, and started shortly after impact and grew with time. 

3. Collapse Initiation 
 The inward bowing of the east wall induced column instability, which progressed rapidly 

horizontally across the entire east face. 
 The east wall unloaded and tried to redistribute the loads via the hat truss to the weakened 

core and via the spandrels to the adjacent north and south walls. 
 The entire section of the building above the impact zone began tilting as a rigid block (all 

four faces; not only the bowed and buckled east face) to the east (about 7º to 8º) and south 
(about 3º to 4º) as column instability progressed rapidly from the east wall along the 
adjacent north and south walls. The building section above impact continued to rotate to the 
east as it began to fall downward, and rotated to at least 20 to 25 degrees. 

 The change in potential energy due to downward movement of building mass above the 
buckled columns exceeded the strain energy that could be absorbed by the structure.  
Global collapse then ensued. 
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Bowing of East Wall 

The east wall columns bowed inward as a result of increasing temperatures (reduced strength and 
stiffness) and pull-in forces induced by sagging floors (see Figs. 9–17 and 9–18).  The amount of inward 
bowing in the east wall steadily increased with time due to the combined effects of pull-in forces from 
sagging floors, increased axial loads, and a continuous increase in thermally induced plastic and creep 
strains (see Fig. 9–19).  The load in bowed columns decreased, with some load transferring to adjacent 
unbowed columns, but the total column load on the east wall remained more or less constant for the 
duration after aircraft impact (see Fig. 9–20). 

Unloading and Tilting of Core 

With increasing time and temperatures, the core columns developed high compressive plastic and creep 
strains, especially on the east side of the core.  Plastic and creep strains started to exceed the thermal 
expansion strains approximately 30 min after the aircraft impact (see Fig. 9–21).  High plastic and creep 
strains caused unloading on the east side core columns.  This increased the core tilt toward the southeast 
and transferred more loads to the east wall.  As a result, at Floor 83, the total axial load carried by the core 
columns were reduced by 8 percent, the east wall loads increased by 29 percent, and the north wall loads 
decreased by 12 percent, relative to the total loads before aircraft impact.  The total loads on the south and 
west walls did not change significantly (see Tables 9–8 and 9–9). 

Buckling of East Wall and Collapse Initiation 

With continuously increased bowing and axial loads, the east wall became unstable.  The instability 
started at the center portion of the wall and rapidly progressed horizontally on both sides.  As a result of 
buckling, the east wall significantly unloaded, redistributing its loads to the weakened core through the 
hat truss and to the east side of the south and north walls through the spandrels (see Figs. 9–22 through 
9–24 and Table 9–10).  Furthermore, the portion of the building above the buckled columns suddenly 
moved downward, and the building tilt towards the east increased. 

The section of the building above the impact zone began tilting to the east (about 7° to 8°) and south 
(about 3° to 4°) as column instability progressed from the east wall to the adjacent south and north walls.  
The building section above impact continued to rotate to the east as it began to fall downward, and rotated 
to at least 20 degrees to 25 degrees.  The gravity loads could no longer be redistributed, nor could the 
remaining core and perimeter columns support the gravity loads from the floors above. The change in 
potential energy due to downward movement of the building mass above the buckled columns exceeded 
the strain energy that could be absorbed by the structure.  The building portion above the impact zone 
became unstable, and building collapse ensued. 
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Table 9–8. Total column loads at Floor 83 of WTC 2 for 
Case D.  Compression is positive. 

 

Table 9–9.  Total column loads at Floor 105 of WTC 2 for 
Case D.  Compression is positive. 

 
 

Row Analysis Stage West East North South Core
(1) Before Impact 8497 8572 7382 7169 17123
(2) After Impact 9170 11272 6487 8432 13382
(3) 10 min 9182 11061 6250 8275 13975
(4) 20 min 9279 11120 6311 8351 13682
(5) 30 min 9370 11859 6416 8553 12544
(6) 40 min 9198 11927 6524 8691 12402
(7) 43 min 7086 8026 6546 9169 17915
(8) (2)-(1) 674 2699 -895 1263 -3741
(9) (6)-(2) 28 656 37 259 -980

(10) (7)-(6) -2112 -3901 23 479 5513

Row Analysis Stage West East North South Core
(1) Before Impact 18065 18114 13567 13284 61828
(2) After Impact 18670 22481 12193 13511 57821
(3) 10 min 18728 22226 11896 13358 58413
(4) 20 min 18914 22208 12052 13318 58124
(5) 30 min 18876 23681 11770 13365 56967
(6) 40 min 18531 23682 11906 13473 56825
(7) 43 min 15667 15143 14215 16292 62422
(8) (2)-(1) 604 4368 -1374 227 -4007
(9) (6)-(2) -138 1201 -287 -38 -996

(10) (7)-(6) -2864 -8539 2309 2819 5596
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Figure 9–15.  Vertical displacements of Floors 79 through Floor 88 of WTC 2 at 40 min 

(Case D). 
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Figure 9–16.  Floor sagging observed on the east wall of WTC 2 at different stages. 

After impact damage

Damage a few minutes before collapse
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Figure 9–17.  Out-of-plane displacements on the east wall of WTC 2 (Case D). 
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Figure 9–18.  Out-of-plane displacement estimates of the east wall of WTC 2 from 

photographs. 
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Figure 9–19.  Variation of maximum out-of-plane displacement on the east wall of WTC 2 

(Case D). 
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Figure 9–20.  Total column loads at Floor 83 of the east wall of WTC 2 at different stages 

(Case D). 
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Figure 9–21.  Maximum elastic + plastic + creep strains for columns between Floor 78 

and Floor 83 of WTC 2 at different stages (Case D) (strain values are in percent). 
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Figure 9–22.  Inward bowing of the east wall of WTC 2 when buckled at 43 min  for Case D 

(4x displacement magnification). 
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Figure 9–23.  Inward bending of exterior columns of the west wall of WTC 2 just before 
collapse. 
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Table 9–10.  Change in total column loads when the east wall of WTC 2 buckles  (Case D, 
compression is positive). 

 
 

 
Figure 9–24.  Total displacements of WTC 2 above Floor 86 at 43 min for Case D.  Note tilt 

toward east and south (20x displacement magnification). 
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The structure below the level of collapse initiation offered minimal resistance to the falling building mass 
at and above the impact zone.  The potential energy released by the downward movement of the large 
building mass far exceeded the capacity of the intact structure below to absorb that through energy of 
deformation.   
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Since the stories below the level of collapse initiation provided little resistance to the tremendous energy 
released by the falling building mass, the building section above came down essentially in free fall, as 
seen in videos.  As the stories below sequentially failed, the falling mass increased, further increasing the 
demand on the floors below, which were unable to arrest the moving mass.   

The falling mass of the building compressed the air ahead of it, much like the action of a piston, forcing 
material, such as smoke and debris, out the windows as seen in several videos.   

NIST found no corroborating evidence for alternative hypotheses suggesting that the WTC towers were 
brought down by controlled demolition using explosives planted prior to September 11, 2001.  NIST also 
did not find any evidence that missiles were fired at or hit the towers.  Instead, photographs and videos 
from several angles clearly showed that the collapse initiated at the fire and impact floors and that the 
collapse progressed from the initiating floors downward, until the dust clouds obscured the view. 

9.4 DISCUSSION AND SUMMARY 

The results of structural analyses conducted in this study on components, subsystems, isolated exterior 
walls and cores, and global models of WTC 1 and WTC 2 showed that the collapses of the towers were 
initiated by the combined effects of the structural and insulation damage from aircraft impact and the 
subsequent intense fires. 

The impact damage alone did not cause collapse of the towers, as they stood for a period of time, and 
collapse occurred after the fire-induced weakening of core, floor systems and exterior walls.  Global 
analyses showed that both towers had substantial reserve capacity after the aircraft impact.   

Similarly, the fires alone did not cause the collapse of the towers. In the absence of insulation damage, the 
weakening of the core columns and sagging of the floors sufficient to pull in on the exterior walls would 
not have occurred. 

9.4.1 Structural Response to Impact Damage and Fire 

All three major subsystems played a role in the structural collapse sequence for WTC 1 and WTC 2 as 
described herein.    

Role of the Building Core 

The core columns were designed to carry the building gravity loads and were loaded to approximately 
50 percent of their capacity before the aircraft impact.   

The core columns were weakened significantly by the aircraft impact damage and thermal effects.  
Thermal effects dominated the weakening of WTC 1.  As the fires moved from the north to the south side 
of the core, the core was weakened over time by significant creep strains on the south side of the core.  
Aircraft impact damage dominated the weakening of WTC 2.  Immediately after impact, the vertical 
displacement at the southeast corner of the core increased 6 in. (from 4 in. to 10 in.).  With the impact 
damage, the core subsystem leaned to the southeast and was supported by the south and east floors and 
exterior walls. 
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Gravity loads redistributed from the core to the exterior faces primarily through the hat truss due to 
aircraft impact and thermal effects.  The WTC 1 core carried 1 percent less loads after impact but 
20 percent less after thermal weakening.  The WTC 2 core carried 6 percent less loads after impact and 
2 percent less loads after thermal weakening. 

Additional axial loads redistributed to the exterior columns from the core were not significant (only about 
20 percent to 25 percent on average) as the exterior columns were loaded to approximately 20 percent of 
their capacity before the aircraft impact. 

Role of the Building Floors 

The floors were designed to support occupancy loads and transfer them to the core and perimeter 
columns.  They were also designed to act as horizontal diaphragms when the buildings were subject to 
high winds.  In the collapse of the towers, the primary role of the floors was to provide inward pull forces 
after sagging that induced inward bowing of exterior columns (South face of WTC 1; East face of 
WTC 2). 

The floors provided inward pull forces as they sagged significantly under thermal loads.  However, the 
sagging floors continued to support their floor loads despite the dislodged insulation and extensive fires.  
Some truss seat connections with dislodged insulation at the exterior columns did fail and disconnect 
from the exterior wall under thermal loads.  Floor disconnections increased the unsupported length of the 
exterior columns and distributed floor loads to adjacent truss seats.  There were no inward pull forces 
where the floors were disconnected. 

Role of Exterior Walls 

Column instability over an extended region of the exterior face ultimately triggered the global system 
collapse as the loads could not be redistributed through the hat truss to the already weakened building 
core.  In the area of exterior column buckling, loads transferred through the spandrels to adjacent columns 
and adjacent exterior walls.  As the exterior wall buckled (south face for WTC 1 and east face for 
WTC 2), the column instability propagated to adjacent faces and caused the initiation of the building 
collapse. 

The exterior wall instability was induced by a combination of thermal weakening of the columns, inward 
pull forces from sagging floors, and to a much lesser degree, additional axial loads redistributed from the 
core. 

9.4.2 Structural Response to Fire Without Impact Damage 

Without insulation to delay the heating of steel components, steel temperatures began to rise upon 
exposure to fires.  Thermal expansion occurred as temperatures increased; members restrained against 
thermal expansion increased in compressive load and may have caused a local or global load 
redistribution, depending upon the compressive load increase and extent of heating.  Once steel 
temperatures exceeded 500 °C to 600 °C, the steel experienced significant reductions in stiffness and 
strength.  The thermal analysis found that temperatures of floor trusses and columns with intact insulation 
rarely exceeded 400 ˚C during Case B fires (100 min long) for WTC 1 and 500 ˚C during Case D fires (60 
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min long) for WTC 2 .  Insulated floors thermally expanded, pushed outward on the exterior columns, and 
sagged in the full floor analyses, but the floor sag was insufficient to exert an inward pull on the exterior 
columns. 

Steel members with dislodged insulation were found to have temperatures greater than 600 ˚C and often 
higher than 800 ˚C within 10 min to 15 min after exposure to a nearby fire.  Fire exposures considerably 
longer than the 60 to 100 min exposure in WTC 2 and WTC 1, respectively, were required for insulated 
members to reach these temperatures.  Reductions in modulus of elasticity, yield strength, and ultimate 
tensile strength of steel in the WTC towers were predicted to be 13 percent, 20 percent, and 10 percent, 
respectively, at 400 ˚C, and 35 percent, 92 percent, and 80 percent, respectively, at 700 ˚C.  Steel loses its 
strength significantly at 700 ˚C.  At these temperatures, the long-span floors were found to sag 
sufficiently to exert and inward pull on the exterior walls, primarily due to buckling of truss web diagonal 
members.  In addition, creep in steel columns becomes significant when the steel temperatures are greater 
than 500 ˚C and subject to high stresses for a period of time. 

Inward bowing of an exterior wall was a necessary but not sufficient condition to initiate collapse.  In 
both WTC 1 and WTC 2, significant weakening of the core due to aircraft impact damage and thermal 
effects was also necessary to initiate building collapse.  The tower structures had significant capacity to 
redistribute loads (a) from bowed walls to adjacent exterior walls with short-span floors via the arch 
action of spandrels, and (b) between the core and exterior walls via the hat truss and, to a lesser extent, the 
floors.  Without the impact damage, the towers’ capacity to redistribute loads would have been even 
greater. 

As shown in the analysis results, the temperatures in steel components without insulation damage were 
lower for the same fire.  Lower temperatures resulted in reduced creep, plasticity, and buckling.  Without 
insulation damage, floor sagging was insufficient to exert pull-in forces on the exterior wall; the core 
columns maintained their stiffness and strength; and the exterior wall did not bow inward.  The lack of 
thermally induced damage would result in negligible load redistributions, and the towers would have 
remained stable. 

9.4.3 Time to collapse 

The difference in the time it took for each WTC tower to collapse was due primarily to the differences in 
structural damage, the time it took the fires to travel from the impact area across the floors and core to 
critical locations, and the time it took to weaken the core and exterior columns. WTC 2 had asymmetric 
structural damage to the core, including the severing of a corner core column, and WTC 1 had more 
symmetrical damage.  The fires in WTC 2 reached the east side of the building more quickly, within 10 to 
20 minutes, than the 50 to 60 minutes it took the fires in WTC 1 to reach the south side. 

9.4.4 Comparison with Other Collapse Hypotheses 

Alternate analyses and collapse hypotheses were performed and reported by other studies.  A comparison 
of NIST and other hypotheses is presented to review assumptions, methodologies, and results.  The 
comparison includes analyses performed by  

 Northwestern University,  
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 Weidlinger Associates, Inc. with Hughes Associates and ArupFire,  

 University of Maryland at College Park and the Israel Institute of Technology,  

 Edinburgh University, and 

 Arup. 

The NIST structural response analyses included the effects of aircraft impact damage to the structure and 
thermal insulation, fire growth and spread, the resulting time-varying temperatures of the structural 
components, and the progression of local structural failure leading up to collapse initiation.  The analyses 
included the effects of construction sequence, thermal expansion, plastic and creep strains, temperature-
dependent material properties, and relevant failure modes for structural members and connections.   

With the exception of the Weidlinger-led study, the analyses for the other collapse hypotheses presented 
here ignored impact damage, assumed time-temperature curves for structural subsystems (i.e. floor trusses 
and exterior columns), and conducted analyses of components or subsystems but did not conduct global 
analyses of the entire structure (i.e., core, floors, exterior walls, and hat truss) that considered all of the 
load redistribution paths as local members and subsystems were thermally weakened over time.  The 
Weidlinger study included impact damage and assumed time-temperature curves for structural 
subsystems for their global analyses of each tower. 

Northwestern University 

The study performed by Northwestern University (Bazant 2002) was a simplified approximate analysis of 
the overall collapse of the WTC towers which addressed the question of why a total collapse occurred.  
The analysis addressed the results of prolonged heating which would have caused the columns of a single 
floor to lose their load carrying capacity and initiated the collapse of the building. The analysis assumed 
loss of thermal insulation during impact, uniform temperatures of 800 °C for a uniform column size and 
load across a single floor, and creep buckling and loss of load carrying capacity in over half of the 
columns.  The analysis included evaluation of the dynamic amplification of the loads and the ability of the 
columns in the lower floors to dissipate the kinetic energy of the falling upper building mass through 
formation of plastic hinge mechanisms. The analysis found that the ratio of the kinetic energy of the upper 
building section dropping one floor to the deformation energy of plastic hinge rotation in the lower 
building columns was approximately a factor of eight. 

The study by Northwestern did not address the details of impact damage, fire dynamics, or structural 
response of the towers.  Rather, a generalized condition was assumed of heated columns, and the question 
of why there was total collapse was addressed.  NIST agrees with the assessment of the tower’s required 
structural capacity to absorb the released energy of the upper building section as it began to fall as an 
approximate lower bound.  The likelihood of the falling building section aligning vertically with the 
columns below was small, given the observed tilting, so that the required capacity would be greater if 
interaction with the floors was also considered, as pointed out in the study.  
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Weidlinger Associates, Inc. with Hughes Associates and ArupFire 

The study led by Weidlinger Associates, Inc. (Abboud 2003, Post 2002a, Post 2002b, Glanz 2002) used 
the SAP2000 and FLEX finite element code to calculate the aircraft impact damage to both towers and 
their structural response to damage and elevated temperatures.  FLEX is an explicit, nonlinear, large 
deformation transient analysis finite element code for the analysis of structures subject to blast, impact, 
and shock loads.  The fires were evaluated by Hughes Associates and ArupFire Inc.  The fires were found 
to be less than fully developed office fires, with gas temperatures ranging from 400 °C to 700 °C in the 
impact regions and well ventilated regions near the exterior walls; exterior locations with persistent fires 
were assumed to have 1000 °C temperatures.  Based upon study of smoke plumes and fire spread, it was 
concluded that the floors did not fail or have a significant role in the collapse of the towers.  The 
structural response analysis found that the impact debris dislodged thermal insulation and that the hat 
truss played a significant role in transferring loads between the core and exterior walls.  The analysis 
identified the specific cause of each towers’ collapse to be the failure of core columns that either lost 
insulation or were destroyed during the aircraft impact. WTC 2 exterior columns on the east side began to 
fail first and redistributed loads to the core columns until the loads could no longer be supported, due to 
successive failures of core columns.  WTC 1 core columns began to fail first due to damage and thermal 
weakening and attempted to redistribute loads to the exterior walls through the hat truss.  WTC 2 was 
found to collapse first primarily because the damage was off-center and compromised the southeast 
corner of the core.   

NIST agrees with many of the findings by the Weidlinger Associates, Inc. led study.  However, there 
were some differences in the modeling approach and assessment of contributing factors.  The most 
significant difference was that the floors were not analyzed for their response to fire, so that the collapse 
hypothesis did not account for floor sag and its contribution to inward bowing of the exterior columns.   
The reason for WTC 2 collapsing before WTC 1 was attributed to the off-center damage, particularly the 
damage to the southeast corner core column.  NIST found that in addition to the differences in impact 
damage between the two towers, the time it took the fires to travel from the impact area across floors and 
the core to critical areas, and the time it took for the core and exterior columns to become thermally 
weakened, also contributed to the difference in times to collapse initiation. 

University of Maryland and Israel Institute of Technology 

The study performed by the University of Maryland and the Israel Institute of Technology (Quintiere 
2002) was based upon a thermal conduction analysis of truss web members subjected to a uniform gas 
temperature and a structural failure analysis based on buckling of the truss web member due to a 
temperature-induced reduction in stiffness.  Gas temperatures were estimated to be approximately 900 °C 
for the duration of the fires in each tower.  A thermal conduction analysis of web members was conducted 
to estimate the temperature of the web member as a function of time and insulation thicknesses (0.75 in. 
and 1.5 in.).  A web member with an assumed load was calculated to buckle when temperatures of about 
630 °C to 770 °C were reached, due to a reduced modulus of elasticity.  The time at which the insulated 
members reached temperatures that met the buckling criteria fell within the observed collapse time of 
each tower.  It was noted that a bare steel web member would fail by this criteria in 10 min to 15 min, and 
that this time did not match the observed time to collapse initiation.  Given the failure of truss web 
members, it was postulated (not supported by calculations) that the floors would sag and fail at their 
connections to the columns and that progressive collapse would ensue as the floors below also failed.   
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NIST findings differed from those given in this study.  NIST also found that web members in the floor 
trusses buckled when heated sufficiently, which led to sagging of the floor, but did not find appreciable 
floor sagging when the truss insulation remained intact.  The Maryland study suggested that the sagging 
floors resulted in failure of the floor to column connections; NIST analyses found that the sagging floors 
did not cause floor connections to fail, except at a few isolated locations, but rather produced an inward 
pull on the exterior walls.  An inward pull of exterior columns would not occur if floor to column 
connections had failed.  To produce the inward bowing of the exterior walls that was observed, the floors 
had to sag and exert an inward pull well before collapse initiated, not at the time of collapse as proposed 
in the Maryland study.  Additionally, analysis of a floor collapsing onto a floor below, which was 
unlikely given the required event of all floor connections failing nearly at the same time, was not found to 
result in failure of the impacted floor.   

University of Edinburgh 

The University of Edinburgh study (Usmani 2003, Usmani 2005) performed a nonlinear, large 
displacement finite analysis of a typical 2D slice of the tower structure that encompassed twelve floors 
around the impact level of WTC 1 using ABAQUS.  However, there were also some simplifying 
assumptions to reduce the model complexity, such as restraining lateral movement of the floor at the core 
end and a pinned connection to the external columns at the other end.  The truss diagonals were modeled 
with a single axial element and connections were not explicitly modeled.  It was assumed that the core 
columns were relatively cool and that the collapse would initiate at the exterior columns.  A generalized 
exponential curve represented the time-temperature relationship, and assumed temperature profiles were 
applied to the floors for various fire scenarios.  The exterior columns were linearly ramped from ambient 
temperatures.  The analysis found that the heated floors expanded and pushed the exterior columns 
outward and that the outward movement was resisted by tension in the cool floors above and below the 
fire floors.  The analysis also found that a floor buckled at 400 °C, causing the exterior column to 
‘rebound’, resulting in large compressive loads on the floors above and below, which in turn buckled.  It 
was stated that the same mechanism propagated to adjacent floors until it was arrested or caused collapse.  
Consideration of the hat truss, its capacity for redistribution of loads between the exterior walls and core, 
and its role in delaying the collapse mechanism until the structure’s redistribution capacity was exhausted 
was discussed, but no supporting analyses were presented.  These results were cited as a possible fire-
induced collapse mechanism for a tower without impact damage that was based on thermal expansion 
rather than fire-induced loss of strength and stiffness. 

NIST findings also differed from the findings of the University of Edinburgh study.  NIST included 
thermal expansion in its detailed analyses of full floor systems, and did not find that buckling of any floor 
system occurred.  Rather, as truss web members began to buckle, the floors began to sag, which increased 
over time.  The sudden buckling of the first floor in the Edinburgh analysis, followed by the sudden 
subsequent failure of floors above and below, does not match the observed inward bowing of the exterior 
walls which increased over time.  Further, NIST found that failure of an exterior wall was necessary but 
not sufficient to initiate the collapse of either tower.  In both WTC 1 and WTC 2, significant weakening 
of the core due to aircraft impact damage and thermal effects was also necessary to initiate building 
collapse. 
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Arup 

The study by Arup (Lane 2005) was conducted to determine if the WTC towers had any collapse 
mechanisms specific to their structural system features.  Based upon information available through 
presentations, studies included 2D analysis of a twelve-floor slice of the exterior column and floors to the 
core, a twelve-floor slice across the entire tower (from exterior column to exterior columns), and 3D 
quarter floor, half floor, and quarter-floor seven-story section models.  None of the models included the 
hat truss; all of the models included individual floor trusses and the floor slabs.  Temperatures from the 
fires for structural members were assumed, where the floor trusses reached 800 °C in a “very short time”, 
the exterior columns and spandrels heated linearly to 400 °C by 3600 s.  Slab temperatures were not 
reported.  Three floors were heated to 800 °C, the floors sagged and the exterior wall section was pulled 
inward.  The inward bowing of the exterior wall was considered to be a collapse mechanism for the 
towers.  Arup stated that the behavior was calculated for the duration of the fire with no user intervention 
and without inclusion of any aircraft impact damage, including damage to thermal insulation. 

The description of Arup analyses is based on presentations since no published reports by Arup were 
available prior to the release of this report.  The study by Arup found that the composite truss floors 
sagged as they were heated and pulled inward on the exterior wall, similar to the findings by NIST.  
However, the NIST analyses did not find uniform temperatures across an entire floor nor simultaneously 
on multiple floors, as assumed in the Arup analyses.  Further, NIST did not find any insulated truss 
members reaching temperatures of 800 °C prior to the collapse of either tower.  NIST thermal analyses 
showed that steel temperatures in areas where the insulation remained intact rarely exceeded 400 °C in 
WTC 1 and 500 °C in WTC 2.  The Arup 3D seven-floor model did not include load transfer 
mechanisms, including the hat truss, the core, and sufficient portions of the exterior wall to provide the 
arching action observed in the impact faces.  NIST found that failure of an exterior wall was necessary 
but not sufficient to initiate the collapse of either tower.  In both WTC 1 and WTC 2, significant 
weakening of the core due to aircraft impact damage and thermal effects and redistribution of loads 
between the core and exterior wall were found to be necessary to initiate building collapse. 

9.4.5 Factors that Affected Performance 

From the collective knowledge and insights gained through the Investigation of the collapse of the WTC 
towers, the following factors were identified that affected performance of both towers on 
September 11, 2001: 

 The closely spaced columns, along with deep short spandrels, allowed a redistribution of 
loads as a result of aircraft impact damage to the exterior wall. 

 Because there was effectively no wind on the morning of September 11, 2001, the capacity of 
the exterior wall provided to accommodate design wind loads was available to carry 
redistributed gravity loads. 

 The large dimensional size of the WTC towers helped the buildings withstand the aircraft 
impact.   

 The composite floor system with primary and bridging trusses forming a 2-way grid, and the 
two layers of welded wire fabric in the slab, acted to bridge over damaged areas without 
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propagation of collapse from areas of aircraft impact damage to other locations, thereby 
avoiding larger scale floor collapse upon impact. 

 The hat truss played a major role in the post-impact performance of the building.  This was 
accomplished through redistribution of the loads from the significant weakening of the core, 
due to aircraft impact damage and subsequent thermal effects, by redistributing loads from 
the damaged core columns to adjacent intact columns and, ultimately, by redistributing loads 
to the exterior walls from the thermally weakened core columns that lost their ability to 
support the buildings’ weight. 

 The buildings would likely not have collapsed under the combined effects of aircraft impact 
and the subsequent jet-fuel ignited multi-floor fires, if the insulation had not been dislodged 
or had been only minimally dislodged by aircraft impact. The existing condition of the 
insulation prior to aircraft impact and the insulation thickness on the WTC floor system did 
not play a significant role in initiating collapse on September 11, 2001. 
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Chapter 10 
FINDINGS 

There were many facets to the work reported herein.  First, the thickness of the passive fire protection was 
established from recorded measurements and interpretation of photographs of the originally applied 
SFRM.  This information was used, along with statistical analysis and thermal structural analyses, to 
establish the thickness of passive fire protection (insulation or fireproofing) to be used in finite element 
thermal analyses.  Next, standard fire resistance tests were conducted to establish the appropriate 
classification (fire resistance rating) of the original design of the WTC floor system and structural 
performance of the floor system in standard fires for insight into performance in actual fires.  
Characterization of the temperatures of the structural components, determined from simulated WTC fires, 
allowed the calculation of the performance of major subsystems constituting the structural system of the 
towers.  In turn, insights obtained from these analyses were used to formulate and execute global analyses 
to analyze the collapse sequence of each tower.  The structural analyses results were guided, and where 
possible validated, by observations made from the review of thousands of photographs and video 
recordings.  This chapter reports the findings resulting from these efforts to characterize the conditions of 
the WTC towers before the attacks, their weakening due to the aircraft impacts, their subsequent response 
to the growth and spread of fires, and the progression of local failure that ultimately led to the total 
collapse of both towers. 

10.1 PASSIVE FIRE PROTECTION 

The passive fire protection applied to the steel structural components in the WTC towers was investigated 
to provide information on the in-place condition of the thermal insulation before and after the aircraft 
impact.  The specified and Óas appliedÔ thicknesses, 
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condition (0.75 in. thick SFRM).  The following findings are based on this series of four tests and a 
comparison of their results.  

10.3.1 Structural Performance 

Finding 6:  Test assemblies, representative of the WTC floor system, exposed to the Standard Fire Test 
(ASTM E 119) conditions resulted in extensive spalling on the underside of the floor slab, thermal 



Chapter 10   

332  NIST NCSTAR 1-6, WTC Investigation 

10.4 RESPONSE OF STRUCTURAL COMPONENTS  

The response of the structural components and their connections for the tenant floors and exterior walls 
was examined with detailed structural models.  Results of the floor and exterior wall component and 
connection analyses identified structural behaviors and failure modes that were required for inclusion in 
the global analyses.  

10.4.1 Floor System 

Finding 15: The interior truss seats had a greater vertical shear capacity than the exterior truss seats.  The 
controlling failure mode for vertical shear was weld fracture.  However, the vertical load at the truss 
connection of approximately 16 kip had to increase by a factor of two to six to reach failure (weld 
fracture) for temperatures near 600 °C to 700 °C. 

Finding 16: Detailed structural analysis of a single truss section of the composite floor system subjected 
to elevated uniform temperatures was found to initially push out on the exterior columns as a result of the 
concrete slab thermal expansion and then pull inward as the web diagonals buckled and the truss sag 
increased.  The magnitude of the pull-in force was found to depend highly on the stiffness of the exterior 
box column which, in turn, depended on expansion of floors above and below. 

Finding 17: Detailed analysis of the knuckles (shear connectors in the floor system for composite action) 
through test simulation and detailed truss analysis found that failure of the knuckles in the floor system 
was unlikely.  This finding was also supported by the lack of any knuckle failures in the four standard fire 
resistance tests (ASTM E 119) of the floor truss assemblies with twice the floor load that was on the 
WTC floors. 

10.4.2 Exterior Wall System 

Finding 18: Large inelastic deformations and buckling of the spandrels at elevated temperatures were 
predicted, but were found not to significantly affect the stability of the exterior columns.  Partial 
separations of the spandrel splices were also predicted at elevated temperatures, but were found not to 
significantly affect the stability of the exterior columns.   

Finding 19: Analyses of bolted splices in the exterior columns found that the splice may slide or open 
when the exterior columns are bowing and subject to large lateral deflections. No column splice bolts 
were predicted to have failed. 

Finding 20: An exterior wall section (9 columns wide and 9 floors high) was found to bow inward when 
the floor connections applied an inward pull force.  For the condition where three sequential floors were 
disconnected, there was no bowing of the columns for five different elevated temperature conditions. 
When the column section with three disconnected floors was subjected to increased axial column loads, 
the wall section bowed outward over the unsupported column length.    

10.5 FIRE PROTECTION AND PARTITION DAMAGE DUE TO AIRCRAFT 
IMPACT 
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The aircraft impact of the WTC towers caused extensive damage to the buildings’ exteriors, penetrated 
into the interiors causing further damage to the structural systems, dislodged insulation, and ignited multi-
floor fires.  The structural damage to each tower resulting from the aircraft impact was estimated using a 
transient finite element analysis.  Results of this analysis were used to predict damage to the structure, 
fireproofing, and partition walls in the path of the debris field.    

Finding 21:  For WTC 1, partitions were damaged and fireproofing was dislodged by direct debris impact 
over five floors (Floors 94, 95, 96, 97, and 98) and included most of the north floor areas in front of the 
core, the core, and central regions of the south floor areas, and on some floors, extended to the south wall.  
For WTC 2, partitions were damaged and fireproofing was dislodged by direct debris impact over six 
floors (Floors 78, 79, 80, 81, 82, and 83) and included the south floor area in front of the core, the central 
and east regions of the core, and most of the east floor area, and extended to the north wall.    

Finding 22: The fireproofing damage estimates were conservative as they ignored possibly damaged and 
dislodged fireproofing in a much larger region that was not in the direct path of the debris but was subject 
to strong vibrations during and after the aircraft impact.  A robust criteria to generate a coherent pattern of 
vibration-induced dislodging could not be established to estimate the larger region of damaged 
fireproofing. 

10.6 OBSERVATIONS AND TIMELINE 

Thousands of photographs and hours of video records were reviewed for insights into the structural 
performance of the towers.  A timeline of significant events that characterized the weakening and 
eventual collapse of the WTC towers was developed with the photographs and videos that were time-
stamped.  Quantitative information, such as the amount of inward bowing observed on the exterior walls 
of the buildings, was extracted from key photographs through image enhancement and scaled 
measurements. Key observations and the timelines were used to guide the global collapse analyses.  

10.6.1 WTC 1 

Finding 23:  Inward bowing of the south exterior wall was first observed at 10:23 a.m. The bowing 
appeared to extend between Floors 94 and 100 and Columns 305 and 359.  The maximum bowing was 
estimated from images to be 55 in.±6 in. at Floor 97 on the east side of the south face of WTC 1.  The 
central area in available images was obscured by smoke. The extent of fires observed on all faces of 
WTC 1 was similar, although somewhat more extensive on the east and west faces (where short span 
floors were located) and similarly extensive on the north and south faces (where long span floors were 
located).  Inward bowing was observed only on the south face. The north face had extensive aircraft 
impact damage, and the damaged floors were not capable of imposing inward pull forces on the north 
face. 

Finding 24:  The time to collapse initiation was 102 minutes from the aircraft impact (8:46:30 a.m. until 
10:28:22 a.m.). 

Finding 25:  From exterior observations, tilting of the building section appeared to take place near 
Floor 98. Column buckling was then observed to progress rapidly across the east and west faces. 
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Finding 26: The WTC 1 building section above the impact and fire area tilted to the south as the 
structural collapse initiated.  The tilt was toward the side of the building that had the long span floors. 
Video records taken from east and west viewpoints showed that the upper building section tilted to the 
south. Video records taken from a north viewpoint showed no discernable east or west component in the 
tilt. A tilt to the south of at least 8 degrees occurred before dust clouds obscured the view and the building 
section began to fall downward. 

10.6.2 WTC 2 

Finding 27:  On the east face and north face of WTC 2, draped objects were observed through the 
windows of floor 82 on the east face and floors 81 to 83 on the north face near the northeast corner.  The 
draped objects appeared to be hanging floors.  The drape of these objects was observed to increase with 
time and extend across approximately half of the east face.   

Finding 28:  Inward bowing of the east wall was first observed at 9:21 a.m.  The inward bowing was 
approximately 10 in.±1 in. at Floor 80 and extended between Floors 78 and 83 and Columns 304 and 344.  
The remaining portion of the face to the south of Column 344 was not included in the image.  The bowing 
appeared to extend over a large fraction of the east face and to be greatest near the center of the face. Fires 
were more extensive along the east face (where long span floors were located) and at the east side of the 
north and south faces (where short span floors were located). Fires were not observed on the west face 
(where long span floors were located).  Inward bowing was observed only on the east face. The south face 
had extensive aircraft impact damage, and the damaged floors were not capable of imposing inward pull 
forces on the south face. There was no impact damage or fire on the west floors to cause pull-in forces on 
the west face. 

Finding 29:  An increase of the inward bowing of the east wall was observed at 9:53 a.m. The inward 
bowing appeared to extend between Floors 78 and 84 and Columns 305 and 341.  The remaining portion 
of the face to the south of Column 344 was not included in the image.  The maximum bowing was 
estimated from images to be 20 in.±1 in. at Floor 80 on the east face of WTC 1.   

Finding 30: The time to collapse initiation was 56 minutes after aircraft impact (9:02:59 a.m. to 
9:58:59 a.m.). 

Finding 31:  From exterior observations, tilt of the building section above the impact and fire area 
appeared to take place near Floor 82.  Column buckling was then seen to progress across the north face. 

Finding 32:  The building section above the impact and fire area tilted to the east and south at the onset 
of structural collapse.  The tilt occurred toward the east side with the long span floors. Estimates made 
from photographs indicate that there was approximately a 3 degree to 4 degree tilt to the south and a 7 
degree to 8 degree tilt to the east prior to significant downward movement of the upper portion of the 
building.  The tilt to the south did not increase any further as the upper building section began to fall, but 
the tilt to the east continued, reaching 20 degrees to 25 degrees before dust clouds obscured the view. 
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10.7 STRUCTURAL RESPONSE OF MAJOR TOWER SUBSYSTEMS 

Prior to conducting the analysis of the global structural response of each tower, major structural 
subsystems were analyzed to provide insight into their behavior within the WTC global system.  The 
three major structural subsystems, the core framing, a single exterior wall, and full tenant floors, were 
analyzed separately for their response to impact damage and fire. The hat truss was not analyzed 
separately as its structural behavior did not require significant simplification in the global analysis.  The 
component analyses provided a foundation for these large, nonlinear analyses with highly redundant load 
paths, and they enabled a significant reduction in finite element model complexity and size. The major 
subsystem models used final estimates of impact damage and elevated temperatures determined from the 
aircraft impact analysis and the fire dynamics and thermal analyses. 

10.7.1 Isolated Core Subsystem 

Finding 33:  The WTC 1 isolated core subsystem analysis found that the core structure was most 
weakened from impact and thermal effects at the center of the south side of the core. Smaller 
displacements occurred in the global model due to the constraints of the hat truss and floors. 

Finding 34:  The WTC 2 isolated core subsystem analysis found that the core structure was unstable for 
the estimated structural damage to core columns.  The core was most weakened from impact and thermal 
effects at the southeast corner and along the east side of the core. Larger displacements occurred in the 
global model as the isolated core model had lateral restraints imposed that were somewhat stiffer than in 
the global model.   

10.7.2 Full Floor Subsystem 

Finding 35:  Floor sagging was caused primarily by either buckling of truss web diagonals or 
disconnection of truss seats at the exterior wall or the core perimeter.  Except for the truss seat failures 
near the southeast corner of the core in WTC 2 following the aircraft impact, web buckling or truss seat 
failure was caused primarily by elevated temperatures of the structural components. 

Finding 36:  Analysis results from both the detailed truss model and the full floor models found that the 
floors began to exert inward pull forces when floor sagging exceeded approximately 25 in. for the 60 ft 
floor span.   

Finding 37:  Sagging at the floor edge was due to loss of vertical support at the truss seats.  The loss of  
vertical support was caused in most cases by the reduction in vertical shear capacity of the truss seats due 
to elevated steel temperatures.   

10.7.3 Isolated Exterior Wall Subsystem 

Finding 38:  Inward pull forces were required to produce inward bowing that was consistent with 
displacements measured from photographs. The inward pull was caused by sagging of the floors.  Heating 
of the inside face of the exterior columns also contributed to inward bowing. 
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Finding 39:  The observed inward bowing of the exterior wall indicated that most of the floor 
connections were intact to cause the observed bowing.     

Finding 40:  The floors that were identified through analysis to be affected by the fires and the dislodged 
insulation matched well with the floors that were observed to have participated in the inward bowing of 
the exterior walls. 

Finding 41:  The extent of floor sagging required at each floor was greater than that predicted by the full 
floor models.  The estimates of the extent of sagging at each floor were governed by the combined effects 
of insulation damage and fire; insulation damage estimates were limited to areas subject to direct debris 
impact.  Other sources of floor and insulation damage from the aircraft impact and fires (e.g., insulation  
damage due to shock and subsequent vibrations as a result of aircraft impact or concrete slab cracking and 
spalling as a result of thermal effects) were not included in the floor models. 

10.8 STRUCTURAL RESPONSE TO AIRCRAFT IMPACT DAMAGE AND FIRE 

Global analysis of WTC 1 and WTC 2 used final estimates of impact damage and elevated temperatures 
to determine the structural response and sequence of component and subsystem failures that led to 
collapse initiation.   

10.8.1 General Findings  

Finding 42:  The structural analyses of WTC 1 and WTC 2 found that the collapse of the towers was due 
to the combined effects of structural and insulation damage from aircraft impact and the subsequent fires 
on the core, floor systems, and exterior walls.  The towers collapsed when the weakened core and exterior 
columns could no longer redistribute or support the building loads with their reduced load carrying 
capacity.   

Finding 43:  Impact damage alone did not cause collapse of the towers, as they were stable after the 
aircraft impact.  Global analyses showed that both towers had substantial reserve capacity after the 
aircraft impact.   

Finding 44:  The multi-floor fires alone did not cause collapse of the towers. Without impact damage to 
the insulation, the structural steel temperatures would have been generally less than 200 °C to 300 °C, 
with a few isolated locations of structural steel temperatures exceeding 400 ˚C in WTC 1 floors and 500 
˚C in WTC 2 floors.  The core would not have weakened, the floor sag would have been insufficient to 
pull inward on the exterior columns, and the exterior walls would not have bowed inward.    

Finding 45:  The towers would likely not have collapsed under the combined effects of aircraft impact 
and the subsequent multi-floor fires if the insulation had not been dislodged or had been only minimally 
dislodged by aircraft impact. Had insulation not been dislodged by the debris field, temperature rise of 
structural components would likely have been insufficient to induce global collapse. Structural 
components that became thermally weakened were generally determined by impact of the debris field.  
The existing condition of the insulation prior to aircraft impact and the insulation thickness on the WTC 
floor system did not play a role in initiating collapse of the towers. 
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Finding 46:  Creep strain was significant in the core and exterior columns over the 56 min to 102 min 
period of fire exposure in columns with temperatures greater than 500 ˚C to 600 ˚C and high stress.  
Columns with creep strains of sufficient magnitude to cause column shortening played a significant role 
in the collapse initiation. 

Finding 47:  The faces of the buildings that exhibited inward bowing were associated with the long span 
direction of the floor system.  The primary direction of tilting at collapse initiation for WTC 1 and WTC 2 
was in the direction of the bowed faces.  

10.8.2 Performance with Intact Fire Protection 

Finding 48:  A detailed thermal-structural analysis, which did not include slab delamination/spalling 
effects, showed that a full collapse of the WTC floor system would not occur even with a number of 
failed trusses or connections. 

Finding 49:  Most of the horizontal and vertical capacity of the floor connections to the exterior and core 
columns significantly exceeded the demand under design load conditions. 

10.9 PROBABLE COLLAPSE SEQUENCES 

The results of structural analyses conducted in this study on components, subsystems, isolated exterior 
walls and cores, and global models of WTC 1 and WTC 2 showed that the collapses of the towers were 
initiated due to the combined effects of the structural and insulation damage from aircraft impact and the 
subsequent intense fires.  The probable collapse sequences for WTC 1 and WTC 2 are based upon the 
collective consideration of structural analyses, statistical based methods, observations, and laboratory 
testing. 

10.9.1 Role of the Building Core 

Finding 50:  The core columns were weakened significantly by the aircraft impact damage and thermal 
effects.  Thermal effects dominated the weakening of WTC 1.  As the fires moved from the north to the 
south side of the core, following the debris damage path, the core was weakened over time by significant 
creep strains on the south side of the core.  Aircraft impact damage dominated the weakening of WTC 2.  
Immediately after impact, the vertical displacement at the southeast corner of the core increased 6 in. 
(from 4 in. to 10 in.). With the impact damage, the core subsystem leaned to the southeast and was 
supported by the south and east floors and exterior walls. 

Finding 51:  As the core was weakened from aircraft impact and thermal effects, it redistributed loads to 
the exterior walls primarily through the hat truss. Additional axial loads redistributed to the exterior 
columns from the core were not significant (only about 20 percent to 25 percent on average) as the 
exterior columns were loaded to approximately 20 percent of their capacity before the aircraft impact. 

10.9.2 Role of the Building Floors 

Finding 52:  The primary role of the floors in the collapse of the towers was to provide inward pull forces 
that induced inward bowing of exterior columns (south face of WTC 1; east face of WTC 2). 
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Finding 53:  Sagging floors continued to support floor loads as they pulled inward on the exterior 
columns.  There would have been no inward pull forces if the floors truss seats had failed and 
disconnected.   

10.9.3 Role of Exterior Frame-Tube 

Finding 54:  Column instability over an extended region of the exterior face ultimately triggered the 
global system failure as the loads could not be redistributed through the hat truss to the already weakened 
building core.  In the area of exterior column buckling, load transferred through the spandrels to adjacent 
columns and adjacent exterior walls.  As the exterior wall buckled (south face for WTC 1 and east face 
for WTC 2), the column instability propagated to adjacent faces and caused the initiation of the building 
collapse. 

Finding 55:  The exterior wall instability was induced by a combination of thermal weakening of the 
columns, inward pull forces from sagging floors, and to a lesser degree, additional axial loads 
redistributed from the core. 

10.9.4 Probable Collapse Sequences 

Finding 56:  Although the north face of WTC 1 had extensive impact damage, thermal weakening of the 
core columns on the south side of the core and inward bowing of the south face caused the building to tilt 
to the south at collapse initiation.  The extent of fires observed on all faces of WTC 1 was similar, 
although somewhat more extensive on the east and west faces (where short span floors were located) and 
somewhat less extensive on the north and south faces (where long span floors were located).  Thermal 
weakening of exterior columns with floor sagging (which induced inward pull and occurred on the south 
side) caused inward bowing of the south face and tilting in the south direction. 

Finding 57:  Although the south face of WTC 2 had extensive impact damage, thermal weakening of the 
core columns on the east side of the core and inward bowing of the east face caused the building to tilt 
more to the east and less to the south at collapse initiation.  Fires were more extensive along the east face 
and at the east side of the north and south faces. Thermal weakening of exterior columns with floor 
sagging (which induced inward pull and occurred on the east side) caused inward bowing of the east face 
and primary tilting in that direction (with additional southward tilting due to the aircraft impact damage). 

Finding 58:  The time it took for each WTC tower to collapse was due primarily to the differences in 
structural damage, the time it took the fires to travel from the impact area across the floors and core to 
critical locations, and the time it took to weaken the core and exterior columns. WTC 2 had asymmetric 
structural damage to the core, including the severing of a corner core column, and WTC 1 had more 
symmetrical damage.  The fires in WTC 2 reached the east side of the building more quickly, within 10 
min to 20 min, than the 50 min to 60 min it took the fires in WTC 1 to reach the south side. 

Finding 59:  NIST found no corroborating evidence for alternative hypotheses suggesting that the WTC 
towers were brought down by controlled demolition using explosives planted prior to September 11, 
2001.  NIST also did not find any evidence that missiles were fired at or hit the towers.  Instead, 
photographs and videos from several angles clearly showed that the collapse initiated at the fire and 
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impact floors and that the collapse progressed from the initiating floors downward, until the dust clouds 
obscured the view. 
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Appendix A 
SUMMARY OF AIRCRAFT IMPACT DAMAGE FOR INITIAL CASES 1 TO 4 

WTC 1 CASE AI – THERMAL INSULATION AND PARTITION DAMAGE FOR 
OCCUPANCY FLOOR  

 
Figure A–1.  WTC 1 Case Ai aircraft impact damage to Structural Floor 93 and 94. 
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Figure A–2.  WTC 1 Case Ai aircraft impact damage to Structural Floors 95 and 96. 
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Figure A–3.  WTC 1 Case Ai aircraft impact damage to Structural Floors 97 and 98. 
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WTC 1 CASE AI – DAMAGE FOR STRUCTURAL FLOOR 

 
Figure A–4. WTC 1 Case Ai aircraft impact damage to Structural Floor 93 and 94. 



 Summary of Aircraft Impact Damage for Initial Cases 1 to 4 

 

NIST NCSTAR 1-6, WTC Investigation 345 

 
Figure A–5.  WTC 1 Case Ai aircraft impact damage to Structural Floors 95 and 96. 
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Figure A–6.  WTC 1 Case Ai aircraft impact damage to Structural Floors 97 and 98. 
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WTC 1 CASE BI – THERMAL INSULATION AND PARTITION DAMAGE FOR 
OCCUPANCY FLOOR  

 
Figure A–7.  WTC 1 Case Bi aircraft impact damage to Structural Floor 93 and 94. 
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Figure A–8.  WTC 1 Case Bi aircraft impact damage to Structural Floors 95 and 96. 
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Figure A–9.  WTC 1 Case Bi aircraft impact damage to Structural Floors 97 and 98. 
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WTC 1 CASE BI – DAMAGE FOR STRUCTURAL FLOOR 

 
Figure A–10.  WTC 1 Case Bi aircraft impact damage to Structural Floor 93 and 94. 
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Figure A–11. WTC 1 Case Bi aircraft impact damage to Structural Floors 95 and 96. 
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Figure A–12.  WTC 1 Case Bi aircraft impact damage to Structural Floors 97 and 98. 
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WTC 2 CASE CI – THERMAL INSULATION AND OCCUPANCY DAMAGE FOR 
OCCUPANCY FLOOR 

 
Figure A–13.  WTC 2 Case Ci aircraft impact damage to Structural Floors 78 and 79. 



Appendix A 

 

354  NIST NCSTAR 1-6, WTC Investigation 

 
Figure A–14.  WTC 2 Case Ci aircraft impact damage to Structural Floors 80 and 81. 



 Summary of Aircraft Impact Damage for Initial Cases 1 to 4 

 

NIST NCSTAR 1-6, WTC Investigation 355 

 
Figure A–15. WTC 2 Case Ci aircraft impact damage to Structural Floors 82 and 83. 



Appendix A 

 

356  NIST NCSTAR 1-6, WTC Investigation 

WTC 2 CASE CI – DAMAGE FOR STRUCTURAL FLOOR 

 
Figure A–16.  WTC 2 Case Ci aircraft impact damage to Structural Floors 78 and 79. 
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Figure A–17. WTC 2 Case Ci aircraft impact damage to Structural Floors 80 and 81. 
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Figure A-18. WTC 2 Case Ci aircraft impact damage to Structural Floors 82 and 83. 
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WTC 2 CASE DI – THERMAL INSULATION AND PARTITION DAMAGE FOR 
OCCUPANCY FLOOR  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A–19.  WTC 2 Case Di aircraft impact damage to Structural Floors 78 and 79. 

Floor 78

Floor 79

Insulation damage to trusses and core beams 
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Figure A–20. WTC 2 Case Di aircraft impact damage to Structural Floors 80 and 81. 

Floor 80

Floor 81

Insulation damage to trusses and core beams 



 Summary of Aircraft Impact Damage for Initial Cases 1 to 4 

 

NIST NCSTAR 1-6, WTC Investigation 361 

 
Figure A–21.  WTC 2 Case Di aircraft impact damage to Structural Floors 82 and 83. 

Floor 82

Floor 83

Insulation damage to trusses and core beams 



Appendix A 

 

362  NIST NCSTAR 1-6, WTC Investigation 

WTC 2 CASE DI – DAMAGE FOR STRUCTURAL FLOOR  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A–22.  WTC 2 Case Di aircraft impact damage to Structural Floors 78 and 79. 

Floor 78

Floor 79

Structural damage to concrete slab, core beams and trusses 
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Figure A–23.  WTC 2 Case Di aircraft impact damage to Structural Floors 80 and 81. 

Floor 80

Floor 81

Structural damage to concrete slab, core beams and trusses 
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Figure A–24.  WTC 2 Case Di aircraft impact damage to Structural Floors 82 and 83. 

Floor 82

Floor 83

Structural damage to concrete slab, core beams and trusses 
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Appendix B 
SUMMARY OF AIRCRAFT IMPACT DAMAGE FOR FINAL CASES A TO D 

WTC 1 CASE A - OCCUPANCY FLOOR GRAPHICS 

 
Figure B–1. WTC 1 Case A aircraft impact damage to Occupancy Floors 93 and 94. 
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Figure B–2.  WTC 1 Case A aircraft impact damage to Occupancy Floors 95 and 96. 



 Summary of Aircraft Impact Damage for Final Cases A to D 
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Figure B–3.  WTC 1 Case A aircraft impact damage to Occupancy Floors 97 and 98. 
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WTC 1 CASE A - STRUCTURAL FLOOR GRAPHICS 

Figure B–4.  WTC 1 Case A aircraft impact damage to Structural Floors 93 and 94. 
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Figure B–5.  WTC 1 Case A aircraft impact damage to Structural Floors 95 and 96. 
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Figure B–6.  WTC 1 Case A aircraft impact damage to Structural Floors 97 and 98. 
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WTC 1 CASE B - OCCUPANCY FLOOR GRAPHICS 

Figure B–7. WTC 1 Case B aircraft impact damage to Occupancy Floors 93 and 94. 
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Figure B–8. WTC 1 Case B aircraft impact damage to Occupancy Floors 95 and 96. 
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Figure B–9. WTC 1 Case B aircraft impact damage to Occupancy Floors 97 and 98. 
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WTC 1 CASE B - STRUCTURAL FLOOR GRAPHICS 

Figure B–10. WTC 1 Case B aircraft impact damage to Structural Floors 93 and 94. 
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Figure B–11.  WTC 1 Case B aircraft impact damage to Structural Floors 95 and 96. 
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Figure B–12.  WTC 1 Case B aircraft impact damage to Structural Floors 97 and 98. 
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WTC 2 CASE C – OCCUPANCY FLOOR GRAPHICS 

 

Figure B–13.  WTC 2 Case C aircraft impact damage to Occupancy Floors 78 and 79. 
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Figure B–14.  WTC 2 Case C aircraft impact damage to Occupancy Floors 80 and 81. 
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Figure B–15.  WTC 2 Case C aircraft impact damage to Occupancy Floors 82 and 83. 
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WTC 2 CASE C – STRUCTURAL FLOOR GRAPHICS 

 

Figure B–16.  WTC 2 Case C aircraft impact damage to Structural Floors 78 and 79. 
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Figure B–17.  WTC 2 Case C aircraft impact damage to Structural Floors 80 and 81. 
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Figure B–18.  WTC 2 Case C aircraft impact damage to Structural Floors 82 and 83. 
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WTC 2 CASE D – OCCUPANCY FLOOR GRAPHICS 

 

Figure B–19.  WTC 2 Case D aircraft impact damage to Occupancy Floors 78 and 79. 
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Figure B–20.  WTC 2 Case D aircraft impact damage to Occupancy Floors 80 and 81. 
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Figure B–21.  WTC 2 Case D aircraft impact damage to Occupancy Floors 82 and 83. 
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WTC 2 CASE D – STRUCTURAL FLOOR GRAPHICS 

 

Figure B–22.  WTC 2 Case D aircraft impact damage to Structural Floors 78 and 79. 
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Figure B–23.  WTC 2 Case D aircraft impact damage to Structural Floors 80 and 81. 
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Figure B–24.  WTC 2 Case D aircraft impact damage to Structural Floors 82 and 83. 
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ABSTRACT 

This report deals with the passive fire protection used in the World Trade Center (WTC) towers.  The 
main objective is to provide background information that can be used to assess the in-place conditions of 
the passive protection before and after aircraft impact.  The report includes a review of key building code 
provisions related to structural fire protection.  It also includes a review of key decisions related to passive 
fire protection made during design, construction, and occupancy of the towers.  Copies of documents to 
support key findings are included in an Appendix.  A summary is provided of available data on in-place 
measurements of the sprayed fire-resistive materials (SFRMs) applied to the floor trusses and to core 
members.  Measurements of thermophysical properties of the passive fire protection materials, including 
gypsum panels, are presented.  The effects of gaps in thermal insulation and the effects of variability of 
insulation thickness are evaluated.  The rationale for selecting the effective thickness of thermal insulation 
for use in thermal-structural analyses is presented.  Measurements of adhesive and cohesive strengths of a 
selected SFRM are summarized.  Simplified models are presented for estimating the acceleration required 
to dislodge SFRM from planar surfaces and encased round bars.  The report concludes with a summary of 
key findings. 

Keywords: adhesive strength, building code, cohesive strength, construction classification, density, 
equivalent thickness, retrofit, specific heat capacity, sprayed fire-resistive materials (SFRM), thermal 
conductivity, thermal insulation, thickness, thickness variability, World Trade Center. 
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PREFACE 

Genesis of This Investigation 

Immediately following the terrorist attack on the World Trade Center (WTC) on September 11, 2001, the 
Federal Emergency Management Agency (FEMA) and the American Society of Civil Engineers began 
planning a building performance study of the disaster.  The week of October 7, as soon as the rescue and 
search efforts ceased, the Building Performance Study Team went to the site and began its assessment.  
This was to be a brief effort, as the study team consisted of experts who largely volunteered their time 
away from their other professional commitments.  The Building Performance Study Team issued its 
report in May 2002, fulfilling its goal “to determine probable failure mechanisms and to identify areas of 
future investigation that could lead to practical measures for improving the damage resistance of buildings 
against such unforeseen events.” 

On August 21, 2002, with funding from the U.S. Congress through FEMA, the National Institute of 
Standards and Technology (NIST) announced its building and fire safety investigation of the WTC 
disaster.  On October 1, 2002, the National Construction Safety Team Act (Public Law 107-231), was 
signed into law.  The NIST WTC Investigation was conducted under the authority of the National 
Construction Safety Team Act. 

The goals of the investigation of the WTC disaster were: 

• To investigate the building construction, the materials used, and the technical conditions that 
contributed to the outcome of the WTC disaster. 

• To serve as the basis for: 

− Improvements in the way buildings are designed, constructed, maintained, and used; 

− Improved tools and guidance for industry and safety officials; 

− Recommended revisions to current codes, standards, and practices; and 

− Improved public safety. 

The specific objectives were: 

1. Determine why and how WTC 1 and WTC 2 collapsed following the initial impacts of the 
aircraft and why and how WTC 7 collapsed; 

2. Determine why the injuries and fatalities were so high or low depending on location, 
including all technical aspects of fire protection, occupant behavior, evacuation, and 
emergency response;  

3. Determine what procedures and practices were used in the design, construction, operation, 
and maintenance of WTC 1, 2, and 7; and 

4. Identify, as specifically as possible, areas in current building and fire codes, standards, and 
practices that warrant revision. 
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NIST is a nonregulatory agency of the U.S. Department of Commerce’s Technology Administration.  The 
purpose of NIST investigations is to improve the safety and structural integrity of buildings in the United 
States, and the focus is on fact finding.  NIST investigative teams are authorized to assess building 
performance and emergency response and evacuation procedures in the wake of any building failure that 
has resulted in substantial loss of life or that posed significant potential of substantial loss of life.  NIST 
does not have the statutory authority to make findings of fault nor negligence by individuals or 
organizations.  Further, no part of any report resulting from a NIST investigation into a building failure or 
from an investigation under the National Construction Safety Team Act may be used in any suit or action 
for damages arising out of any matter mentioned in such report (15 USC 281a, as amended by Public 
Law 107-231). 

Organization of the Investigation 

The National Construction Safety Team for this Investigation, appointed by the then NIST Director, 
Dr. Arden L. Bement, Jr., was led by Dr. S. Shyam Sunder.  Dr. William L. Grosshandler served as 
Associate Lead Investigator, Mr. Stephen A. Cauffman served as Program Manager for Administration, 
and Mr. Harold E. Nelson served on the team as a private sector expert.  The Investigation included eight 
interdependent projects whose leaders comprised the remainder of the team.  A detailed description of 
each of these eight projects is available at http://wtc.nist.gov.  The purpose of each project is summarized 
in Table P–1, and the key interdependencies among the projects are illustrated in Fig. P–1.   

Table P–1.  Federal building and fire safety investigation of the WTC disaster. 
Technical Area and Project Leader Project Purpose 

Analysis of Building and Fire Codes and 
Practices; Project Leaders: Dr. H. S. Lew 
and Mr. Richard W. Bukowski 

Document and analyze the code provisions, procedures, and 
practices used in the design, construction, operation, and 
maintenance of the structural, passive fire protection, and 
emergency access and evacuation systems of WTC 1, 2, and 7. 

Baseline Structural Performance and 
Aircraft Impact Damage Analysis; Project 
Leader: Dr. Fahim H. Sadek 

Analyze the baseline performance of WTC 1 and WTC 2 under 
design, service, and abnormal loads, and aircraft impact damage on 
the structural, fire protection, and egress systems. 

Mechanical and Metallurgical Analysis of 
Structural Steel; Project Leader: Dr. Frank 
W. Gayle 

Determine and analyze the mechanical and metallurgical properties 
and quality of steel, weldments, and connections from steel 
recovered from WTC 1, 2, and 7. 

Investigation of Active Fire Protection 
Systems; Project Leader: Dr. David 
D. Evans; Dr. William Grosshandler 

Investigate the performance of the active fire protection systems in 
WTC 1, 2, and 7 and their role in fire control, emergency response, 
and fate of occupants and responders. 

Reconstruction of Thermal and Tenability 
Environment; Project Leader: Dr. Richard 
G. Gann 

Reconstruct the time-evolving temperature, thermal environment, 
and smoke movement in WTC 1, 2, and 7 for use in evaluating the 
structural performance of the buildings and behavior and fate of 
occupants and responders. 

Structural Fire Response and Collapse 
Analysis; Project Leaders: Dr. John 
L. Gross and Dr. Therese P. McAllister 

Analyze the response of the WTC towers to fires with and without 
aircraft damage, the response of WTC 7 in fires, the performance 
of composite steel-trussed floor systems, and determine the most 
probable structural collapse sequence for WTC 1, 2, and 7. 

Occupant Behavior, Egress, and Emergency 
Communications; Project Leader: Mr. Jason 
D. Averill 

Analyze the behavior and fate of occupants and responders, both 
those who survived and those who did not, and the performance of 
the evacuation system. 

Emergency Response Technologies and 
Guidelines; Project Leader: Mr. J. Randall 
Lawson 

Document the activities of the emergency responders from the time 
of the terrorist attacks on WTC 1 and WTC 2 until the collapse of 
WTC 7, including practices followed and technologies used.  
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Figure P–1.  The eight projects in the federal building and fire safety 

investigation of the WTC disaster. 

National Construction Safety Team Advisory Committee 

The NIST Director also established an advisory committee as mandated under the National Construction 
Safety Team Act.  The initial members of the committee were appointed following a public solicitation.  
These were: 

• Paul Fitzgerald, Executive Vice President (retired) FM Global, National Construction Safety 
Team Advisory Committee Chair 

• John Barsom, President, Barsom Consulting, Ltd. 

• John Bryan, Professor Emeritus, University of Maryland 

• David Collins, President, The Preview Group, Inc. 

• Glenn Corbett, Professor, John Jay College of Criminal Justice 

• Philip DiNenno, President, Hughes Associates, Inc. 
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• Robert Hanson, Professor Emeritus, University of Michigan 

• Charles Thornton, Co-Chairman and Managing Principal, The Thornton-Tomasetti Group, 
Inc. 

• Kathleen Tierney, Director, Natural Hazards Research and Applications Information Center, 
University of Colorado at Boulder 

• Forman Williams, Director, Center for Energy Research, University of California at San 
Diego 

This National Construction Safety Team Advisory Committee provided technical advice during the 
Investigation and commentary on drafts of the Investigation reports prior to their public release.  NIST 
has benefited from the work of many people in the preparation of these reports, including the National 
Construction Safety Team Advisory Committee.  The content of the reports and recommendations, 
however, are solely the responsibility of NIST. 

Public Outreach 

During the course of this Investigation, NIST held public briefings and meetings (listed in Table P–2) to 
solicit input from the public, present preliminary findings, and obtain comments on the direction and 
progress of the Investigation from the public and the Advisory Committee. 

NIST maintained a publicly accessible Web site during this Investigation at http://wtc.nist.gov.  The site 
contained extensive information on the background and progress of the Investigation. 

NIST’s WTC Public-Private Response Plan 

The collapse of the WTC buildings has led to broad reexamination of how tall buildings are designed, 
constructed, maintained, and used, especially with regard to major events such as fires, natural disasters, 
and terrorist attacks.  Reflecting the enhanced interest in effecting necessary change, NIST, with support 
from Congress and the Administration, has put in place a program, the goal of which is to develop and 
implement the standards, technology, and practices needed for cost-effective improvements to the safety 
and security of buildings and building occupants, including evacuation, emergency response procedures, 
and threat mitigation. 

The strategy to meet this goal is a three-part NIST-led public-private response program that includes: 

• A federal building and fire safety investigation to study the most probable factors that 
contributed to post-aircraft impact collapse of the WTC towers and the 47-story WTC 7 
building, and the associated evacuation and emergency response experience. 

• A research and development (R&D) program to (a) facilitate the implementation of 
recommendations resulting from the WTC Investigation, and (b) provide the technical basis 
for cost-effective improvements to national building and fire codes, standards, and practices 
that enhance the safety of buildings, their occupants, and emergency responders. 
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Table P–2.  Public meetings and briefings of the WTC Investigation. 
Date Location Principal Agenda 

June 24, 2002 New York City, NY Public meeting: Public comments on the Draft Plan for the 
pending WTC Investigation. 

August 21, 2002 Gaithersburg, MD Media briefing announcing the formal start of the Investigation. 
December 9, 2002 Washington, DC Media briefing on release of the Public Update and NIST request 

for photographs and videos. 
April 8, 2003 
 

New York City, NY Joint public forum with Columbia University on first-person 
interviews. 

April 29–30, 2003 Gaithersburg, MD NCST Advisory Committee meeting on plan for and progress on 
WTC Investigation with a public comment session. 

May 7, 2003 New York City, NY Media briefing on release of May 2003 Progress Report. 
August 26–27, 2003 Gaithersburg, MD NCST Advisory Committee meeting on status of the WTC 

investigation with a public comment session. 
September 17, 2003 New York City, NY Media and public briefing on initiation of first-person data 

collection projects. 
December 2–3, 2003 Gaithersburg, MD NCST Advisory Committee meeting on status and initial results 

and release of the Public Update with a public comment session. 
February 12, 2004 New York City, NY Public meeting on progress and preliminary findings with public 

comments on issues to be considered in formulating final 
recommendations. 

June 18, 2004 New York City, NY Media/public briefing on release of June 2004 Progress Report. 
June 22–23, 2004 Gaithersburg, MD NCST Advisory Committee meeting on the status of and 

preliminary findings from the WTC Investigation with a public 
comment session. 

August 24, 2004 Northbrook, IL Public viewing of standard fire resistance test of WTC floor 
system at Underwriters Laboratories, Inc. 

October 19–20, 2004 Gaithersburg, MD NCST Advisory Committee meeting on status and near complete 
set of preliminary findings with a public comment session. 

November 22, 2004 Gaithersburg, MD NCST Advisory Committee discussion on draft annual report to 
Congress, a public comment session, and a closed session to 
discuss pre-draft recommendations for WTC Investigation. 

April 5, 2005 New York City, NY Media and public briefing on release of the probable collapse 
sequence for the WTC towers and draft reports for the projects on 
codes and practices, evacuation, and emergency response. 

June 23, 2005 New York City, NY Media and public briefing on release of all draft reports for the 
WTC towers and draft recommendations for public comment. 

September 12–13, 
2005 

Gaithersburg, MD NCST Advisory Committee meeting on disposition of public 
comments and update to draft reports for the WTC towers. 

September 13–15, 
2005 

Gaithersburg, MD WTC Technical Conference for stakeholders and technical 
community for dissemination of findings and recommendations 
and opportunity for public to make technical comments. 

• A dissemination and technical assistance program (DTAP) to (a) engage leaders of the 
construction and building community in ensuring timely adoption and widespread use of 
proposed changes to practices, standards, and codes resulting from the WTC Investigation 
and the R&D program, and (b) provide practical guidance and tools to better prepare facility 
owners, contractors, architects, engineers, emergency responders, and regulatory authorities 
to respond to future disasters. 

The desired outcomes are to make buildings, occupants, and first responders safer in future disaster 
events. 
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National Construction Safety Team Reports on the WTC Investigation 

A final report on the collapse of the WTC towers is being issued as NIST NCSTAR 1.  A companion 
report on the collapse of WTC 7 is being issued as NIST NCSTAR 1A.  The present report is one of a set 
that provides more detailed documentation of the Investigation findings and the means by which these 
technical results were achieved.  As such, it is part of the archival record of this Investigation.  The titles 
of the full set of Investigation publications are: 

NIST (National Institute of Standards and Technology).  2005.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Final Report on the Collapse of the World Trade 
Center Towers.  NIST NCSTAR 1.  Gaithersburg, MD, September. 

NIST (National Institute of Standards and Technology).  2006.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Final Report on the Collapse of World Trade Center 7.  
NIST NCSTAR 1A.  Gaithersburg, MD. 

Lew, H. S., R. W. Bukowski, and N. J. Carino.  2005.  Federal Building and Fire Safety Investigation of 
the World Trade Center Disaster: Design, Construction, and Maintenance of Structural and Life Safety 
Systems.  NIST NCSTAR 1-1.  National Institute of Standards and Technology.  Gaithersburg, MD, 
September. 

Fanella, D. A., A. T. Derecho, and S. K. Ghosh.  2005. Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Design and Construction of Structural Systems.  
NIST NCSTAR 1-1A.  National Institute of Standards and Technology.  Gaithersburg, MD, 
September.  

Ghosh, S. K., and X. Liang.  2005.  Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Comparison of Building Code Structural Requirements.  NIST 
NCSTAR 1-1B.  National Institute of Standards and Technology.  Gaithersburg, MD, September. 

Fanella, D. A., A. T. Derecho, and S. K. Ghosh.  2005.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Maintenance and Modifications to Structural 
Systems.  NIST NCSTAR 1-1C.  National Institute of Standards and Technology.  Gaithersburg, 
MD, September. 

Grill, R. A., and D. A. Johnson.  2005.  Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Fire Protection and Life Safety Provisions Applied to the Design and 
Construction of World Trade Center 1, 2, and 7 and Post-Construction Provisions Applied after 
Occupancy.  NIST NCSTAR 1-1D.  National Institute of Standards and Technology.  Gaithersburg, 
MD, September.  

Razza, J. C., and R. A. Grill.  2005.  Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Comparison of Codes, Standards, and Practices in Use at the Time of the 
Design and Construction of World Trade Center 1, 2, and 7.  NIST NCSTAR 1-1E.  National 
Institute of Standards and Technology.  Gaithersburg, MD, September. 

Grill, R. A., D. A. Johnson, and D. A. Fanella.  2005.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Comparison of the 1968 and Current (2003) New 
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York City Building Code Provisions.  NIST NCSTAR 1-1F.  National Institute of Standards and 
Technology.  Gaithersburg, MD, September. 

Grill, R. A., and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Amendments to the Fire Protection and Life Safety Provisions of the New 
York City Building Code by Local Laws Adopted While World Trade Center 1, 2, and 7 Were in 
Use.  NIST NCSTAR 1-1G.  National Institute of Standards and Technology.  Gaithersburg, MD, 
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EXECUTIVE SUMMARY 

The structural steel in the World Trade Center (WTC) towers was protected against the effects of fire with 
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higher risk of property loss in the event of failure of multiple floors.  Fire resistance requirements, 
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WTC towers were classified as Occupancy Group E—Business.  The 1968 Code identified two 
construction groups: Noncombustible Construction (Group 1) and Combustible Construction (Group 2).  
The WTC towers were classified as Construction Group 1 because their walls, exit ways, shafts, structural 
members, floors, and roofs were constructed of noncombustible materials.  At the time of design and 
construction, the towers were not sprinklered.   

The 1968 New York City Building Code defined five Classes within Construction Group 1.  For Business 
occupancy, each Class required a fire endurance rating as follows: 

• Class 1A: 4 hour protected 

• Class 1B: 3 hour protected 

• Class 1C: 2 hour protected 

• Class 1D: 1 hour protected 

• Class 1E: unprotected 

Construction Classes 1A and 1B permitted buildings of unlimited height.  Thus, the WTC towers could 
have been designed to meet either Class 1A or Class 1B requirements. 

Classification of WTC Towers 

It was the practice at the time, and continues to be the practice, for the architect to establish the building 
classification, fire rating of members and systems, and thermal protection requirements.  The review of 
documents uncovered during the investigation indicated a discrepancy in the classification, and, therefore, 
in the fire ratings to be used in the design of the towers.  Documents issued in the early stages of the 
design appear to indicate that the towers were classified as Class 1A.  With the directive in 1965 to 
comply with the 1968 New York City Building Code, it appears that the towers were classified ultimately 
as Class 1B.  

According to Section C26-314.1 of the 1968 New York City Building Code, construction 
classification 1B provided, in part, the following fire protection requirements: 

• Columns, girders, trusses, other than roof trusses, and framing supporting more than one floor 
shall have 3 hour fire endurance; 

• Columns, girders, trusses, other than roof trusses, and framing supporting one floor shall have 
2 hour fire endurance 

• Floor construction including beams shall have 2 hour fire endurance. 

• Enclosure of vertical shafts, exits, passage-ways, and hoistways shall have 2 hour fire endurance; 
and 
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• Roof construction including beams, trusses, and framing including arches, domes, shells, cable 
supported roofs, and roof decks (for buildings over one story in height) shall have 2 hour fire 
endurance.  

Thus, the columns were required to have a 3 hour fire endurance rating, and the floor system was required 
to a have a 2 hour rating when tested in accordance with ASTM E 119. 

Response to Local Law 5/1973 

In 1973, New York City Local Law No. 5 amended the New York City Building Code (effective 
January 18, 1973).  Local Law No. 5 required, in part, the retrofit of existing unsprinklered office 
buildings 100 ft or higher.  The New York City Department of Buildings permitted either: 

• Subdividing the floor area into compartments of specified square footage by fire separations (1 h 
or 2 h fire rated depending on the size of the compartment), or 

• Providing sprinkler protection. 

A code compliance evaluation conducted in 1997 indicated that that all tenant floors in the two towers 
had been retrofitted with sprinklers (sprinklered) with the exception of four floors in WTC 1.  In a 1999 
update by the Port Authority it was noted that all tenant floors had been sprinklered and work was 
underway to complete sprinklering of the sky lobbies.  In 2000, a property condition assessment report 
stated that the WTC towers were classified as “Class 1B – noncombustible, fire-protected, retrofitted with 
sprinklers in accordance with New York City Local Law 5/1973.”  

Selection of Fire-Resistive Materials 

Classification of a building leads to its overall fire endurance rating and ratings of the various structural 
components.  The New York City Building Code, however, does not prescribe how the required fire 
endurance rating is to be achieved.  The Port Authority chose to protect the main structural components 
such as columns, spandrel beams, and floor trusses with sprayed fire-resistive material.  This thermal 
protection technique was an established method for protecting columns, beams, and walls.  In the 1960s, 
however, composite steel joist-supported floor systems were usually protected using “lath and plaster” 
enclosures or fire-rated ceiling tiles. 

Since application of sprayed fire-resistive materials to floor trusses was an innovative fire protection 
method, the Port Authority arranged for demonstrations to establish its feasibility for the World Trade 
Center.  The demonstrations were considered to be successful and in November 1968, the Port Authority 
awarded the contract for “spray fireproofing” of the interior portions (floor system and core) of the WTC 
towers.  The fire protection of the exterior columns was included in the contract for the exterior aluminum 
cladding. 

Several materials were considered for the sprayed thermal insulation.  The exterior columns required 
insulation not only for fire protection but also to control column temperatures under service conditions.  
Alcoa recommended for the exterior columns the use of a sprayed material produced by U.S. Mineral 
Products, Co. known as BLAZE-SHIELD Type D.  The same material was eventually selected for the 
floor trusses and core beams and columns.  This product, however, contained asbestos fibers.  On April 
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13, 1970, New York City issued restrictions on the application of sprayed thermal insulation containing 
asbestos.  The use of BLAZE-SHIELD Type D was discontinued in 1970 at the 38th floor of WTC 1.  
The asbestos-containing material was subsequently encapsulated with a sprayed material that provided a 
hard coating.  A green dye was added to the encapsulating material so that the asbestos containing SFRM 
could be identified.  Thermal protection of the remaining floors of WTC 1 and all of WTC 2 was carried 
out using BLAZE-SHIELD Type DC/F, a product that contained mineral wool (glassy fibers) in place of 
the crystalline asbestos fibers.  On the basis of tests, it was reported that the thermal properties of 
BLAZE-SHIELD Type DC/F were equal to or “slightly better” than those of BLAZE-SHIELD Type D. 

Specified Thickness of Fire-Resistive Material 

The thickness of fire-resistive material necessary to achieve the required fire endurance was assessed in 
1965, more than three years before the award of the thermal protection contract.  At that time, the 
Architect of Record recommended 1 in. of thermal protection for the top and bottom chords of the floor 
trusses and 2 in. for other members of the trusses.  WTC project specifications for sprayed fire protection 
do not provide required material thickness or hourly ratings.  In October 1969, the manager of project 
planning for the WTC provided the following instructions to the contractor applying the sprayed fire 
protection: 

“…Tower ‘A’ columns that are less than 14WF228 will require 2 3/16″ 
thick of ‘Cafco Glaze [sic]-Shield ‘Type D’’ spray-on fireproofing.  All 
Tower columns equal to or greater than 14WF228 will require 1 3/16″ of 
fireproofing… 

All Tower beams, spandrels and bar joists requiring spray-on 
fireproofing are to have a 1/2″ covering of ‘Cafco.’ 

The above requirements must be adhered to in order to maintain the 
Class 1-A Fire Rating of the New York City Building Code.” 

NIST’s review of available documents has not uncovered the reasons for selecting BLAZE-SHIELD or 
the technical basis for specifying ½ in. thickness of insulation for the floor trusses.  The last sentence in 
the above excerpt indicates that in October 1969, the towers were considered as Class 1A construction. 

In February 1975, a fire occurred in WTC 1, spreading from the 9th to the 19th floor.  After the fire, the 
Port Authority contracted Skilling, Helle, Christiansen, Robertson (SHCR), the Structural Engineer of 
Record for the design of the WTC towers, to assess the resulting structural damage and to report, in 
general, on the fire resistivity of the floor system.  In its report dated April 1, 1975, SHCR communicated 
to the Port Authority that the fire did not cause structural damage, but it caused buckling of some top 
chord members of main trusses, buckling of bridging trusses, and distortion of deck support angles.  The 
report provided valuable information on the history of the passive fire protection of the towers. 

The 1975 post-fire report by SCHR stated further that thermal protection of the top chords of the floor 
trusses was not necessary, except for the corners of the buildings where the floor acted as a two-way 
system in bending.  Additionally, it was stated that protection of the bridging trusses was not required 
because the bridging trusses were “not required as a part of the structural system.” 
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In February 2003, NIST asked the Port Authority a series of questions related to the sprayed thermal 
protection for the floor system. The Port Authority replied in March that the top chords of the main 
trusses and the bridging trusses were protected. 

Upgrading SFRM on Floor Trusses 

In 1995, the Port Authority performed a study to establish requirements for retrofit of sprayed insulation 
to the floor trusses during major alterations (new construction) when tenants vacated spaces in the towers.  
The study estimated the thermal protection requirements based on “the fireproofing requirements” for 
Design No. G805 contained in the Fire Resistance Directory published by Underwriters Laboratories.  
The study concluded that “a two hour fire rating for the steel floor joist trusses can be achieved by 
applying a 1½ inch thickness of spray-on mineral fiber fire protection material directly to the steel truss 
chords and webs.”  In the years between 1995 and 2001, thermal protection was upgraded in a number of 
the floors affected by the fires on September 11, 2001.  Specifically, in WTC 1, floors 92 through 100 and 
102 were upgraded; and in WTC 2, floors 77, 78, 88, 89, 92, 96, and 97 were upgraded. 

In 1999, the Port Authority established “guidelines regarding fireproofing repairs, replacement, and 
upgrades” for the towers.  The guidelines for in tenant spaces may be summarized as follows: 

• For full floors undergoing new construction or renovation, the floor trusses should be protected 
with 1½ in. of sprayed mineral fiber fire-resistive material.  Retrofit of thermal protection 
requires removal of existing material and controlled inspection. 

• For “tenant spaces less than a full floor undergoing either new construction or renovation,” the 
floor trusses “need only meet the original construction standard.  Fireproofing shall be inspected 
and patched as required to the greater of ¾ in. or to match existing” if it has already been 
upgraded to 1½ in. 

In July 2000, an engineering consultant, commissioned by the Port Authority to conduct a fire-
engineering assessment of the fire protection of the floor trusses, issued a report on the requirements of 
the fire resistance of the floor system of the towers.  This report stated that BLAZE-SHIELD DC/F was 
used on the majority of the floor trusses.  Based on calculations and risk assessment, the consultant 
concluded that: 

• “The structural design has sufficient inherent fire performance to ensure that the fire condition is 
never the critical condition with respect to loading allowances.  

• A single coat application is possible. 

• Significant savings are possible. 

• The target reduction of fiber content and increased long term durability can be achieved. 

• Alternative materials should be considered.”  

As quoted, the report states that significant savings were possible by reducing the fiber content and 
considering alternative materials.  The report suggested that the thickness of the SFRM could be reduced 
to ½ in. if the material properties at ambient temperature are applicable at higher temperatures.  The 
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report recognized the lack of available temperature-dependent material data for BLAZE-SHIELD Type 
DC/F.  Thus, considering the uncertainties in the material properties and having the understanding of 
material degradation with temperature and time, it was recommended that 1.3 in. of fire-resistive material 
be used for the floor trusses. 

Later, in December 2000, the final draft of a report on Property Condition Assessment of World Trade 
Center Portfolio stated that, based on existing conditions “The rating of the structural fireproofing in the 
Towers and subgrade has been judged to be an adequate 1 hour rating considering the fact that all Tower 
floors are now sprinklered.”  The report also noted the ongoing Port Authority program to upgrade the 
fire-resistive material thickness to 1½ in. in order to achieve a 2 hour fire rating.  

Need for Fire Endurance Tests 

The fire protection of a truss-supported floor system by directly applying sprayed fire-resistive material to 
the trusses was innovative and not consistent with prevailing practice at the time the WTC towers were 
designed and constructed.  While the benefits of conducting fire endurance tests were realized by 
individuals involved in the 1967 demonstrations of the application of SFRM, apparently no tests were 
conducted on the floor system used in the WTC towers.  The Architect of Record and the Structural 
Engineer of Record stated that the fire rating of the floor system of the WTC towers could not be 
determined without testing.  Communication from the Port Authority in 2003 confirms that there is no 
record of fire endurance testing of assemblies representing the thermally protected floor system. 

Maintenance of SFRM in Elevator Shafts 

Throughout the life of the WTC towers, the structural members that required the largest amount of 
inspection and maintenance within the core were the exposed columns and beams within the elevator 
shafts.  These columns and beams were the only accessible fire-protected elements in the buildings. 
Adhesion failures were common, likely because of the exposed conditions of the columns and the 
inherently low strength of the SFRM. 

Inspections of the shafts and accessible columns were reported as early as 1971.  Problems were noted in 
the form of fallen insulation or with the over-spray material used to provide a harder surface.  In 1993, the 
Port Authority commissioned Leslie E. Robertson Associates to carry out a continuing program to 
appraise the condition of the accessible columns located in the cores of the towers.  The columns were 
inspected visually for signs of rusting, cracking, bowing, and loss of thermal insulation.  During the first 
inspection, carried out in 1993, particular shafts were chosen based on the quantity and types of accessible 
columns, and the convenience to the Port Authority.  Subsequent inspections involved sampling of the 
structural components and assemblies, which were more important to the structural integrity of the 
towers, and at locations with a relatively higher potential for defects and problems.  The inspection report 
stated that the accessible columns in selected elevator shafts in WTC 1 and WTC 2 were “generally in 
good condition, no structural deficiencies such as cracking or bowing were found, the most common 
irregularities observed were missing fireproofing and light surface rusting of the exposed steel.” Based on 
the inspections, LERA recommended “that remedial action to be taken where spray fireproofing is 
damaged, deteriorated or missing and where there is corrosion of the column base due to water leaks at 
elevator pits.”  Earlier in 1992, LERA performed calculations to determine the thickness of replacement 
thermal insulation for selected beams and columns within elevator shafts. 
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AS-APPLIED THICKNESS OF SFRM 

1994 Measurements from WTC 1 Floors 23 and 24 

In its search of documents, NIST found no information related to measurements of the thickness of 
thermal insulation taken during original construction.  Reviewed documents, however, indicate that 
thickness appears to have been checked during construction.  Recorded information on the in-place 
condition of the sprayed thermal insulation for the floor system first appeared in 1990 in the form of 
“Sample Area Data Sheets,” which provided qualitative comments on the state of the in-place SFRM.  
Information regarding quantitative inspection of existing fire-resistive material appeared in 
documentation from 1994.  That year, the Port Authority performed a series of thickness measurements of 
the existing SFRM on floors 23 and 24 of WTC 1.  Six measurements were taken from “both flanges and 
web” of each of 16 randomly chosen trusses on each floor.  Measured average thickness varied between 
0.52 in. and 1.17 in.  For the 32 measurements (16 on each floor), the overall average was 0.74 in., and 
the standard deviation of these averages was 0.16 in.  Four of the 32 floor trusses had average thicknesses 
between 0.52 in. and 0.56 in. These measurements suggest that the minimum average thickness exceeded 
½ in.  Analysis of the reported mean thicknesses indicated that a lognormal distribution gave a better 
representation of the distribution rather than did a normal distribution. 

Analysis of Photographs 

Additional SFRM thickness data were developed by evaluating photographs of floor trusses taken during 
inspections.  Two groups of photographs were used.  The first group included images of floor trusses 
from WTC 1 (floors 22, 23, and 27).  These photographs were taken in the mid-1990s and illustrated 
conditions before the upgrade carried out by the Port Authority.  Thus, SFRM thickness on the 
photographed trusses would be expected be at least ½ in. The second group of photographs, taken in 
1998, illustrated conditions after the upgrade program that was initiated in 1995.  The photographs were 
of trusses for floor 31 and below in WTC 1.  Selection of the photographs to be used to estimate thickness 
of SFRM was based on clarity of SFRM edges and the presence of a feature of known dimensions to 
provide a reference measurement. 

For floors that had not been upgraded, it was observed that the estimated thickness of SFRM on the webs 
(inclined bars) of the main trusses tended to be greater than that on either the diagonal struts or on the 
webs of the bridging trusses.  Hence, estimates of SFRM thickness for non-upgraded floors were divided 
into three groups:  

• Webs (inclined bars) of main trusses,  

• Webs (inclined bars) of bridging trusses, and  

• Diagonal strut at the exterior wall end of the truss. 

It was not possible to estimate the thickness of the SFRM on any truss element except the round web bars.  
Consequently, for the upgraded floors in WTC 1 that were included in the second group of photographs, 
only estimates of the thickness on the web bars of the main trusses were made.  The average, standard 
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deviation, and coefficient of variation were computed for the total number of measurements in each of 
these groups.  The results are summarized as follows: 

• Main trusses before upgrade (85 measurements): Average thickness 0.6 in., standard deviation 
= 0.3 in., and coefficient of variation = 0.5. 

• Bridging trusses before upgrade (52 measurements): Average thickness 0.4 in., standard deviation 
= 0.25 in., and coefficient of variation = 0.6. 

• Diagonal struts before upgrade (26 measurements): Average thickness 0.4 in., standard deviation 
= 0.2 in., and coefficient of variation = 0.5. 

• Main trusses after upgrade (52 measurements): Average thickness 1.7 in., standard deviation 
= 0.4 in., and coefficient of variation = 0.2. 

Port Authority Data on Upgraded SFRM on Trusses   

In the 1990s, the thermal protection for some floor trusses was upgraded to a specified thickness of 1½ in. 
as tenants vacated their spaces.  According to the Port Authority, 18 floors of WTC 1 and 13 floors of 
WTC 2 were upgraded.  The Port Authority also stated that: “The entire impact zone for Tower 1 (92-99) 
was upgraded with 1½" spray-on fireproofing. Only the 78th floor was upgraded with the 1½" spray-on 
fireproofing within the impact zone in Tower 2 (78-84).”  The Port Authority provided Construction 
Audit Reports that included the density, average thickness, and strength characteristics of the upgraded 
SFRM (BLAZE-SHIELD II) as of 2000.  In 2004, the Port Authority provided NIST reports of the 
individual measurements for many of the average thicknesses recorded in the Construction Audit Reports.  
These individual measurements permitted analysis of the variation of thickness at a cross section of a 
truss member and the variation in average thickness from truss to truss.  A total of 18 data sets for WTC 1 
(including floors 93, 95, 98, 99, and 100) and 14 data sets for WTC 2 (including floors 77, 78, 88, 89, and 
92) were analyzed. 

Data analysis indicated that the thickness measurements from the two towers represented similar 
distributions, and so the data were combined.  It was also found that the distribution of thickness values 
could be approximated as lognormal distribution.  

The overall average thickness determined from the 256 individual measurements was found to be 2.5 in. 
with a standard deviation of 0.6 in.  Thus, the average thickness on the upgraded upper floors appears to 
be greater than that estimated from photographs taken on upgraded lower floors. 

The overall standard deviation of 0.6 in. includes two contributions: (1) the variation of thickness at a 
cross section (within-truss variability), and (2) the variation of average thickness between trusses 
(between-truss variability).  From analysis of variance, it was found that the within-truss standard 
deviation was 0.4 in., and the between-truss standard deviation was also 0.4 in.  The within-truss standard 
deviation of 0.4 in. is similar to the standard deviation of the estimated individual thicknesses obtained 
from analysis of the photographs of upgraded main trusses. 
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Column SFRM Thickness 

NIST requested that the Port Authority provide available information on the actual thickness of fire-
resistive material on the exterior and interior columns of the WTC towers.  The Port Authority replied 
that, due to inaccessibility of exterior columns and core columns, there were no records of SFRM 
thickness measurements for these elements.  The only available measurements were for thickness of 
SFRM that was reapplied to accessible beams and columns within elevator shafts.  

The most complete data set included measurements on beams and columns taken within shaft 10/11 in 
WTC 1.  These measurements were taken in April 1999 and included measurements from floor 1 to 
floor 45.  The thicknesses were recorded to the nearest 1/8 in., with a few thicknesses recorded to the 
nearest 1/16 in.  The columns included 10 to 18 replicate measurements, and the beams included 11 to 
16 replicate measurements. 

The average thickness for the columns was found to be 0.82 in., with a standard deviation of 0.20, 
resulting in a coefficient of variation is 0.24.  The average thickness for the beams was 0.97 in., with a 
standard deviation is 0.21 in., for a coefficient of variation is 0.21.  The information from the Port 
Authority indicated that the minimum required thicknesses for the SFRM (Monokote Type Z-106) that 
was reapplied to the columns and beams were ½ in. and ¾ in., respectively.  

The data described above may not have a direct bearing on the outcome of the investigation because they 
deal with lower stories.  They do, however, provide some useful information on the variability of SFRM 
applied to beams and columns.  As might be expected, the variation in thickness of SFRM for the beams 
and columns is lower than the variation computed for the floor trusses.  The flat surfaces of the beams and 
columns result in more uniform application of the sprayed fire-resistive material than for the slender truss 
members.  

EFFECT OF SFRM GEOMETRY ON THERMAL RESPONSE 

As would be expected, and as confirmed by analyses of available data, the thickness of thermal insulation 
can have high variability.  The effects of thickness variation on thermal response of a member are not 
well known.  A sensitivity study using the finite element analysis to simulate heat transfer was conducted 
to investigate the sensitivity of steel temperature rise to the variability in SFRM thickness. 

Effects of Thickness Variability and Gaps in SFRM 

A finite element model for thermal analysis was developed for a plate protected on both faces with SFRM 
of variable thickness.  A random number generator was used to assign a lognormally distributed random 
thickness of insulation along the length of the plate, and the plate was subjected to a thermal flux 
representative of a 1,100 °C fire.  A parametric study was conducted with average thickness of fire-
resistive material varying from 0 in. to 2 in. in increments of ¼ in. and a standard deviation varying from 
0 to 1 in.  Steel temperatures at five locations in the plate were recorded at 30 min, 60 min, 90 min, and 
120 min of exposure to the thermal flux.  

The simulations showed that when the SFRM thickness is variable, the isotherms in the steel follow the 
shape of the SFRM surface contour.  Thus, the temperature history at any point in the steel depends on the 
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local thickness of the insulation.  If the time to reach a specified high temperature is used as an indicator 
of protection efficiency, it was shown that an increase in thickness variability reduced the time to reach 
the critical temperature.  Conversely, for a given time to reach a critical temperature, the required average 
thickness of thermal insulation increased with increasing variability in thickness of SFRM. 

In addition to the effect of variation in thickness, the effect of missing SFRM over a portion of a member 
was studied.  As expected, the bare steel at the missing insulation reached the gas temperature quickly, 
but more importantly the “gap” in the insulation led to transmission of heat into the interior steel.   

The combined effects of variation in insulation thickness and extent of missing material were examined 
by a factorial study with the following factors: 

• Average thickness of insulation varying from 0 in. to 2.0 in. in 1/4 in. increments; 

• Standard deviation of insulation thickness of 0 in., 0.25 in., 0.5 in., 0.75 in., and 1.0 in.; and 

• Length of missing insulation varying from 0 in. to 30 in., in 6 in. increments. 

The results were summarized by a series of temperature-time plots representing the response for different 
combinations of the three factors.  As expected, increasing the variability of insulation thickness or gap 
length reduced the time to reach a given critical temperature.  Because there was not sufficient 
information to determine the frequency of occurrence of these gaps or their typical locations, gaps in 
insulation were not considered in the thermal modeling. 

Thermally Equivalent Thickness of SFRM 

The sensitivity study indicated that increased variation in thickness reduced the “effective thickness” of 
the SFRM.  It would be impractical to attempt to account for the variation in SFRM thickness in the 
thermal modeling of the WTC towers by introducing variable thickness insulation material in the finite-
element models.  As an alternative, a “thermally equivalent uniform thickness” was determined that 
would result in the same thermo-mechanical response of a member as the variable thickness thermal 
protection.  In the analyses, an insulated 1 in. diameter by 60 in. long steel bar was subjected to the heat 
flux arising from a 1,100 °C fire.  The thermal history along the length of the bar was calculated, and that 
history was used to calculate the length change of the unrestrained bar under a tensile stress of 12,500 psi.  
The bar was assumed to be similar to the steel used in the WTC floor trusses, and the temperature 
dependence of the coefficient of thermal expansion and the modulus of elasticity were based on NIST 
measurements. 

The average SFRM thickness and variability in thickness used in the models were based on the 
measurements for the web bars of the main trusses with both the original insulation and upgraded 
insulation.  The following values were investigated: 

• Original conditions: Average thickness = 0.75 in., standard deviation = 0.3 in., lognormal 
distribution. 

• Upgraded conditions: Average thickness = 2.5 in., standard deviation = 0.6 in., lognormal 
distribution. 
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The variation of thermal insulation thickness along the length of the bar was established by using a 
pseudo random number generator to select values from a lognormal distribution with central value and 
dispersion consistent with the above average values and standard deviation.  Three sets of random data 
were generated for each condition. 

When the randomly selected thicknesses of each element were applied to the bar, it resulted in abrupt 
changes in insulation thickness along the length of the bar.  This resulted in a “rough” surface texture that 
was not representative of actual conditions. As an alternative, five-point averaging was used to reduce the 
roughness of the insulation profile and produce a profile that was consistent with photographic evidence.  
Care was taken to ensure the “smoothed” profiles maintained the required dispersion. 

The calculated thermal histories of the bar elements were used to calculate the unrestrained length 
changes of the bar due to thermal expansion and the applied stress.  For comparison, elongations of the 
bar with different uniform thicknesses of thermal insulation were calculated.  The “thermally equivalent 
thickness” was taken as the uniform thickness that resulted in approximately the same elongation of the 
bar as produced with the variable thickness insulation.   

On the basis of these analyses, it was concluded that SFRM with an average thickness of 0.75 in. and a 
standard deviation of 0.3 in. provides protection equivalent to 0.6 in. of uniform thickness. Similarly, an 
average SFRM thickness of 2.5 in. with a standard deviation of 0.6 in. is equivalent to 2.2 in. of uniform 
thickness. 

Recommended Thickness of SFRM for Thermal Analyses 

Analyses of available data on SFRM thickness in the WTC towers and thermal modeling revealed the 
following: 

• From measurements of SFRM thickness, the average values exceeded the specified thickness. 

• SFRM thickness was variable, and the distribution of thickness in the floor trusses appeared to be 
described best by a lognormal distribution.   

• The standard deviation of SFRM thickness on the trusses varied between about 0.3 in. and 0.6 in. 

• The standard deviation of SFRM on columns and beams from the core tended to be lower, with a 
value of 0.2 in. for the available data. 

• No information was available on the SFRM thickness on the exterior columns and spandrel 
beams. 

• Variation in thickness reduces the effectiveness of SFRM, and the equivalent uniform thickness 
was less than the average thickness. 

Based on findings stated above, the following uniform thicknesses for the undamaged SFRM were 
determined for use in calculating thermal response of the WTC towers under various fire scenarios: 

• Original SFRM thickness on floor trusses: 0.6 in. 
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• Upgraded SFRM thickness on floor trusses: 2.2 in. 

• Thermal protection on other elements: the specified thickness. 

The choice of specified thickness for those members lacking data is justified by the following offsetting 
factors: (1) measured average thicknesses exceed specified values, and (2) variation in thickness reduces 
the effectiveness of the SFRM. 

THERMOPHYSICAL PROPERTIES 

To provide thermophysical property data for modeling the fire-structure interaction of the towers, the 
thermal conductivity, specific heat capacity, and density of the SFRMs used in the WTC towers were 
determined as a function of temperature up to 1,200 °C (2,190 °F).  Since there are no ASTM test 
methods for characterizing the thermophysical properties of SFRMs as a function of temperature, ASTM 
test methods developed for other materials were used.  Samples were prepared by the manufacturers of 
the fire-resistive materials, which included BLAZE-SHIELD DC/F, BLAZE-SHIELD II, and Monokote 
MK-5.  Since Monokote MK-5 is no longer on the market, the samples were manufactured specially for 
this study according to the original MK-5 formulation. Testing services were provided under contract by a 
commercial testing agency. 

Thermal Conductivity 

The thermal conductivity measurements were performed according to ASTM C 1113, Standard Test 
Method for Thermal Conductivity of Refractories by Hot Wire (Platinum Resistance Thermometer 
Technique).  The room temperature values were in general agreement with the manufacturer’s published 
values for BLAZE-SHIELD DC/F and BLAZE-SHIELD II.  No published values were available for 
Monokote MK-5.  The thermal conductivities increased with temperature. 

Specific Heat Capacity 

Specific heat capacity determinations were made with the same instrument as for thermal conductivity 
with a slight modification.  A thermocouple was added to the system, which permitted determination of 
the thermal diffusivity of the material.  Knowing the thermal conductivity, the thermal diffusivity, and the 
density obtained from other tests, the specific heat capacity was calculated.  The inherently indirect nature 
of the technique used precluded the direct measurements of specific heat capacity peaks associated with 
chemical reactions. 

To examine the chemical reactions associated with heating of SFRMs, samples were sent to another 
laboratory under contract to perform differential scanning calorimetry (DSC) measurements in 
accordance with ASTM E 1269, Standard Test Method for Determining Specific Heat Capacity by 
Differential Scanning Calorimetry.  Differential thermal analysis (DTA) is a "fingerprinting" technique 
that provides information on the chemical reactions, phase transformations, and structural changes that 
occur in a specimen during a heating or a cooling cycle.  These tests revealed large peaks in the specific 
heat capacities in the range of 125 °C to 140 °C. 
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Density 

Bulk densities of the SFRMs were not measured directly (except at room temperature) but were 
calculated from thermal gravimetric analysis (TGA) and thermal expansion measurements.  The TGA 
tests to measure mass loss were performed according to ASTM E 1131, Standard Test Method for 
Compositional Analysis by Thermogravimetry.  Thermal expansion measurements were performed 
according to ASTM E 228, Standard Test Method for Linear Thermal Expansion of Solid Materials.  
Since the materials were not isotropic, separate measurements were performed in the plane of the SFRM 
sample and perpendicular to the free surface of the sample.  From the thermal expansion measurements, 
the change in volume for each material was calculated at each temperature.  The density values were 
calculated from the results of the TGA and thermal expansion.  The room temperature densities were 
15.7 pcf for BLAZE-SHIELD DC/F, 20.8 pcf for BLAZE-SHIELD II, and 19.4 pcf for Monokote MK-5. 

Thermophysical Properties of Gypsum Panels 

Thermophysical properties of four representative types of commercially available gypsum panels were 
examined.  The materials were: 

1. 5/8 in. thick gypsum panel A,  

2. ½ in. thick gypsum panel, 

3. 5/8 in. thick gypsum panel B, and  

4. 1 in. thick gypsum liner panel. 

Thermal conductivity was measured using the heated probe technique described in ASTM D 5334, 
Standard Test Method for Determination of Thermal Conductivity of Soil and Soft Rock by Thermal 
Needle Probe Procedure.  In general, the thermal conductivity initially decreased as the temperature 
increased to 200 °C and then increased with increasing temperature above 300 °C. 

Specific heat capacities of the cores of the four gypsum panel samples were measured using a differential 
scanning calorimeter according to ASTM E 1269, Standard Test Method for Determining Specific Heat 
Capacity by Differential Scanning Calorimetry.  The four panels had similar specific heat capacities as a 
function of temperature, with a high peak at about 150 °C and a smaller peak at about 250 °C. 

Densities were calculated from the thermogravimetric analysis (TGA) and linear thermal expansion 
measurements.  All four materials show the same trend as a function of temperature.  The variation of 
density with temperature is associated with the mass loss and the change in volume of the gypsum 
material. 

 

ADHESIVE AND COHESIVE STRENGTH 

To analyze the thermo-structural response of the WTC towers during the fires after the aircraft impacts, it 
was necessary to estimate the extent of dislodged thermal insulation on structural members.  
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Dislodgement could occur as a result of direct impact by debris or due to inertial forces as a result of the 
aircraft impact.  Photographic evidence suggested that thermal insulation was dislodged from portions of 
exterior columns of the towers that were likely not subjected to direct impact by debris.  This study 
focused on dislodgement due to inertial forces. 

The magnitude of the inertial forces depends on the density and thickness of the thermal insulation.  The 
insulation would dislodge if the stresses resulting from inertial forces exceed the strength of the 
insulation.  Therefore, the focus of the NIST study was to determine tensile strength characteristics of the 
thermal insulation.  In addition, a simplified approach was developed for estimating the magnitude of 
accelerations required to dislodge thermal insulation. 

In-place Density and Bond Strength 

The Port Authority provided data on in-place density and bond strength characteristics of the thermal 
insulation (BLAZE-SHIELD II) applied to the floor trusses during tenant alterations.  According to the 
manufacturer, BLAZE-SHIELD II is about 20 percent denser and has about 20 percent greater 
adhesive/cohesive strength than BLAZE-SHIELD DC/F.  The Port Authority test reports indicate that 
bond strength was determined in accordance with ASTM E 736, Standard Test Method for 
Cohesion/Adhesion of Sprayed Fire Resistance Materials Applied to Structural Members.  The method 
involves gluing a jar screw cap to the surface of the thermal insulation, and after the glue has cured, the 
cap is pulled.  The force required to pull off the cap is divided by the area of the cap and reported as the 
“cohesive/adhesive strength.”  Failure is described as “cohesive” if it occurs within the insulation and is 
defined as “adhesive” if it occurs at the interface with the substrate.   

Analysis of the reported density values indicated no statistically significant differences between the 
average SFRM densities in the two towers.  The overall average density was 18.9 pcf with a standard 
deviation of 3.2 pcf, giving a coefficient of variation of 16 percent.  

Analysis of the bond strength values indicated that there were statistically significant differences between 
the average bond strengths for the different floors, but there was no statistically significant difference 
between the average bond strengths for the two towers.  The overall average bond strength was 302 psf, 
with a standard deviation of 91 psf, giving a coefficient of variation of 30 percent.  This average value is 
less than the “tested performance” value of 360 psf indicated in the manufacturer’s catalogs, but this 
published value is for tests under controlled conditions and may not be representative of field strengths.  
The manufacturer’s product literature dated February 2002 refers to average bond strength of 150 psf as 
“standard performance,” and the same value is used in its guide specification for BLAZE-SHEILD II. 

Specimen Preparation and Test Procedures 

While the in-place bond strength data for BLAZE-SHIELD II reported by the Port Authority appear to 
indicate acceptable performance, ASTM E 736 tests do not provide sufficient information for predicting 
whether insulation would be dislodged from structural members under various impact conditions. The 
standard test does not provide unambiguous values of cohesive and adhesive strengths and it does not 
provide tensile strength in a direction parallel to the surface, that is, the in-plane cohesive strength.  Thus, 
tests were conducted by NIST to determine different tensile strength properties of sprayed thermal 
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insulation.  BLAZE-SHIELD DC/F was used because the Port Authority data did not include tests of this 
material. 

Test specimens were made by applying the SFRM to ¼ in. steel plates measuring 8 in. by 16 in.  One half 
of the plates were coated with primer paint.  Nominal SFRM thicknesses of ¾ in. and 1½ in. were 
applied.  Thickness was built up in several passes of the spray nozzle.  Gentle hand rubbing was used to 
remove local high spots and produce reasonably uniform thicknesses.  The plate specimens were allowed 
to dry for over five months in the laboratory before testing. Companion specimens were weighed 
periodically for loss of water and it was found that the 1½ in. thick specimen reached equilibrium in about 
one month. 

Tests were devised to determine adhesive strength, cohesive strength normal to the surface, and cohesive 
strength parallel to the surface of the SFRM.  The first two properties were determined by adapting the 
pull-off test method described in ASTM C 1583, Standard Test Method for Tensile Strength of Concrete 
Surfaces and the Bond Strength or Tensile Strength of Concrete Repair and Overlay Materials by Direct 
Tension (Pull-off Method).  The SFRM layer was cut carefully in two orthogonal directions to create a 
prismatic test specimen, and a 3/8 in. by 2.7 in. by 2.7 in. aluminum plate was glued to the surface.  The 
advantages of this approach over the ASTM 736 technique are that the resisting area is easily determined 
and it offers the ability to measure both adhesive and cohesive strengths. 

From each plate, three specimens were prepared for measuring both density and in-plane cohesive 
strength, and two specimens were prepared for measuring adhesive strength and cohesive strength normal 
to the surface.  Prismatic specimens were prepared by carefully removing strips of SFRM from the steel 
plates and sanding them to obtain uniform thickness.  These specimens were weighed to determine their 
densities.  Then the specimens were glued to a steel plate and a small plate was glued to the other end for 
application of a tensile load. 

The adhesive strength and cohesive strength normal to the surface were obtained using the modified pull-
off procedure.  An aluminum plate was bonded to the top surface of the SFRM using a fast curing, two-
component urethane foam adhesive.  After the adhesive had cured, the SFRM layer was cut to produce a 
prismatic test specimen.  A hook was screwed into the aluminum plate, and a load was applied by hand 
using a 50-lb digital force gauge.  The average length and width of the failure area was measured and 
used to compute the adhesive or cohesive strength.  After the first test, the specimen was repaired with the 
same polyurethane adhesive and the test was repeated.  If the first test was an adhesive failure, the second 
test of the repaired specimen measured cohesive strength of the bulk SFRM.  If the first test resulted in 
cohesive failure, the specimens were repaired and retested until an adhesive failure was obtained.  

Test Results 

Table E–1 summarizes the results of the test described in the previous section. 

Table E–1. Summary of physical characteristics of BLAZE-SHIELD DC/F specimens 
tested at NIST. 

Bare Steel Primed Steel 
Property 

¾ in. 1½ in ¾ in. 1½ in. 
Density (pcf)   27.2 (0.8)a 29.7 (1.3) 
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In-plane cohesive strength (psf)   1120 (390) 1740 (540) 
Adhesive strength (psf) 450 (63) 666 (151) 185 (96) 171b(196) 
Cohesive strength normal to surface (psf) 433 (99) 610 (142) 367 (79) 595 (163) 

a.  First number is the average and the number in parentheses is the standard deviation. 
b.  Based on testing selected samples.  

The densities of the BLAZE-SHIELD DC/F measured in this study were higher than published in the 
manufacturer’s catalogs and higher than the in-place average density of 18.9 pcf reported in Port 
Authority test reports for BLAZE-SHIELD II.  The difference in average densities of the two thicknesses 
was statistically significant.  The higher values in this study are attributed to the details of the specimen 
preparation procedures, which tended to result in denser test specimens than would be representative of 
field application. 

The difference in average adhesive strength for the two SFRM thicknesses is statistically significant.  The 
relative strengths are consistent with the difference in density for the two thicknesses. 

The presence of primer reduced the adhesive strength, especially for the 1½ in. thick specimens.  Two-
thirds of the thicker SFRM plates had no adhesion to the coated steel plates. 

Analysis of the cohesive strength normal to the surface indicated that there was no statistically significant 
effect due to the presence or absence of primer.  This is logical, because the condition of the steel surface 
is not expected to influence the properties of the bulk SFRM.  There was a statistically significant 
difference in the average strengths for the two thicknesses, with the 1½ in. SFRM having higher strength. 

For comparison with the measured cohesive strength normal to the surface, two tests were done in 
accordance with ASTM E 736. The results of the two tests were in agreement with those obtained by the 
pull-off technique.  This suggests that the ASTM E 736 procedure probably provides a measure of 
cohesive strength. 

A comparison was made of the adhesive strength and cohesive strength normal to the surface for the 
plates made with bare steel.  A formal analysis of variance indicated that there is an 8 percent probability 
that the difference could be the result of randomness.  Generally, if this probability is greater than 
5 percent, it can be concluded that the difference is not statistically significant.  Thus, for the case of good 
adhesion, the test results do not contradict the assumption that the adhesive strength and cohesive strength 
normal to the surface are equal.  If this assumption is accepted, the average of the adhesive and cohesive 
strengths is 409 psf for the ¾ in. SFRM, and the average is 622 psf for the 1½ in. SFRM.  These values 
are considerably greater than the manufacturer’s published strength of 295 psf obtained using the ASTM 
E 736 method under laboratory conditions. 

Simplified Approach to Predict Dislodging of SFRM 

When a member is subjected to an impact, it will undergo various modes of vibration.  These vibrations 
result in local cyclic accelerations that are transferred to the SFRM by forces at the interface between the 
steel and the SFRM.  The forces are proportional to the mass of the SFRM, and if they exceed the 
adhesive or cohesive strength of the SFRM, the SFRM will separate from the member. Two limiting 
cases are considered: 
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• Case 1 is a planar element with SFRM applied to one face of the element.  This would be 
representative of SFRM applied to large webs and flanges of beams and columns. In this case, 
adhesive strength or cohesive strength normal to the surface would be the controlling SFRM 
properties. 

• Case 2 is a slender bar encased with SFRM.  This would be representative of SFRM applied to 
elements of the floor trusses. In this case, in-plane tensile strength and bond strength are the 
controlling SFRM properties. 

To arrive at the ranges of accelerations that could be expected to dislodge SFRM from a planar surface, 
the following plausible ranges of values were assumed: 

• SFRM thickness: 0.75 in and 2.5 in.; 

• SFRM density: 15 pcf and 25 pcf 1; 

• SFRM bond strength: 100 psf and 500 psf 

For the combination of low thickness, low density, and high bond strength, the required acceleration is 
about 530 g, where g is the gravitational acceleration.  For the other extreme combination of high 
thickness, high density, and low strength, the required acceleration is about 20 g.  For values 
representative of the upgraded thermal insulation on the floor trusses, an acceleration of about 80 g would 
be required to dislodge a 2.5 in. thick layer of well-bonded SFRM from a planar surface. 

To arrive at the ranges of accelerations that could be expected to dislodge SFRM from a round bar, the 
following ranges of values were assumed: 

• Bar diameter: 0.9 in. and 1.2 in; 

• SFRM thickness: 0.75 in. and 2.5 in.; 

• Density: 15 pcf and 25 pcf; 

• In-plane cohesive strength: 500 pcf and 2,000 psf; and 

• Ratio of bond strength to in-plane cohesive strength: 0 and 0.3. 

The smallest required acceleration is about 40 g, which corresponds to a large bar having a thick layer of 
the higher density SFRM with low strength.  At the other extreme, the required acceleration is about 
730 g.  For a 1.2 in. diameter bar with 2.5 in. thickness of SFRM and density of 19 pcf, which are 
representative of the conditions of the upgraded insulation on the floor trusses, the acceleration required 
to dislodge the SFRM would vary from 55 g to 230 g, depending on the strength characteristics within the 
assumed ranges given above. 

These simplified models are intended to provide insight into the important variables that affect the 
magnitude of the disturbance (that is, acceleration) required to dislodge SFRM from different kinds of 
                                                      
1 These numbers need to be converted to units of mass by dividing by the gravitational acceleration.  
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structural members.  These models do not consider the fact that the applied acceleration in an actual 
structure subjected to impact would vary with time.  Also these models apply to members not directly 
impacted by debris. 
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Chapter 1 
INTRODUCTION 

When steel is heated it loses strength and stiffness.  This characteristic allows steel to be formed into 
different shapes with relatively little effort.  When steel is used in a structure, however, measures have to 
be taken to protect the steel from premature temperature rise in case of fire.  The objective is for the 
structure to remain stable for the time needed to permit evacuation of occupants and for fire service 
personnel to complete search and rescue operations.  This report deals with the passive fire protection 
materials used in the WTC towers. 

1.1 FIRE-RESISTIVE MATERIALS 

The investigation revealed that structural steel in the World Trade Center (WTC) towers was protected 
against the effects of fire with sprayed fire-resistive materials (SFRMs)2 or rigid fire-rated gypsum panels.  
There are many types of SFRMs, but they can be characterized in terms of how they protect the steel and 
their density (Gewain et al. 2003).  One class of SFRMs protects the steel by providing a material with a 
low thermal conductivity, such as mineral fibers. The fibers and binder are packaged as dry ingredients, 
and water is added by a pressurized system as the materials are sprayed onto the steel.  The water mixes 
with the binder materials and provides “stickiness” that allows the SFRM to adhere weakly to the steel.  
With time, the binder hardens, and excess water evaporates.  When dry, these SFRMs provide a low 
thermal conductivity barrier to reduce the rate of temperature rise during a fire. 

The other class of SFRMs can be termed as “energy absorbing” (Gewain et al. 2003).  This means that 
they incorporate cementitious materials that have chemically bound water (water of crystallization).  
When the material is heated, energy is absorbed in transforming the chemically bound water to free water, 
and this hinders the temperature rise of the coated steel.  Examples of cementitious materials that have 
been used successfully include gypsum and magnesium oxychloride (Gewain et al. 2003).  These types of 
SFRMs may also include very low-density aggregate particles, such as vermiculite or perlite, to reduce 
density and thermal conductivity.  Cementitious SFRMs are typically mixed with water to produce a 
cohesive and pumpable mixture that is sprayed onto the steel. 

Figure 1-1 is a photograph of two types of SFRMs. The material on the left is a gypsum based 
cementitious SFRM containing vermiculite aggregate, and the material on the right is a fibrous SFRM.  
Note that the cementitious SFRM specimen in the photograph was prepared by casting in a mold, not by 
spraying onto a surface.  Thus, the surface texture is not representative of what would be obtained in the 
field. 

Sprayed fire-resistive materials are also characterized by their density.  Low-density materials have 
densities in the range of 15 lbs/ft3 to 20 lbs/ft3; medium density materials are generally in the range of 
20 lbs/ft3 to 40 lbs/ft3.  The density of the SFRM is closely related to its cohesive strength and its 

                                                      
2 These sprayed fire-resistive materials are commonly referred to as “fireproofing.”  This term is, however, not used in the 

technical literature. In this report “SFRM” and “thermal insulation” are used to refer to the passive fire protection materials. 
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durability.  Low-density SFRMs can be removed readily with hand tools and are not suitable for 
applications where the surface is exposed to weather or abrasion in service (Gewain et al. 2003). 

 
Source: NIST. 

Figure 1–1.  Examples of sprayed fire-resistive materials: (left) material based on gypsum 
and vermiculite aggregate; (right) material based on mineral fibers and cementitious 

binder.  

Analysis of the effects of the fires on the structural capacity of the damaged WTC towers as a function of 
time requires knowledge about the condition of fire-resistive materials on the various structural 
components, namely, the exterior columns, the spandrel beams, the floor trusses, and the core columns.  
Because of the method of application, sprayed fire-resistive material will have variable thickness, 
especially when applied to long, thin elements such as the diagonals and chords of the floor trusses.  In 
addition, some insulation was dislodged during the impact, either from direct impact by debris or from 
vibrations of the members.  The thermal properties of the insulation also need to be known as a function 
of temperature. 

1.2 SCOPE OF REPORT 

The thermal-structural analysis of the WTC towers focused on two objectives: (1) analysis of the 
undamaged buildings exposed to conventional building fires, and (2) analysis of the buildings damaged 
by the aircraft impact exposed to the subsequent fires.  To reduce the uncertainties in the calculated 
thermal histories of various structural elements, the thermophysical properties and condition of the 
passive fire protection as it existed on September 11, 2001, had to be estimated as accurately as possible.  
In addition, reasonable estimates of the extent of SFRM dislodged by the aircraft impact and the resulting 
debris field had to be made. 

To provide context for the information in this report, an overview of concepts used in U.S. building codes 
for structural fire resistance is presented first.  This is followed with a summary of the construction 
history of the sprayed fire-resistive material in WTC 1 and WTC 2.  To gain an understanding of the 
effect of SFRM thickness and its variability on the steel temperature during exposure to fire, results are 
presented of a sensitivity study based on a simple finite-element model.  This is followed by a 
quantitative assessment of in-place thickness and its variability based on available data.  The rationale for 
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the thickness of SFRM to be used in the structural fire endurance analyses is presented.  The tests 
conducted to determine the thermal properties of insulation materials similar to those used in the WTC 
towers are reviewed.  The results of mechanical property tests conducted on laboratory specimens are 
presented, and a simplified approach for estimating the acceleration required to dislodge thermal 
insulation during impact is discussed.  
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Chapter 2 
BUILDING CODE CONCEPTS FOR STRUCTURAL FIRE RESISTANCE 

2.1 ORIGINS AND INTENT OF BUILDING CODES 

Fire-induced collapse of buildings is regulated generally through limits on the height and the area per 
floor as a function of the types and degree of fire resistance of materials used in the structural elements.  
These material characteristics are categorized as types of construction, and the associated limits are 
contained in so-called “heights and areas tables,” which are a cornerstone of most prescriptive building 
codes.   

As discussed in NIST NCSTAR 1-1,3 the origins of building codes in the United States can be traced to 
insurance regulations developed in the late 19th century to limit property losses in fires (Bukowski 1997).  
Thus, the intent of building height limits is to restrict taller buildings to non-combustible structural 
members, and the greatest fire resistance is assigned to members supporting multiple floors.  The primary 
concern with combustible structural members is that they can become ignited by an exposing fire and can 
continue to burn (often in concealed spaces) even after the exposing fire has been extinguished, leading to 
collapse.  The intent of increased fire resistance for members supporting multiple floors is directly related 
to the higher risk of property loss in the event of failure of multiple floors.  Fire resistance requirements, 
however, do not take into account the actual number of stories being supported by these elements.  Thus, 
the same ratings are required irrespective of whether columns support 10 stories or 100 stories. 

The other important height factor is the definition of a high-rise building.  This is based generally on the 
height above which fire department ladders will not reach, requiring that fires be fought from inside, 
which is significantly less effective (and more dangerous for the firefighters).  In an exterior attack, hose 
streams can be brought to bear from several sides, and so-called master streams can apply large volumes 
of water.  An interior attack is limited to hand-held hoses supplied from standpipes and working from 
interior stairways.  Traditionally, high-rise buildings have been defined as those that exceed 75 ft (or six 
stories above grade) in height, but some newer model codes increase this height to 100 ft as modern fire 
department ladders are taller. 

The intent of floor area limits is less obvious, but is generally attributed to limiting property risk and to 
limiting the size (area involved on any floor) of the fire to that which can be dealt with by the fire 
department, with the number of people and equipment typical of an initial response. 

2.2 CONSTRUCTION TYPES 

Construction types (or groups) are defined in the model building codes and in NFPA 220 (NFPA 220, 
1999) and, while there are some variations in categories, they are reasonably consistent.  The main 

                                                      
3 This reference is to one of the companion documents from this Investigation.  A list of these documents appears in the Preface 

to this report. 
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categories are Type I (fire resistive), Type II (non-combustible), Type III (ordinary), Type IV (heavy 
timber) and Type V (combustible). 

Types I and II are constructed with non-combustible exterior and interior bearing walls and columns, 
where fire resistance ratings are greatest for Type I, and Type II is any (non-combustible) construction not 
meeting Type I requirements.  Type III is where exterior bearing walls are non-combustible, and interior 
bearing walls and some columns may employ approved combustible materials.  Type IV is known as 
heavy timber, which utilizes large, solid cross section wooden members such as in post-and-beam 
construction.  Type V is traditional wood frame construction.  Common non-combustible structural 
elements employ steel or reinforced concrete.  Combustible structural elements are usually solid wood, 
engineered wood, and laminates. 

Combustibility of the materials in the structural element is determined in accordance with ASTM E 136 
(ASTM 2004a) in which the material is placed in a furnace at 750 °C (1,380 °F).  Some minor surface 
burning (e.g., from paint or coatings) is allowed in the first 30 seconds, but there cannot be any significant 
energy released as determined by more than 30 °C (54 °F) increase in the furnace temperature, and the 
sample cannot lose more than half its initial mass.  Materials that pass are designated non-combustible, 
and the rest are combustible.  In 1973, an in-between category of “limited combustible” was added to 
ASTM E 136 to regulate some structural materials. 

Within each construction type are several sub-categories determined by the fire resistance ratings of the 
columns (vertical structural elements that support predominantly gravity loads and the actions of lateral 
loads), beams (horizontal structural elements that support predominantly live loads), and floor supports.  
In some model codes these sub-categories are identified by letters following the type (e.g., IB or IIIA) 
(IBC 2003) or by a set of three numbers that represent the fire resistance required (in hours) of the 
exterior bearing walls; columns, beams, girders, trusses and arches supporting bearing walls, columns, or 
loads from more than one floor; and floor construction, respectively (e.g., Type I [3, 3, 2]) (NFPA 5000, 
2003).  The Annex of NFPA 220 (2006 Edition) includes a table that cross-references different 
construction types in various model codes.  

2.3 FIRE RESISTANCE OF STRUCTURAL ELEMENTS 

Building codes require that structural elements be protected to achieve a specified fire resistance rating, 
expressed in hours (Buchanan 2001; Bukowski 2003). The fire resistance rating of structural materials 
and assemblies is generally determined through testing, and in the United States, such testing is frequently 
conducted in accordance with ASTM Test Method E 119 (refer to NIST NCSTAR 1-6B4 for a discussion 
of this procedure).  The objective of requiring minimum fire ratings is for the building to support design 
loads (including fire) without local structural collapse until occupants can escape and the fire service can 
complete search and rescue operations.  Further, in high-rise buildings, local collapse is to be prevented 
while the fire service undertakes suppression operations.   

With regard to total collapse, the intent of the code is for this not to occur for any design condition 
(including design fires), but it is recognized that collapse might occur in an extreme event 

                                                      
4 This reference is to one of the companion documents from this Investigation.  A list of these comments appears in the Preface 

to this report. 



 Building Code Concepts for Structural Fire Resistance 

NIST NCSTAR 1-6A, WTC Investigation 7 

(Buchanan 2001; Bukowski 2003).  For an extreme event, collapse should not occur until the building has 
been evacuated of both occupants and firefighters. 

Building codes generally require the highest fire resistance for columns and elements supporting multiple 
floors, and somewhat less resistance is required for columns supporting single floors, for beams, and for 
floors.  For example, NFPA 5000, Building Construction and Safety Code (NFPA 5000, 2003),  requires 
exterior bearing walls or columns supporting one or more floors to have the same fire resistance rating, 
but for interior bearing walls or columns the fire resistance rating is one hour less if only a single floor is 
supported.  Historically, similar requirements were found in other model codes such as the Building 
Officials and Code Administrators (BOCA) Basic Building Code and the Southern Building Code 
Congress International (SBCCI) Standard Building Code, which have been replaced by the International 
Code Council’s International Building Code (Bukowski 1997).   

The required fire resistance ratings have been reduced in recent years as fire sprinklers have become 
universal in high-rise buildings and common in most other commercial buildings (Messersmith 2002).  
Where high-rise buildings generally required a 4 h rating for columns, this has been reduced to 3 h in 
recent codes, and can be as low as 2 h in current model codes based on the additional mandatory 
requirement for sprinklers.  This reduction in fire rating requirements for structural components in 
sprinklered buildings is usually referred to as sprinkler “trade-offs” (Buchanan 2001; Messersmith 2002).   
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Chapter 3 
HISTORICAL REVIEW RELATED TO PASSIVE FIRE PROTECTION OF 

WTC TOWERS 

3.1 AGREEMENTS BETWEEN PORT AUTHORITY AND NEW YORK CITY 
DEPARTMENT OF BUILDINGS AND FIRE DEPARTMENT 

The World Trade Center (WTC) towers were built by the Port of New York Authority, which in 1972 
became known as the Port Authority of New York and New Jersey and is hereinafter referred to as the 
Port Authority.  As an interstate agency created under a clause of the U.S. Constitution permitting 
compacts between states, the Port Authority is not bound by any local authority having jurisdiction, in 
this case the New York City (City) Department of Buildings.  Thus, the Port Authority was not required 
to comply with the New York City Building Code or any other building code; however, the Port 
Authority made explicit statements that it would comply with the Code. 

In a letter dated May 15, 1963 (see Appendix A Fig. A-1), the Port Authority instructed its consulting 
engineers and architects to comply with the New York City Building Code.  In the areas where the Code 
was not explicit or where technological advances made portions of the Code obsolete, it directed that 
design may be based on acceptable engineering practice.  At that time, the 1938 edition of the New York 
Building Code was in effect, and a revised code was being drafted.  On September 29, 1965, in a letter 
from Malcolm P. Levy to Minoru Yamasaki, the Port Authority instructed the designers of the WTC 
towers to revise the design plans to comply with the second and third drafts of the Code revision (see 
Appendix A Fig. A-2).  The revised Building Code became effective in December 1968. 

In 1993, the Port Authority and the New York City Department of Buildings entered into a Memorandum 
of Understanding (see Appendix A Fig. A-3) establishing procedures to be followed by the Port Authority 
for any building construction project undertaken by the Port Authority or any of its tenants at buildings 
owned or operated by the Port Authority and located in the City’s jurisdiction.  While the long-standing 
policy of the Port Authority was that its buildings meet or exceed the New York City Building Code 
(Code) requirements, the 1993 agreement restated the commitment.  Among other key points, it was 
agreed that: 

• Each project would be reviewed and examined for compliance with the Code; 

• All plans would be prepared, sealed, and reviewed by New York State licensed professional 
engineers or architects; and, 

• The Port Authority engineer or architect approving the plans would be licensed in the State of 
New York and would not have assisted in the preparation of the plans. 

A supplement to this memorandum of understanding was executed in June 1995, which permitted tenants 
to use New York State licensed architects or engineers, in lieu of a Port Authority review, to certify that 
construction plans conformed to the Code and that construction was performed in accordance with the 
plans (see Appendix A Fig. A-4).  In September 1995, the supplement was modified to permit a single 
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licensed consultant to certify the plans and the construction, except if the alteration would change the 
occupancy group of the space. 

“In order to maintain and enhance the safety” of its facilities, the Port Authority “adopted a policy 
providing for the implementation of fire safety recommendations made by local government fire 
departments after a fire safety inspection of a Port Authority facility” as stated in the introduction of a 
Memorandum of Understanding between The Fire Department of the City of New York (FDNY) and the 
Port Authority of New York and New Jersey executed on December 30, 1993 (see Appendix A Fig. A-5).  
The purpose of the agreement was to restate the Port Authority’s commitment to the policy, and the 
agreement included the following statements: 

• “FDNY, acting through its Bureau of Fire Prevention (“BFP”), shall have the right to conduct fire 
safety inspections at any Port Authority facility located in the City of New York…” 

• “BFP will issue a letterhead report of its fire safety findings and recommendations for corrective 
action with respect to any deficiencies forming a part of such findings addressed to the Port 
Authority’s General Manager of Risk Management operations…”  

• “…The Port Authority policy is and will continue to be to assure that such new or modified fire 
safety systems are in compliance with local codes and regulations…” 

In 1995, the Memorandum of Understanding between FDNY and the Port Authority was amended with 
respect to additions to or modifications of fire safety systems.  The Port Authority was required to notify 
the Bureau of Fire Protection prior to installing new systems or modifying existing systems.  In addition, 
plans for these systems were to be prepared by New York State licensed professional engineers or 
architects (see Appendix A Fig. A-5). 

3.2 NEW YORK CITY BUILDING CODE REQUIREMENTS 

3.2.1 Occupancy Groups 

Application of the New York City Building Code provisions affected, among other things, the assigned 
building classification and, thus, the required fire rating of the WTC towers and their structural members.  
It should be recalled that the Code was under revision during the design of the WTC towers. 

Sub-article 301.0 of the 1968 New York City Building Code established occupancy classifications based 
on the use of a building and spaces.  It divided occupancy into nine groups, A through I, as follows:  

• A—High Hazard;  

• B—Storage; 

• C—Mercantile; 

• D—Industrial;  

• E—Business;  
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• F—Assembly;  

• G—Educational;  

• H—Institutional; and,  

• I—Residential.   

As office buildings, the WTC towers were classified as Occupancy Group E. This classification was 
confirmed in a letter dated May 14, 1969 from Malcolm P. Levy of the World Trade Department to 
Milton Gerstman of Tishman Realty & Construction Company, Inc. (see Appendix A Fig. A-6). 

3.2.2 Construction Classification and Fire Rating 

Additionally, there were other factors that determined the “classification” of a building and, consequently, 
its required fire rating: combustible versus noncombustible construction, sprinklered versus unsprinklered 
spaces, and building height and floor area limitations.  Sub-articles 314.0 and 315.0 of the 1968 Code 
identified two construction groups: Noncombustible Construction (Group 1) and Combustible 
Construction (Group 2).  The WTC towers were classified as Construction Group 1 because their walls, 
exit ways, shafts, structural members, floors, and roofs were constructed of noncombustible materials.  
The investigation revealed that at the time of design and construction, the towers were not sprinklered.   

The 1968 New York City Building Code defined five Classes within Construction Group 1.  For Business 
occupancy, each Class required a fire endurance rating as follows (NYCBC 1968): 

• Construction Group 1A: 4 hour protected 

• Construction Group 1B: 3 hour protected 

• Construction Group 1C: 2 hour protected 

• Construction Group 1D: 1 hour protected 

• Construction Group 1E: unprotected 

As mentioned in Section 2.3, fire endurance is a rating, given in hours, established in accordance with the 
ASTM E 119.  Fire endurance is also referred to as fire rating or fire index. 

To provide perspective, the 1961-1962 revision to the 1938 New York City Building Code required that 
the 110 story towers be classified as “Class 1 – Fireproof Structures,” which includes office buildings 
(NYCBC 1961-1962).  This meant that the columns were required to have 4 hour fire endurance while the 
floor system was required to have 3 hour fire endurance.   

In Sub-articles 405.0 and 406.0 of the 1968 New York City Building Code, area and height limitations for 
unsprinklered buildings of Construction Group 1 with a Business Occupancy were as presented in 
Table 3–1 (NYCBC 1968).  The WTC towers, WTC 1 and WTC 2, had roof heights of 1,368 ft and 
1,362 ft, respectively, and each tower had a floor area of approximately 43,100 ft2.  As Table 3–1 
indicates, the WTC towers could have been classified as either Class 1A or Class 1B. 
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Table 3–1.  Area and height limitations for unsprinklered buildings for Noncombustible 
Construction (Group 1) with a Business occupancy (NYCBC 1968). 
 Class 1A Class 1B Class 1C Class 1D Class 1E 

Area No Limit No Limit No Limit 17,500 ft2 10,500 ft2 
Height No Limit No Limit 85 ft 75 ft 40 ft 

3.3 CLASSIFICATION OF WTC TOWERS 

It was the practice at the time, and continues to be the practice, for the architect to establish the building 
classification, fire rating of members and systems, and thermal protection requirements.  On the subject of 
fire rating in accordance with the New York City Building Code revision effective December 6, 1968, a 
Port Authority memorandum dated January 15, 1987, from Lester S. Feld to Robert J. Linn states that 
Emery Roth & Sons (ER&S), the Architect of Record for the towers, had classified the WTC towers as 
Class 1B since there was “no economic advantage in using Class 1A Construction” (see Appendix A 
Fig. A-7). 

According to the 1968 New York City Building Code, construction classification 1B provided, in part, the 
following fire protection requirements: 

• Enclosure of vertical shafts, exits, passage-ways, and hoistways shall have a 2 hour fire 
endurance; 

• Columns, girders, trusses, other than roof trusses, and framing supporting one floor shall have a 
2 hour fire endurance; 

• Columns, girders, trusses, other than roof trusses, and framing supporting more than one floor 
shall have a 3 hour fire endurance; and 

• Floor construction including beams shall have a 2 hour fire endurance. 

• Roof construction including beams, trusses, and framing including arches, domes, shells, cable 
supported roofs, and roof decks (for buildings over one story in height) shall have a 2 hour fire 
endurance.  

Generally, fire ratings would appear on the application submitted for approval to the New York City 
Department of Buildings.  In the case of the towers, however, no plans or forms were filed because the 
Port Authority was not subject to the New York City Building Code (see Appendix A Fig. A-7).   

3.3.1 Specifications for Passive Fire Protection 

In the case of the WTC towers, there appears to have been a problem related to the sprayed fire-resistive 
material specifications.  A letter dated February 11, 1969, from Douglas Fernández of Emery Roth & 
Sons to Joseph A. Schwartzman  of the Port Authority indicates that in early 1969 the Port Authority had 
rewritten the SFRM specifications (see Appendix A Fig. A-8).  In the process of rewriting, the following 
key paragraph specifying the fire rating requirements for the structural members was apparently omitted: 
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“Finished thicknesses of applied material over the various component 
steel parts requiring fireproofing shall be great enough to qualify the 
fireproofed parts for a three (3) hour rating (support beams, steel deck 
work) and a four (4) hour rating for all pick-up girders, if any, and 
columns.” 

ER&S continued:  

“We cannot be expected to accept responsibility for specifications which 
have been revised in such a manner; that which we originally stated 
clearly and simply, has become a meaningless document.”  

3.3.2 Response to Local Law 5/1973 

In 1973, New York City Local Law No. 5 amended the New York City Building Code (effective 
January 18, 1973).  Local Law No. 5/1973 required, in part, the retrofit of existing unsprinklered office 
buildings 100 ft or higher and having heating, ventilating, and air conditioning (HVAC) systems that 
serve more than the floor on which the equipment is located.  To conform to Local Law 5/1973, the New 
York City Department of Buildings permitted either (NYCLL5/73 1973): 

• Subdividing the floor area into compartments of specified square footage by fire separations (1 h 
or 2 h fire rated depending on the size of the compartment), or 

• Providing sprinkler protection. 

Owners of unsprinklered buildings were required to comply according to the following timetable from the 
effective date of the law (NYCLL5/73 1973): 

• At least 1/3 of the non-complying floor area shall be completed in 5 years; 

• At least 2/3 of the non complying floor area shall be completed in 10 years; and, 

• The entire building shall be completed in 15 years.  

A code compliance evaluation conducted in 1997 indicated that that all tenant floors in the two towers 
had been retrofitted with sprinklers (sprinklered) with the exception of four floors in WTC 1. In a 1999 
update by the Port Authority it was noted that all tenant floors had been sprinklered and work was 
underway to complete sprinklering of the sky lobbies (see Appendix A Fig. A-9).  

The 1999 revision of the New York City Building Code placed a 75 ft height limitation on unsprinklered 
buildings of Construction Groups 1A, 1B, 1C, and 1D.  Sprinklered buildings, however, had no height 
limitations for Construction Group 1A, 1B, and 1C.  Thus, the retrofitted WTC towers could have been 
reclassified as Class 1C (2 hour protected) (NYCBC 2001).  As Class 1C, the columns and floor systems 
would have required 2 h and 1½ h fire ratings, respectively.   

In preparation for leasing the WTC buildings to Silverstein Properties in 2000, the Port Authority 
commissioned a property condition assessment.  The report titled “Property Condition Assessment of 
World Trade Center Portfolio,” which was prepared for the Port Authority by Merritt & Harris, Inc. states 
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that the WTC towers were classified as “Class 1B – noncombustible, fire-protected, retrofitted with 
sprinklers in accordance with New York City Local Law 5/1973” (see Appendix A Fig. A-10).  

3.4 SELECTION OF FIRE-RESISTIVE MATERIALS 

3.4.1 Floor Trusses 

Classification of a building leads to its overall fire endurance rating and ratings of the various structural 
components.  The New York City Building Code, however, does not prescribe how the required fire 
endurance rating is to be achieved.  Rather, the means for providing passive fire protection is established 
by the Architect of Record and depends, in part, on the structural materials used in the construction.   

In the case of the WTC towers, the primary structural material was steel.  Steel, in general, requires 
passive fire protection to achieve code-prescribed fire ratings.  The Port Authority chose to protect the 
main structural components such as columns, spandrel beams, and floor trusses with sprayed fire-resistive 
material.  This thermal protection technique was an established method for protecting columns, beams, 
and walls.  In the 1960s, however, composite steel truss-supported floor systems were usually protected 
using “lath and plaster” enclosures or fire-rated ceiling tiles. 

Based on copies of construction drawings provided to NIST, it was established that the floor system used 
in the towers consisted of open-web floor trusses acting as a composite system with a 4 in. thick 
reinforced lightweight concrete slab over metal decking.  The main composite trusses, which were used in 
pairs, were spaced 6 ft 8 in. on center and had a nominal clear span of either 60 ft or 35 ft.  The steel floor 
trusses were fabricated with double-angles for the top and bottom chords and round bars for the webs.  
Additionally, the floor system included bridging trusses (perpendicular to main trusses) spaced 13 ft 4 in. 
on center.  Figure 3-1 shows a mock-up of the floor truss system that was manufactured for the WTC 
towers by Laclede Steel Co.  Figure 3-2 shows the basic configuration of the composite floor truss 
system. 

 
Source: Photograph from about 1967 from Laclede Steel Co. 

Figure 3–1.  Mock up of floor truss system. 

Main Trusses 

Bridging Truss 
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Source: Provided by Laclede Steel Co. 

Figure 3–3.  Demonstration of application of Monokote sprayed fire-resistive material to 
floor trusses. 

A similar demonstration of a sprayed thermal insulation from U.S. Mineral Products Co. was conducted 
in September 1967 (see Appendix A Fig. A-13).  In other construction documents and correspondence 
reviewed by NIST, this material produced by U.S. Mineral Products Co. was identified typically as 
CAFCO D or CAFCO Type D.5 

In November 1968, the Port Authority authorized award of Contract WTC-113.00 on Spray Fireproofing 
to Mario & Di Bono Plastering Co., Inc. (see Appendix A Fig. A-14).  The company was the 
subcontractor to Alcoa for application of sprayed thermal insulation to the exterior columns, and the Port 
Authority reasoned that “contract administration problems would be minimized and coordination between 
fireproofing work on the interior structural steel and the exterior columns would be facilitated if a single 
contractor were to perform such work” (see Appendix A Fig. A-15).   

3.4.2 Perimeter Columns 

By May 1966, several thermal insulation materials were being considered for the perimeter columns (see 
Appendix A Fig. A-16).  This insulation was needed not only for fire protection but also to control steel 
temperatures under service conditions (see next paragraph).  The materials under consideration were 
Spraycraft (sprayed asbestos fiber), Monokote6 (sprayed cementitious vermiculite), U.S. Gypsum Fire 
Code (laminated gypsum board), Vonco (sprayed magnesium oxychloride material), and BLAZE-

                                                      
5 CAFCO is the acronym for Columbia Acoustics and Fireproofing Co., a subsidiary of U.S. Mineral Products Co.  In other 

NIST NCSTAR reports and elsewhere in this report, the same material may be referred to as BLAZE-SHIELD D (or BLAZE-
SHIELD Type D). 

6 The document shown in Fig. A-16, refers to this material as “Monocoat.” 
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SHIELD Type D.  The thermal insulation for the inside face of the columns was assumed to be 1 3/8 in. 
gypsum plaster, having a conductivity of 1.56 Btu·in/hr·ft2·°F.  An overall transmission coefficient of 
0.396 Btu/hr·ft2·°F between the room and column was also assumed for calculation purposes (see 
Appendix A Fig. A-17). 

In December 1966, Aluminum Company of America (Alcoa) presented its proposal for participation in 
the wall construction of the World Trade Center towers. The proposal stated (see Appendix A Fig. A-18):  

“The “insulation materials applied to the structural steel components of 
the wall (columns and spandrels) must serve to control column 
temperature to a minimum of 50° with 70° inside and 0° outside, provide 
fireproofing to meet a four hour test on a heavy column, and minimize 
heat loss and gain to satisfy HVAC requirements.”   

Alcoa proposed the application of BLAZE-SHIELD (of a type described in UL report R3749-10) to three 
sides of exterior columns.  The fire-resistive material would be thick enough to provide 4 h fire rating.  
Specifically, Alcoa proposed fire-resistive material thicknesses of 1 7/16 in. for exterior columns and ½ 
in. for spandrels (see Appendix A Fig. A-18). 

For the inside face of the columns, Alcoa proposed to apply a high “k” value (thermal conductivity) 
material.  This application would provide thermal protection while permitting heat migration from the 
room air to the column steel under service conditions. Figure 3-4 illustrates the thermal protection design 
for the perimeter columns. 

 
Figure 3–4.  Thermal insulation for perimeter columns. 
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On August 3-4, 1967, an inspection of the quality of fire-resistive material application on an exterior 
column and spandrel was carried out on a mock-up developed at the Alcoa-Cupples plant in St. Louis, 
MO.  Representatives of Mario & Di Bono Plastering Co., Inc, United States Mineral Products Co., and 
the Port Authority were present during the inspection.  Columns and spandrels were sprayed using 
BLAZE-SHIELD Type D.  In an internal Port Authority memorandum dated August 8, 1967, it was noted 
that the application of thermal insulation “was done in a workmanship like manner… with ease and very 
little spillage” (see Appendix A Fig. A-19). 

3.4.3 Core Columns 

Copies of architectural drawings provided to NIST indicated that the core columns were protected with 
fire-rated gypsum wallboard, sprayed fire-resistive material, or a combination of these.  Core columns 
located in rentable and public spaces, in closets, and mechanical shafts were enclosed typically with two 
layers of ½ in. gypsum wallboard and were inaccessible for inspection.  The extent of gypsum enclosure 
around a core column varied depending on the location of the column within the core (see NIST 
NCSTAR 1-6).  In all cases, however, sprayed fire-resistive material was applied on those faces that were 
not in direct contact with the gypsum enclosure. Again, the selected sprayed fire-resistive material was 
BLAZE-SHIELD Type D. 

Columns located at the elevator shafts were the only columns in the core that were not enclosed and thus 
were accessible for routine inspections.  The columns located at the elevator shafts were protected 
originally with BLAZE-SHIELD Type D., but other materials were used when dislodged thermal 
insulation was reapplied (see Chapter 4).   

3.5 SPECIFIED THICKNESS OF FIRE-RESISTIVE MATERIALS 

3.5.1 During Construction 

The thickness of fire-resistive material necessary to achieve the required fire endurance was being 
assessed in 1965, more than three years before the award of the thermal protection contract.  
Correspondence from Julian Roth (ER&S) to Malcolm P. Levy (Port Authority) stated that “the one-inch 
thick material meets the 3 hour requirements of both the new code and Underwriters.  (See Appendix A 
Fig. A-20).  Follow-on correspondence from Julian Roth to Malcolm Levy stated the following (see 
Appendix A Fig. A-21):   

“Although the one-inch spray-on fireproofing meets the 3 hour requirements of both the 
proposed Building Code and Underwriters, advance information from manufacturers 
indicates that if the truss were required to be fire-tested, then two inches of material 
would be required for the light angle members. We are therefore revising our working 
drawings to indicate a one inch thickness of spray-on fireproofing around the top and 
bottom chords of the trusses, and two-inch thickness for all other members of the 
trusses.”   

Neither of these communications identified the manufacturer or type of fire-resistive material.  
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WTC project specifications for spray-applied fire-resistive material do not provide required material 
thickness or hourly ratings.  Correspondence in September 1969 from Mario & Di Bono Plastering Co. to 
Tishman Realty & Construction Co. indicated the following thicknesses (see Appendix A Fig. A-22): 

“1. Beams throughout buildings - ½ inch. 
2. Columns 1 3/16 inches. 
3. Elevator columns – 1 inch total including overspray. 
4. Bar joist – 1 inch overall thickness. 
5. All beams in MER rooms and utility rooms will be ½ inch thickness 
 with overspray. No tamping or shaping of Cafco type D.”  

A letter dated October 30, 1969, from Robert J. Linn (manager, Project Planning, WTC) to Mario & Di 
Bono Plastering Co. stated, in part (see Appendix A Fig. A-23): 

“…Tower ‘A’ columns that are less than 14WF228 will require 2 3/16″ 
thick of ‘Cafco Glaze-Shield ‘Type D’’ spray-on fireproofing.  All 
Tower columns equal to or greater than 14WF228 will require 1 3/16″ of 
fireproofing… 

All Tower beams, spandrels and bar joists requiring spray-on 
fireproofing are to have a 1/2″ covering of ‘Cafco.’  

The above requirements must be adhered to in order to maintain the 
Class 1-A Fire Rating of the New York City Building Code.” 

NIST’s review of available documents has not uncovered the reasons for selecting BLAZE-SHIELD 
Type D or the technical basis for specifying ½ in. thickness of insulation for the floor trusses.  Note that 
this letter indicates that in October 1969 it appeared that the towers were considered as Class 1A 
construction. 

Technical literature from U. S. Mineral Products Co. (USM) dated 1966-1967, included a table indicating 
that ½ in. of BLAZE-SHIELD Type D would provide a 4 hour rating for beams, girders and spandrels, 
citing authority of UL tests performed according to ASTM E 119 (see Appendix A Fig. A-24).  The  
1966–1967 USM product literature does not address bar joists with thermal insulation sprayed directly on 
the truss members.  Instead, the fire protection for joists was shown as an enclosure of thermal insulation.  
By way of comparison, the product catalog recommended 2-3/16 in. of BLAZE-SHIELD Type D for light 
columns (columns lighter than W14×228) to achieve the same 4 hour rating. 

The October 30, 1969 letter from Linn to Di Bono did not make explicit reference to the required 
thickness of thermal insulation for core box columns or exterior built-up columns.  Alcoa was the supplier 
of the aluminum cladding on the exterior columns (Contract WTC 400.00).  As indicated in Fig. A-18 of 
Appendix A, Alcoa’s contract included providing thermal insulation for the exterior columns and 
spandrels.  The following “Note 11” was included among the “General Notes” of the Alcoa drawings for 
exterior cladding (See Appendix A Fig. A-25): 

11. Exterior column and spandrel fireproofing–Cafco Blaze Shield 
 Type D Fireproofing.  Interior column and spandrel fireproofing–
 Vermiculite plaster aggregate fireproofing with finished plaster 
 coat on exposed areas of columns.  (3 hr on spandrels, 4 hr on cols) 
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Fireproofing Thickness 

Rating Cafco Vermiculite Aggregate 

4 hr (heavy column) 1 3/16″   7/8″ 

3 hr (spandrels)    1/2″   1/2″ 

Note the 4 h and 3 h ratings within the parentheses are consistent with Class 1A construction. 

In a letter dated July 25, 1966, from Emery Roth and Sons to the Port of New York Authority, it is stated 
“Since the deck is non-structural it will not be fire proofed” (see Appendix A Fig. A-26).  As discussed in 
Section 3.7, photographs taken after construction show that in some areas the underside of the metal deck 
was not protected, while in other areas fire-resistive material appears to be present but of undetermined 
thickness and possibly resulting from over spray.  Photographs also show that the dampers and damper 
saddles were not protected.  Additionally, it is unclear whether the bridging trusses were required to be 
protected in all areas. 

On April 13, 1970, New York City issued restrictions on the application of sprayed thermal insulation 
containing asbestos.  Since asbestos fiber was a key component of BLAZE-SHIELD Type D, the use of 
this material was discontinued in 1970 at the 38th floor of WTC 1 (see Appendix A Fig. A-27). The 
asbestos-containing material was “subsequently encapsulated with a spray-on hardening material” and left 
in place.  Thermal protection of the remaining floors of WTC 1 and all of WTC 2 was carried out using 
BLAZE-SHIELD Type DC/F, a product that contained mineral wool (glassy fibers) in place of the 
crystalline asbestos fibers.  In May 1970, the construction manager for the World Trace Center wrote a 
memorandum that summarized considerations in changing from Type D to Type DC/F (see Appendix A 
Fig. A-28).  Correspondence dated April 24, 1970 from Underwriters Laboratories, Inc. to the Port 
Authority) stated that the thermal properties of BLAZE-SHIELD Type DC/F were equal to or “slightly 
better” than those of BLAZE-SHIELD Type D (see Appendix A Fig. A-29).  There is no record that the 
required thickness of the fire-resistive material was reconsidered following the change to Type DC/F. 

Table 3-2 summarizes information on the fire-resistive materials for the WTC towers after April 1970 
based on the reviewed construction documents and correspondence. The “Implied Class” refers to the 
construction classification implied by the hourly ratings or classification mentioned in correspondence 
and construction documents. 
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Table 3–2.  Specified fire-resistive materials after April 1970. 
Structural 

Component 
Members Material Thickness 

(in.) 
Implied 

Class 
Rating 

(h) 
Floor trusses All BLAZE-SHIELD DC/F ½  1A 3 

< 14WF228 BLAZE-SHIELD DC/F 2 3/16 1A 4 

≥ 14WF228 BLAZE-SHIELD DC/F 1 3/16 1A 4 Interior 
columns 

Box 
columns 

BLAZE-SHIELD DC/F NAa 1A 4 

Interior beams All BLAZE-SHIELD DC/F ½  1A 3 
“Heavy” 
Exterior 

faces 

BLAZE-SHIELD DC/F 
1 3/16 

1A 
4 

Exterior 
columns 

“Heavy” 
Interior face 

Vermiculite aggregate 7/8  1A 4 

Exterior 
face 

BLAZE-SHIELD DC/F ½  1A 3 
Spandrel 
beams 

Interior face Vermiculite aggregate ½  1A 3 
a.  NA, not available. 

3.5.2 Report on 1975 Fire 

In February 1975, a fire took place in WTC 1, spreading from the 9th to the 19th floor (Powers 1975)7.  
Most of the damage occurred on the 11th floor where the fire affected 9,000 ft2.  After the fire, the Port 
Authority contracted Skilling, Helle, Christiansen, Robertson (SHCR) to assess the resulting structural 
damage and to report, in general, on the fire resistance of the floor system.  In its report dated April 1, 
1975, SHCR communicated to the Port Authority that the fire did not cause structural damage, but it 
caused buckling of some top chord members of main trusses, buckling of bridging trusses, and distortion 
deck support angles (see Appendix A Fig. A-30). The SHCR transmittal letter for the report stated that it 
was “intended to provide background … as to the development of the fire-resistive standards for World 
Trade Center and looks also at the adequacy of existing systems.”  

In the transmittal letter, SHCR also indicated that it held itself “as a reporter of facts -- as presented in 
communications gleaned from the files of Port Authority,” the architects, and its own files, and that it did 
“not purport to have any special expertise not commonly held by other structural engineers.”  
Furthermore, the letter stated that “The only way to assure the existence of the fire safety of floor systems 
is to be found through the participation of a fire safety engineer and/or fire testing.”   

The SHCR report suggested that the required thickness of BLAZE-SHIELD for the various structural 
members could have been determined from catalog information (1966-1967 BLAZE-SHIELD product 
literature, U.S. Mineral Products Co. [USM]).  As mentioned previously, USM’s catalog from 1967 
indicated that the product had been tested by Underwriters Laboratories, and that for beams, girders, and 
spandrels, a thickness of ½ in. of BLAZE-SHIELD Type D provided a 4 h rating. As mentioned, the 
catalog did not provide any information on thermal protection applied directly to members of bar joists.   

                                                      
7 See also NIST NCSTAR 1-4A. 
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Table 3-3 summarizes the “fire retardant ratings” obtained from Sweets Catalogs8 from about 1960 to 
1972 for USM’s BLAZE-SHIELD products applied directly to beams, girders, and spandrels.  The 
information is based primarily on ASTM E 119 fire endurance tests.  The table also presents the thermal 
conductivity, k, for some of the fire-resistive material (the higher the value of k, the lower the thermal 
insulation).  Two items are particularly noteworthy.  First, the thickness requirement was nearly halved 
for BLAZE-SHIELD Type D from 1965 to 1966 based on two different test results.  Second, the 1966-
1967 fire rating, based on two different test results, using ½ in. of the Standard product (with better 
insulation properties) is one-half of that with ½ in. of the BLAZE-SHIELD Type D product. 

The 1975 post-fire report by SCHR stated further that thermal protection of the top chord of the floor 
trusses was not necessary, except for the corner 60 ft × 35 ft quadrants of the buildings, where the floor 
acted as a two-way system in bending.  In the one-way portion of the floor, “the concrete slab becomes 
the dominant element of the top chord.”  Thus, if the shear knuckle remains intact, “the structural integrity 
of the top chord is not required.”  Additionally, for resistance to wind load “the structural steel top chord 
provides only a small increment in the diaphragm strength,” so the insulation may be omitted. (see 
Appendix A Fig. A-30).  The report also stated that fire protection of the bridging trusses was not required 
because they were used “for reduction in floor ‘tremor’ and to reduce the effects of differential deflections 
associated with gravity loads.”  Bridging trusses were “not required as a part of the structural system” 
and, therefore, insulation could be omitted from them. 

The report also addressed the performance of the floor system in the 1975 fire, stating,  

“The fire of February, while reported in the press to have been very hot, did not damage a 
single primary, fireproofed element.  Some top chord members (not needed for structural 
integrity), some bridging members (used to reduce floor tremor and the like), and some 
deck support angles (used only as construction devices) were buckled in the fire – all 
were unfireproofed steel.” 

In February 2003, NIST asked the Port Authority a series of questions related to the sprayed thermal 
protection for the floor system. The Port Authority replied in March, and indicated that the top chords of 
the main trusses and the bridging trusses were protected (see Appendix A Fig. A-31). 

                                                      
8 McGraw Hill Construction, http://sweets.construction.com 
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Table 3–3.  Information in Sweets Catalogs regarding BLAZE-SHIELD products applied 
directly to beams, girders, or spandrels (with protected deck) from 1960 to1972. 

Year Product 
Reported Thermal 

Conductivity, k 
(Btu⋅in/(h⋅ft2⋅°F))†§ 

Hour 
Rating 

(h) 

SFRM 
Thickness 

(in.) 
Authority UL Design 

No. 

4 2 1/8 UL test  R3749-3  
3 1 7/16 UL test CR193-2  
2 1 1/8 UL test  CR193-3  

1960 BLAZE-SHIELD 0.26 

1 3/4 Extr.BMS-92‡  
   

4 1 ULI*#R3749-8  
3 7/8 ULI# R3789-2  BLAZE-SHIELD 0.27 
2 1/2 ULI# R3749-6  1965 

BLAZE-SHIELD 
Type D None 4 7/8 ULI# R3749-11  

   

1966 BLAZE-SHIELD 
Type D None 4 1/2 ULI# R3749-13  

 

3 7/8 ULI# R3789-2  BLAZE-SHIELD 
Standard 0.27 

2 1/2 ULI# R3749-6  1966-
1967 BLAZE-SHIELD 

Type D 0.34 4 1/2 ULI# R3749-13  

   

BLAZE-SHIELD 
Standard 0.27 2 1/2 ULI# R3749-6  

4 9/16 ULI# R3749-20  1968 
BLAZE-SHIELD 
Type D 0.34 

4 1/2 ULI# R3749-13  
   

4 9/16  98-3 HR 
4 1/2  86-3 HR 1970 BLAZE-SHIELD 

Type D None 
2 1/2  54-2 HR 

   

4 1/2  86-3 HR 
4 9/16  98-3 HR 1971 

BLAZE-SHIELD  
Type DC/F 

0.29 
2 5/16  310-2 HR 

   

4 1/2  86-3 HR 
4 9/16  98-3 HR 1972 

BLAZE-SHIELD  
Type DC/F 

0.29 
2 5/16  310-2 HR 

† U.S. Mineral Products Co. catalogs incorrectly report units of thermal conductivity as Btu/in/hr/ft2/°F. 
§ Thermal conductivities are reported only at ambient temperature.  
‡ Reported to be extrapolations based on formulae contained in National Bureau of Standards Report, Fire Resistance Classifications 
of Building Constructions, Building Materials Structures Report, BMS-92, Washington, DC 1942. 
* Underwriters Laboratory Inc. 
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3.5.3 In-Place Thickness and Upgrading of SFRM 

No information has been found related to the results of measurements during construction of the thickness 
of thermal insulation, although thickness appears to have been checked during construction (see 
Appendix A Fig. A-32).  Recorded information on the in-place condition of the sprayed thermal 
insulation for the floor system first appears in Sample Area Data Sheets from 1990 (see Appendix A 
Fig. A-33).  The data sheets commented on the state of the in-place SFRM.  As an example, the data sheet 
for floor 29 of WTC 1 states the following for the South West quadrant of the floor:  

“Fluffy spray-on fireproofing coating the support beams, joists, and deck above the 
ceiling.  The thickness of the material on the beams and joists was consistently about 
1/2″. Regarding the deck it ranged from very sparse [sic] in areas to 1/4″ in other areas.  
The areas we sampled were coated with a light green encapsulant.”  

Similar statements were recorded for the remaining quadrants of the floor.  These inspections 
were related to litigation related to asbestos and focused on the lower floors of WTC 1, where 
BLAZE-SHIELD Type D had been applied. 

In 1995, the Port Authority performed a study to establish requirements for retrofit of sprayed insulation 
to the floor trusses during major alterations (new construction) when tenants vacated spaces in the towers 
(see Appendix A Fig. A-34).  The study estimated the thermal protection requirements for the floor 
trusses of the towers based on “the fireproofing requirements” for Design No. G805 contained in the Fire 
Resistance Directory (UL 2002) published by Underwriters Laboratories (see Appendix A Fig. A-35).  
The study concluded that “a two hour fire rating for the steel floor joist trusses can be achieved by 
applying a 1½ inch thickness of spray-on mineral fiber fire protection material directly to the steel truss 
chords and webs.”  In the years between 1995 and 2001, thermal protection was upgraded in a number of 
the floors affected by the fires on September 11, 2001.  Chapter 4 discusses data made available by the 
Port Authority on the thickness of the upgraded SFRM. 

In 1999, the Port Authority established “guidelines regarding fireproofing repairs, replacement, and 
upgrades” for the towers (see Appendix A Fig. A-36).  The guidelines for tenant spaces may be 
summarized as follows: 

• For full floors undergoing new construction or renovation, the floor trusses should be protected 
with 1½ in. of sprayed mineral fiber fire-resistive material.  Retrofit of thermal protection 
requires removal of existing material and controlled inspection. 

• For “tenant spaces that are less than a full floor, undergoing either new construction or 
renovation,” the floor trusses “need only meet the original construction standard.  Fireproofing 
shall be inspected and patched as required to the greater of ¾"  or to match existing” if it has 
already been upgraded to 1½ in.  

While the primary material used to provide thermal protection to the floor system was BLAZE-SHIELD 
DC/F, small areas with damaged SFRM were patched using the Monokote fire-resistive material instead 
of BLAZE-SHIELD.  For patching, Monokote was trowelled on rather than sprayed.  In February 2000, a 
consultant to the Port Authority reported that, in the majority of the cases, the existing fire-resistive 
material required so much patching that it was more effective to replace it (see Appendix A Fig. A-37).  
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The same report stated that proper application of 1½  in. of BLAZE-SHIELD took between 2 and 3 
passes.  When fewer passes were used, the material usually failed the adhesion tests conducted after 
application.   

The Port Authority provided examples of specifications used in alterations that required reapplication of 
thermal insulation.  Figure A-38 in Appendix A is an excerpt from the specifications related to 1998 
upgrades to public corridors and bathrooms on the 15th, 18th, and 22nd floors of WTC 2.  In this case the 
specified fire resistive material was Monokote 6.  Figure A-39 is an excerpt from the specifications for a 
tenant alteration in 2001 on the 48th floor of WTC 2.  It is seen that the 2001 specifications are not as 
detailed as the 1998 specifications with respect to application of fire resistive material. 

Buro Happold, an engineering consultant, was commissioned by the Port Authority to “conduct a fire-
engineering assessment of the fire-proofing requirements of the open-web, steel joists that support the 
floors in the tenant areas of Towers 1 and 2 of the World Trade Center.”  The final report issued in July 
2000, focused on the requirements of the fire resistance of the floor system of the towers.  This report 
stated that BLAZE-SHIELD DC/F was used on the majority of the floor trusses.  Based on calculations 
and risk assessment, the consultant concluded that (see Appendix A Fig. A-40).  

�x “The structural design has sufficient inherent fire performance to ensure that the fire condition is 
never the critical condition with respect to loading allowances.  

�x A single coat application is possible. 

�x Significant savings are possible. 

�x The target reduction of fiber content and increased long term durability can be achieved. 

�x Alternative materials should be considered.”  

As quoted, the report states that significant savings could be possible by reducing the fiber content and 
considering alternative materials.  The report suggested that the thickness of the SFRM could be reduced 
to ½ in. if the material properties at ambient temperature are valid at higher temperatures (see 
Appendix A Fig. A-40).  The report recognized the lack of available temperature-dependent material data 
for BLAZE-SHIELD Type DC/F.  Thus, considering the uncertainties in the material properties and 
having the understanding of material degradation with temperature and time, Buro Happold 
recommended a thickness of 1.3 in. of fire-resistive material for the floor trusses. 

Later, in December 2000, the final draft of the Property Condition Assessment of World Trade Center 
Portfolio, prepared by Merritt & Harris, Inc., was presented to the Port Authority.  The report stated that, 
based on existing conditions (see Appendix A Fig. A-41): “The rating of the structural fireproofing in the 
Towers and subgrade has been judged to be an adequate 1 hour rating considering the fact that all Tower 
floors are now sprinklered.”  The report also noted the ongoing program, established by the Port 
Authority, to upgrade the fire-resistive material thickness to 1½ in. in order to achieve a 2 hour fire rating.  
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Table 3–4.  Design thickness of thermal insulation for reapplication to accessible 
columns in elevator shafts 12 and 13 of WTC 1. 

Monokote Type Z-106 
Floor 

UL-Design Calculated 
Thickness 

Column 601 
69–79 15/16 in. 15/16 in. 
63–68 15/16 in. 13/16 in. 
48–62 15/16 in. 11/16 in. 
43–47 15/16 in. 9/16 in. 
41, 42 15/16 in. 7/16 in. 
33–40 15/16 in. 9/16 in. 
18–32 15/16 in. 7/16 in. 
7–17 3/8 in. 3/8 in. 

Elevation 274 - 6 3/8 in. 3/8 in. 
Column 602 

69–79 15/16 in. 7/8 in. 
54–68 15/16 in. 5/8 in. 
43–53 15/16 in. 9/16 in. 
41, 42 3/8 in. 3/8 in. 
36–40 15/16 in. 9/16 in. 
18–35 15/16 in. 7/16 in. 
7–17 3/8 in. 3/8 in. 

Elevation 274 - 6 3/8 in. 3/8 in. 
Columns 501 and 502 

Elevation 310 3/8 in. 3/8 in. 
Source: 1992 LERA calculations (240-LERA).11 

                                                      
11 This refers to the ID number in the NIST document database. 
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Table 3–5.  Design thickness of thermal insulation for reapplication to accessible 
columns and beams in elevator shafts 6 and 7 of WTC1. 
Floor Column 903 Column 904 Beam A Beam B 

B2 3/8 in. 7/16 in. Note 1 15/16 in. 
B1 3/8 in. 7/16 in. 1/2 in. Note 1 

Elevation 294 3/8 in. 7/16 in. 7/16 in. 15/16 in. 
1 3/8 in. 7/16 in. 7/16 in. 1 1/16 in. 

Intermediate 3/8 in. 7/16 in. 1/2 in. Note 1 
2 3/8 in. 7/16 in. 1/2 in. 1 in. 

3–7 3/8 in. 7/16 in. 1/2 in. 1 3/16 in. 
8–18 3/8 in. 1/2 in. 1/2 in. 1 3/16 in. 

19–33 3/8 in. 5/8 in. 1/2 in. 1 3/16 in. 
Key: Note 1=Beams are concrete encased. 
Source: 1994 LERA calculations (659-P). 

3.6 MAINTENANCE OF SFRM IN ELEVATOR SHAFTS 

Based on inspection reports reviewed by the investigation team, the structural members that required the 
largest amount of inspection and maintenance within the core were the exposed columns and beams 
within the elevator shafts (see also NIST NCSTAR 1-1C).  These columns and beams were the only 
accessible fire-protected elements in the buildings.  Adhesion failures were common, likely because of the 
exposed conditions of the columns (see Appendix A Fig. A-49) and the inherently low strength of the 
SFRM. 

3.6.1 Bond Strength 

Internal memoranda from U.S. Mineral Products Co., dating from 1960 to 1969, warned of the poor 
adherence or bond performance of BLAZE-SHIELD, and specifically BLAZE-SHIELD Type D.  As 
communicated in an intra-office memorandum dated July 29, 1960, vibration tests performed in 1960 
apparently indicated poor bond characteristics of CAFCCO BLAZE-SHIELD as manufactured in the 
plant compared with laboratory mixtures (see Appendix A Fig. A-50).  

In March 1968, the Port Authority investigated the adherence of BLAZE-SHIELD Type D under field 
conditions.  Based on letters from both U.S. Mineral Products Co. and Mario & Di Bono Plastering Co. 
relative to an “on-the-job” application of BLAZE-SHIELD in January 1968 to evaluate the ability of the 
material to adhere to the steel and to itself, the Port Authority stated in March 1968 that “this material can 
be applied successfully to the exterior steel under adverse weather conditions” (see Appendix A 
Fig. A-51).  The Port Authority transmitted this information to the New York City Department of 
Buildings in January 1970 along with a U.S. Mineral Products Co. report on the material and application 
techniques and a product catalog (see Appendix A Fig. A-52). 

Adhesion problems with BLAZE-SHIELD Type D, however, were reported in December 1969 during 
construction of the World Trade Center.  U.S. Mineral Products Co. intra-office correspondence on 
December 11, 1969 stated that “Of the 20 tons [800 bags] of material sprayed to the 10th floor exterior 
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columns on this project, approximately 600-700 bags of the material washed off as clean as a whistle 
from the exterior columns on this job” (see Appendix A Fig. A-53). 

3.6.2 Inspections 

Personnel of the World Trade Center Department inspected sprayed thermal insulation during 
construction. After one of these inspections in 1971, the inspector wrote “it was noted that the Cafco 
fireproofing treated with Mark II overspray had not cured or hardened according to specifications” due to 
the extremely cold temperature conditions existing during construction (see Appendix A Fig. A-54).  The 
inspector recommended that shafts 39, 40, and 41 of WTC 1 be re-sprayed with Mark II sealer.  
Additional WTC office correspondence dated September 24, 1973 mentioned that the sprayed thermal 
insulation had come loose and fallen from perimeter box beams in elevator shafts 10 and 11 of WTC 2 
(see Appendix A Fig. A-55). 

In 1993, the Port Authority commissioned Leslie E. Robertson Associates to carry out a continuing 
program to appraise the condition of the accessible columns in the World Trade Center complex.  These 
inspection programs are described in greater detail in NIST NCSTAR 1-1C.  Accessible columns were 
those columns that were not enclosed in any kind of architectural finish and could be inspected visually.  
All accessible columns were located in the core of the towers.  The columns were inspected visually for 
signs of rusting, cracking, bowing, and loss of thermal insulation.  During the first inspection, carried out 
in 1993, particular shafts were chosen based on the quantity and types of accessible columns, and 
convenience to the Port Authority.  The findings were summarized in LERA’s Structural Integrity 
Inspection Report for Accessible Columns at 1, 2, 4, and 5 WTC dated 29 January 1993 (see Appendix A 
Fig. A-56).   

Subsequent inspections involved sampling of the structural components and assemblies, which were more 
important to the structural integrity of the towers, and at locations with a relatively higher potential for 
defects and problems.  As indicated in the Structural Integrity Inspection Report dated 14 April 1995, a 
statistical sampling approach was used since concurrent visual inspection of all the accessible columns 
was “not a practical goal” (see Appendix A Fig. A-57). The report stated that the accessible columns in 
selected elevator shafts in WTC 1 and 2 were “generally in good condition, no structural deficiencies such 
as cracking or bowing were found, the most common irregularities observed were missing fireproofing 
and light surface rusting of the exposed steel.”  Based on the inspections, LERA recommended “that 
remedial action to be taken where spray fireproofing is damaged, deteriorated or missing and where there 
is corrosion of the column base due to water leaks at elevator pits.”  LERA also recommended painting 
steel with a zinc-rich paint on areas affected by water leaks prior to re-fireproofing.  Refer to NIST 
NCSTAR 1-1C for a comprehensive discussion of the structural integrity inspection reports. 

3.7 GENERAL CONDITIONS OF SFRM ON FLOOR TRUSSES 

In accordance with the descriptions of the structural systems described in NIST NCSTAR 1-2A, it was 
estimated that each floor that was supported by trusses contained about 4,350 lineal ft of main trusses. 
Since main trusses are composed of two trusses side-by-side (see Fig. 3-2), there were over 8,700 ft of 
main trusses per floor.  In addition, each floor contained about 2,000 lineal ft of bridging trusses.  Thus, 
each floor contained over 10,500 lineal feet (or about two miles) of floor trusses.  The actual length of 
members that had to be protected with SFRM was, however, at least twice this length, because each truss 
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cross section included two chord members and a web bar.  In order to understand whether the condition of 
the thermal insulation played a dominant role in the outcomes on September 11, it was desirable to have 
information on the general conditions of the SFRM.  Since the total collapses of the buildings dislodged 
the SFRM, it was necessary to rely on available photographic evidence. 

Two series of photographs provided some insight on the prevailing conditions of the SFRM on the floor 
system.  One of these was a series of photographs was taken in the mid-1990s by Morse Zehtner 
Associates and included images from floors 12, 22, 23, and 27 of WTC 1 and floor 26 of WTC 2.  These 
photographs showed the following conditions of the thermal protection applied to the truss-supported 
floors: 

• Some floor trusses had good coverage with SFRM, but the average thickness was not uniform 
along the lengths of web bars (see Fig. 3-5). 

• Bridging trusses did not appear to have as much SFRM applied (see Fig. 3-6).  As mentioned in 
Section 3.5.2, the Engineer of Record stated that bridging trusses did not require thermal 
protection. 

• The SFRM applied to the truss seats at the spandrel beams appeared to be thin (see Fig. 3-7). 

• In some cases, the ends of main trusses near the spandrel beams appeared to have thinner SFRM, 
and the saddles and dampers were not protected (see Fig. 3-7 and Fig. 3-8). 

• The SFRM thickness on web bars appeared low in the vicinity of where they connected to the 
chords (see Fig. 3-5 and Fig. 3-9). 

• The metal decking did not appear to have been protected, which is consistent with the 
requirements stated by the Architect of Record (see Section 3.5.1). 

• Some damage to SRM was caused when utilities (HVAC, electrical, network cabling, and so 
forth) were installed within the ceiling space occupied by the floor trusses (see Fig. 3-10). 

A second series of photographs showed the conditions on the 85th floor of WTC 2 prior to removal (by 
water blast) of SFRM by the tenant, who was conducting a major alteration of the space including an 
upgrade to the thermal insulation in accordance with the guidelines discussed in Section 3.5.3.  
Photographs12 and video were taken on March 8, March 20, April 13, and July 17, 2001.  The 
photographs include close-up views of different features of the thermal insulation applied to the floor 
trusses and overall views of large sections of the floor truss system, before and after removal of the 
SFRM.  Based on these photographs, the following observations were made: 

• There were no examples of total absence of SFRM on trusses that had not been cleaned by water 
blasting. 

                                                      
12 Photographs and videotapes were provided by the former tenant, Harris Beach LLP.  They were taken for the tenant by a hired 

photographer (Forensic Photography International).  NIST was not able to locate the photographer to obtain permission to 
reproduce the photographs in this report.  The photographs, however, are available for viewing at NIST and have been 
assigned ID number 223-I.  
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• Areas where SFRM had been dislodged had been repaired using a trowel-applied material.  Some 
of the repairs on lower chords were incomplete, but it is not known whether these repairs had 
failed or if the repair material had purposely not been applied to some portions of the chords. 

• There were many instances where SFRM had obviously been dislodged in the process of 
installing utilities.  In some cases hardware was attached directly to the lower chords and SFRM 
was dislodged.  These damaged areas should have been repaired when the various trades had 
completed their work. 

• The overall views of the trusses showed that regions of missing insulation where minor in extent 
when compared with the total area of applied SFRM. 

In comparing the overall condition of the SFRM as indicated by these two series of photographs, the 
following differences were noted: 

• The photographs taken in the 1990s of the lower floors appeared to show more instances of thinly 
applied SFRM than the photographs of the 85th floor taken in 2001. 

• The photographs taken in the 1990s appeared to show less damage as a result of installation of 
utilities and other services within the space occupied by the trusses. 
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Figure 3–5.  Intersection of main truss and bridging truss showing general good 

coverage of SFRM on truss members but thickness varies on web bars. 

 
Figure 3–6.  Intersection of main truss and bridging truss showing thinner SFRM on 

members of bridging truss. 
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Figure 3–7.  Connection of main truss to spandrel beam showing relatively thin SFRM on 

truss seat and no SFRM on damper. 

 
Figure 3–8. End of main truss showing low thickness of SFRM on truss members and no 

SFRM on damper saddle. 
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Figure 3–9.  Intersection of main truss and bridging truss showing thin SFRM on the 

ends of some web bars; SFRM was not applied to the metal decking. 

 
Figure 3–10.  Example of damage to SFRM during installation of utilities. 
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Chapter 4 
AS-APPLIED THICKNESS OF SFRM 

Because both towers collapsed totally on September 11, 2001, and most of the sprayed fire-resistive 
material (SFRM) was either dislodged or abraded (or scraped) off in the collapse, no examples remain of 
the “as installed” condition of the SFRM.  To make an estimate of the as-applied thickness and variability 
in thickness, several sources of information were used, including measurements taken by the Port 
Authority, condition surveys and anecdotal information, and photographs and video clips showing the 
condition of the fire-resistive material in selected areas.  Each of the structural components or systems is 
considered here separately.  

4.1 TRUSS-SUPPORTED FLOOR SYSTEM 

As mentioned in Section 3.5.3, qualitative information on the in-place condition of the SFRM for the 
floor system first appeared in Sample Area Data Sheets from 1990.  Information regarding quantitative 
inspection of existing fire-resistive material appears in documentation from 1994.  That year, the Port 
Authority performed a series of thickness measurements of the existing SFRM on floors 23 and 24 of 
WTC 1 (see Appendix A Fig. A-58).  Six measurements were taken from “both flanges and web” of each 
of 16 randomly chosen trusses on each floor at those locations where the SFRM was not damaged or 
absent.  The averages of six measurements per joist that were recorded on the two floors are presented in 
Table 4-1.  Measured average thickness varied between 0.52 in. and 1.17 in.  For the 32 measurements 
(16 on each floor), the overall average was 0.74 in.  Four of the 32 floor trusses had average thicknesses 
between 0.52 in. and 0.56 in.  These measurements suggest that the minimum average thickness exceeded 
1/2 in. 

As shown in Fig. A-58 in Appendix A, it was stated that, on floor 23,  

“... truss members located adjacent to the outside walls (within 3 ft) are 
devoid of fireproofing material.  Visual inspection on floor 24 was not 
possible, as this area still has a lowered ceiling in place.” 

The data in Table 4-1 can be examined further to understand the variability of the SFRM thickness in the 
non-upgraded locations.  Figure 4-1 (a) shows the average thicknesses measured on the floor trusses of 
floors 23 and 24.  The values appear to be similar for the two locations in terms of overall average 
thicknesses and the variation in average thickness.  A formal analysis of variance indeed indicated no 
statistically significant differences between the overall mean thicknesses for the two floors.  Thus, the two 
groups of data can be combined into one group.   

Figure 4-1(b) is a normal probability plot of the average thicknesses shown in Table 4-1.  If the data were 
from the same distribution they would fall approximately on a straight line in the normal probability plot.  
This is expected from the central limit theorem, which states that the sampling distribution of the average 
of N samples from a distribution with mean µ and variance σ2 approaches a normal distribution with 
mean µ and variance σ2/N as N increases (Miller and Freund 1965).  It is seen that four points deviate 
from an approximately linear relationship.  It is, therefore, reasonable to conclude that those points do not 



Chapter 4   

38  NIST NCSTAR 1-6A, WTC Investigation 

belong to the same distribution.  These four values are identified with an asterisk in Table 4-1.   
Figure 4-1(c) is a normal probability plot with the four values (actually six points) excluded.  It is seen 
that the remaining points fall close to a straight line.  The intercept (0.74 in) and slope (0.12 in.) of the 
straight line are the mean and standard deviation of the distribution, respectively.  Since each of the 
averages in Table 4-1 is obtained from six individual measurements, an estimate of the standard deviation 
of the individual measurements of SFRM thickness is 0.12 6 0.3≈  in. 

Table 4–1.  Average fireproofing thickness from six measurements taken in 1994 on each 
of 16 random floor trusses on floors 23 and 24 of WTC 1. 

 

Fireproofing Thickness (in.) 

Floor 23 Floor 24 
0.60 0.76 

0.53* 0.60 
0.70 0.90 
0.76 0.72 
0.88 0.64 
0.89 0.80 
0.83 0.68 

1.17* 0.65 
0.88 0.67 
0.71 0.77 
0.82 0.96 

0.52* 0.66 
0.69 0.65 

0.52* 1.11* 
0.64 0.95 

0.52* 0.56 
*Not considered in estimating thickness variability. 
Source: Data provided by Port Authority of New York and 

New Jersey. 
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Figure 4–1.  (a) Dotplot of average thickness from floor trusses for floors 23 and 24, 

(b) normal probability plot of all average thickness values, and (c) normal probability plot 
of average thickness with four values (six points) excluded. 
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4.2 ANALYSIS OF PHOTOGRAPHS 

Additional data regarding the thickness of SFRM was gathered by evaluating photographic evidence.  
Although photographic evidence of the state of the SFRM was limited, two groups of photographs were 
located and used for estimating SFRM thickness. 

The first group of photographs was provided to NIST by Morse Zehnter Associates and includes images 
of floor trusses from WTC 1 (floors 12, 22, 23, and 27) and WTC 2 (floor 26).  From this group, only 
photographs from floors 22, 23, and 27 of WTC 1 were analyzed.  Photographs provided by Morse 
Zehnter Associates were taken in the mid-1990s and illustrate the fire-resistive material conditions prior 
to the upgrade carried out by the Port Authority.  Thus, SFRM thickness on the photographed trusses 
would be expected to be at least ½ in. as specified by the Port Authority on October 1969. 

The second group of photographs, taken in 1998, was provided by Gilsanz Murray Steficek (consulting 
engineers).  This group illustrates the state of fire-resistive material after the upgrade program that was 
initiated in 1995.  The photographs were of trusses for floor 31 and below in WTC 1.   

Selection of which photographed trusses were used to estimate thickness of SFRM was based on clarity 
of SFRM edges and whether a feature of known dimensions was present to provide a reference 
measurement.  Thus, only photographs where reference measurements could be performed were used.  
The general approach to the analysis involved the estimation of distances based on the computed 
reference length per pixel.  The procedure is summarized as follows: 

• A feature of known dimension (based on construction drawings) that could be used as reference 
was located in the photograph.  For example, the dimension of the bare vertical leg of a damper 
saddle was a dimension that could be obtained from shop drawings. 

• In the photograph, the length of the reference dimension was measured in pixels. 

• The scaling factor of length per pixel was computed by dividing the known dimension in inches 
by the number of pixels.  For example, if the vertical leg of the damper saddle was measured as 
48.2 pixels in the photograph, and it is known that the actual size of the leg was 3.13 in., the 
scaling factor would be 3.13 in./48.2 pixels = 0.065 in./pixel.   

• Only truss webs or struts (diagonal bar at end of truss) located near and in the same plane as the 
reference object were selected for analysis.  This selection was made to minimize error due to 
perspective. 

• It was assumed that the fire-resistive material on web bars was applied evenly around the 
perimeter of the bar.  Based on this assumption, a “virtual” centerline along the length of the bar 
was drawn in the photograph.   

• Lines were drawn perpendicular to the “virtual” centerline.  The number of pixels along the lines 
from the “virtual” centerline to the edge of the SFRM was determined from the cursor positions 
indicated by the software.  Measurements were made at regularly spaced intervals to avoid bias.  
Figure 4-2 is an example of a series of measurements made on a strut. 
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• Each measurement in pixels was multiplied by the scaling factor (in./pixel) to estimate the bar 
radius plus SFRM thickness.  This provides two measurements at each cross section.  

• The radius of the bar was subtracted to provide the estimate of the SFRM thickness. 

 
Figure 4–2.  Example of measurement procedure used to estimate SFRM thickness from 

photographs. 

For floors that had not been upgraded, it was observed that the estimated thickness of SFRM on the webs 
of the main trusses tended to be greater than that on either the diagonal struts or on the webs of the 
bridging trusses.  Hence, estimates of SFRM thickness for non-upgraded floors were divided into three 
groups:  

• Webs of main trusses,  

• Webs of bridging trusses, and  

• Diagonal strut at the exterior wall end of the truss. 

It was not possible to estimate the thickness of the SFRM on any truss element except the round web bars.  
Consequently, for the upgraded floors in WTC 1 that were included in the second group of photographs, 
only estimates of the thickness on the web bars of the main trusses were made.  Figure 4-3 (a) shows 
normal probability plots of the SFRM thickness estimated from the photographs.  It is seen that the points 
for the “upgraded” main trusses follow a generally linear trend, which indicates that the estimated 
thicknesses for the upgraded main trusses are approximately normally distributed.  The estimated 
thicknesses from the non-upgraded floors, however, do not follow linear trends on the normal probability 
plot.  Figure 4-3 (b) shows normal probability plots of the natural logarithms of the thicknesses.  The 
transformed values for the non-upgraded thermal protection now follow generally linear trends, which 
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means that a lognormal distribution is more appropriate for the non-upgraded floors.  Thus, there is 
evidence that the original SFRM thickness on the floor trusses follows a log normal distribution. 

The reason for a lognormal distribution for SFRM thickness on the non-upgraded floor trusses can be 
explained as follows.  It is expected that the thickness of SFRM will be variable due to the difficulty in 
spraying the material on the relatively thin members.  If the overall thickness is low and the variability is 
high, a normal distribution would require a fraction of the surfaces to have negative values of SFRM 
thickness, which is not possible.  If the thickness distribution is lognormal, the thickness cannot be zero, 
and there is a low likelihood of having thickness close to zero.  Thus, from a physical point of view, a log-
normal distribution of SFRM thickness is more logical than a normal distribution.  If the underlying 
distribution of SFRM thickness is lognormal, the average thickness overestimates the thickness expected 
to be exceeded with 50 percent probability, and the median is the appropriate statistic for the 
50-percentile value (Melchers 1999). 

The average, standard deviation, and coefficient of variation were computed for the total number of 
measurements in each of these groups.  The results are summarized as follows:  

• Main trusses before upgrade (85 measurements): Average thickness 0.6 in., standard deviation 
= 0.3 in., and coefficient of variation = 0.5; median = 0.55 in. 

• Bridging trusses before upgrade (52 measurements): Average thickness 0.4 in., standard deviation 
= 0.25 in., and coefficient of variation = 0.6; median = 0.36 in. 

• Diagonal struts before upgrade (26 measurements): Average thickness 0.4 in., standard deviation 
= 0.2 in., and coefficient of variation = 0.5; median = 0.38 in. 

• Main trusses after upgrade (52 measurements): Average thickness 1.7 in., standard deviation 
= 0.4 in., and coefficient of variation = 0.2; median = 1.80 in. 

4.3 PORT AUTHORITY DATA ON UPGRADED SFRM ON TRUSSES   

In the 1990s, the floor trusses of several floors were upgraded to a specified thickness of 1½ in. of fire-
resistive material as tenants vacated their space.  According to correspondence in 2002 (see Appendix A 
Fig. A-59), the Port Authority indicated that 18 floors of WTC 1 and 13 floors of WTC 2 had been 
upgraded.  The Port Authority also stated that: “The entire impact zone for Tower 1 (92-99) was upgraded 
with 1½" spray-on fireproofing.  Only the 78th floor was upgraded with the 1½" spray-on fireproofing 
within the impact zone in Tower 2 (78-84).”  The Port Authority provided information from Construction 
Audit Reports regarding the characteristics of SFRM that was upgraded as of 2000 in the aircraft 
impacted regions of the WTC towers.  The provided test reports state that the material used for the 
upgrade was BLAZE-SHIELD II (see Appendix A Fig. A-60 for an example of such a report). 
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Figure 4–3.  (a) Normal probability plot of estimated SFRM thickness based on 

photographs, and (b) normal probability plot of natural logarithms of thickness (Data 
provided by PANYNJ). 

Port Authority test reports state that tests of upgraded SFRM were performed in accordance with 
ASTM E 605 for thickness and density (ASTM 1993) and in accordance with ASTM E 736 for 
adhesive/cohesive strength (ASTM 1992).  Section 8.1.1 of ASTM E 605-93 requires that thickness 
measurements be taken at “One bay per floor or one bay for each 10,000 ft2, whichever provides the 
greater number of tests.”  In addition, the test method states that: “Thickness determinations for the 
following structural elements shall be conducted in each randomly selected bay: one selected area of 
metal deck, concrete slab, or wall section; one column; and one beam (joist or truss).” For each 
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preselected joist (or truss), Section 8.1.5.2 of the test method requires that one 12 in. length be laid out 
and seven thickness measurements be taken at each end of the 12 in. length.  Thus, two sets of thickness 
readings are expected for each truss if ASTM E 605-93 were followed.  Figure 4 of ASTM E 605-93 
shows that there should be seven measurements at each cross section, which are to be distributed as 
follows: two at the top chord, two at the web, and three at the bottom chord. 

Table 4-2 shows the test data provided by the Port Authority for the impact-affected floors.13  Shown are 
the average thickness, bond strength, and density for each test area on a given floor.  The specified 
minimum requirements are 1½ in. for thickness, 150 psf for bond strength, and 15 lb/ft3 for density.  
Correspondence from the Port Authority in March 2004, clarified that the words “bottom truss” in the test 
reports referred to the location of the bond test and where the sample was removed for density 
measurement (see Appendix A, Fig. A-61).  Note that some of the average thicknesses shown in  
Table 4-2 equal or exceed 3.5 in.  No photos were available of upgraded floors to show the appearance of 
a truss with such high average thickness of SFRM. There is no record in the test reports of whether the 
top chord and bridging trusses were protected in the upgraded floors. 

In 2004, the Port Authority provided NIST reports of the individual measurements for many of the 
average thicknesses shown in Table 4-2.14  With the individual measurements, it was possible to 
investigate the variation of thickness at a cross section of a truss member and the variation in average 
thickness from truss to truss.  To permit such analyses, only those data having the same number of 
individual measurements at each cross section were used.  This resulted in 18 data sets for WTC 1 
(including floors 93, 95, 98, 99, and 100) and 14 data sets for WTC 2 (including floors 77, 78, 88, 89, and 
92).  

 

 

                                                      
13 Transmittal of construction audit material testing reports by Saroj Bhol (PANYNJ), January 21, 2003 (30-P).  
14 Electronic file of individual thickness values transmitted by Frank Lombardi (PANYNJ) to NIST on April 7, 2004 (682-P). 
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Table 4–2.  Summary of Port Authority test reports for upgraded SFRM on  
floor trusses (30-P). 

 

WTC 
Tower 

Floor 
Number Specific Location /Tenant Date of 

Report  
Average SFRM 
thickness (in.) 

Adhesion/ 
Cohesion (lb/ft2) 

Density 
(lb/ft3) 

1 79 Multiple tenant floor 11/24/99 2.4 333 16.6 
1 80 Multiple tenant floor     
1 81 Multiple tenant floor 10/24/96 2.7 270 19.0 
1 81 Multiple tenant floor 7/16/99 2.3, 2.4, 3.0 352, 463, 315 17.4, 17.6, 17.4 
1 83 Suite 8331 12/15/99 2.2 259 16.0 
1 85 Multiple tenant floor 12/24/97 3.5, 2.9, 2.9 162, 180, 288 28.7, 23.7, 18.6 
1 85 Multiple tenant floor 6/12/99 2.9 278 15.8 

1 85 
Multiple tenant floor 
Suite 8563 

8/16/99 2.8 259 16.4 

1 86 Julien Studley Inc. (7000 ft2)     
1 92 Full floor 4/2/97 3.0, 2.8, 2.8 360, 324, 360 20.3, 15.4, 18.0 

1 93 Full floor 8/28/98 1.8, 2.0, 1.8, 2.2, 
1.8, 1.9, 2.9 

117 (153)†, 207, 
216, 234, 162, 
180, 216 

14.2, 16.6, 16.1, 
18.4, 15.1, 17.4, 
21.3 

1 94 Full floor  12/27/96 4.3, 3.8, 4.3 486, 504, 288 21.2, 20.5, 20.1 
1 95 Full floor  8/24/98 2.2, 2.4, 3.3 270, 306, 198 18.0, 20.1, 20.4 
1 96 Full floor  10/22/98 3.0, 3.2, 3.2 486, 288, 324 20.5, 19.8, 19.9 
1 97 Full floor  10/22/98 2.6, 2.2, 2.2 360, 468, 468 26.5, 20.0, 23.9 
1 98 Full floor  11/19/98 2.9, 2.8, 2.5 407, 351, 518 31.3, 16.8, 19.6 
1 99 Full floor 11/20/98 2.8, 2.2, 2.2 204, 222, 204 18.8, 16.6, 18.4 
1 100 Full floor 11/20/98 2.8, 3.2, 3.4 278, 278, 333 16.4, 17.3, 19.9 
1 102 Full floor 9/28/99 3.2, 3.2, 2.1 333, 333, 315 16.5, 16.9, 15.9 
2 77 Full floor 6/9/98 2.7, 2.1, 2.6 351, 198, 297 19.4, 19.4, 17.2 
2 78 Full floor 4/3/98 2.5, 2.8 288, 270 17.0, 18.1 
2 85 Full Floor     
2 88 Full floor 7/5/00 1.9, 2.4, 2.1 167, 333, 157 18, 16, 15 
2 89 Full floor 5/5/99 2.8, 2.7, 3.0 370, 333, 270 22.4, 15.8, 15.3 
2 92 Full floor 2/26/98 2.8, 3.0, 2.7 342, 360, 297 19.7, 21.1, 19.7 
2 96 Full floor     
2 97 Full floor     
2 98 ?     
2 99 Half floor 7/28/97 2.1, 3.0 315, 252 19.5, 22.7 
2 99 Half floor 4/3/98 1.8, 1.7 306, 270 21.9, 19.5 

† Repeated test 
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An analysis of the individual measurements was carried out to determine the underlying distribution for 
the measured thicknesses.  Figure 4-4(a) is a dotplot of the individual measurements in WTC 1 
(144 measurements) and in WTC 2 (112 measurements).  It is observed that the central values and ranges 
are similar for the two towers, and the two groups of measurements were combined into one group.  
Figure 4-4 (b) is the histogram of the individual measurements, and Fig. 4-4 (c) is the corresponding 
normal probability plot.  A straight line fit to the normal probability plot shows a tendency of the points to 
deviate from the line.  Figure 4-4 (d) is a histogram of the natural logarithms of the individual thickness 
values, and Fig. 4-4 (e) is the corresponding lognormal probability plot.  A comparison of the probability 
plots shows that natural logarithms fall closer to a straight line.  Thus, it appears that the thickness of the 
upgraded SFRM on the floor trusses is described by a lognormal distribution.  This contradicts the 
observation based on analysis of photographs from lower floors discussed in the previous section.  The 
overall average thickness of the 256 individual measurements is 2.5 in. with a standard deviation of 
0.6 in.  The median was also 2.5 in.  Thus, the average thickness on the upgraded upper floors appears to 
be greater than that estimated from photographs taken on upgraded lower floors. 

As shown in Fig. 4-4, there were a number of points representing individual thicknesses of 3 ½ in. or 
greater. As mentioned, there are no corroborating data, such as photographs, of such reported high 
thicknesses.  The probability distributions in Fig. 4-4 show, however, that the high thicknesses were 
consistent with the remainder of the distributions.  In any case, statistics were recomputed after removing 
thicknesses of 3 ½ in. and greater (this amounted to 20 out 256 points). The resulting average thickness 
was reduced to 2.4 in., and the standard deviation was reduced to 0.5 in. The median remained 
unchanged.  Thus, it was concluded that the high reported thicknesses would not have a dramatic effect 
on the overall statistics of the SFRM thickness in the upgraded floors. 

The overall standard deviation of 0.6 in. includes two contributions: (1) the variation of thickness at the 
cross section (within-truss variability), and (2) the variation of average thickness between trusses 
(between-truss variability).  Figure 4-5 shows these two components of the thickness variability for the 
two towers.  Figures 4-5 (a) and (c) show the within-truss variability, and Figs. 4–5 (b) and (d) show the 
variation of average thickness of each truss.  From analysis of variance, it was found that the within-truss 
standard deviation is 0.4 in., and the between-truss standard deviation is also 0.4 in. The within-truss 
standard deviation of 0.4 in. is similar to the standard deviation of the estimated individual thicknesses 
obtained from analysis of the photographs of upgraded main trusses. 
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Figure 4–4.  (a) Dotplot of individual thickness measurements on floor trusses from Port 
Authority Construction Audit Reports, (b) histogram of thickness measurements, 
(c) normal probability plot of thickness measurements, (d) histogram of natural 

logarithms of thickness measurements, and (e) normal probability plot of natural 
logarithm of thickness measurements.  

 

1

1.5

2

2.5

3

3.5

4

4.5

5

0 1 2 3

Th
ic

kn
es

s,
 in

.

Tower

(a)

0

5

10

15

20

25

30

35

40

0.4 0.8 1.2 1.6 2 2.4 2.8 3.2 3.6 4 4.4 4.8 5.2

C
ou

nt

Thickness, in.

(b)

1

1.5

2

2.5

3

3.5

4

4.5

5

.01 .1 1 5 10 2030 50 7080 9095 99 99.999.99

y = 2.5449 + 0.57398norm(x)   R= 0.98583 

Th
ic

kn
es

s,
 in

.

Percent

(c)

0

10

20

30

40

50

60

70

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

C
ou

nt

Ln (Thickness)

(d)

0.4

0.6

0.8

1

1.2

1.4

1.6

.01 .1 1 5 10 2030 50 7080 9095 99 99.999.99

y = 0.90833 + 0.2266norm(x)   R= 0.99261 

Ln
 (T

hi
ck

ne
ss

)

Percent

(e)



Chapter 4   

48  NIST NCSTAR 1-6A, WTC Investigation 

 

Figure 4–5.  SFRM thickness on floor trusses in upgraded portions of WTC towers: (a) 
individual measurements in WTC 1, (b) average thickness in WTC 1, (c) individual 

measurements in WTC 2, and (d) average thickness in WTC 2  
(data provided by PANYNJ). 

0

0.5

1

1.5

2

2.5

3

3.5

92 94 96 98 100 102

Av
er

ag
e 

Th
ic

kn
es

s,
 in

.

Floor

WTC 1(b)

0

1

2

3

4

5

92 94 96 98 100 102

Th
ic

kn
es

s,
 in

.

Floor

WTC 1(a)

0

0.5

1

1.5

2

2.5

3

3.5

75 80 85 90 95

Av
er

ag
e 

Th
ic

kn
es

s,
 in

Floor

WTC 2(d)

0

1

2

3

4

5

75 80 85 90 95

Th
ic

kn
es

s,
 in

.

Floor

WTC 2(c)



 As-Applied Thickness of SFRM 

NIST NCSTAR 1-6A, WTC Investigation 49 

4.4 COLUMN SFRM THICKNESS 

NIST requested that the Port Authority provide available information on the thickness of fire-resistive 
material for the exterior and interior columns of the WTC towers (see Appendix A Fig. A-62).  
Specifically, the request included the following: 

• The fire-resistive material used and the thickness on the various plates comprising the exterior 
columns and spandrels. 

• The fire-resistive material used and the thickness on core columns. 

• Confirmation that the wide flange column sections were protected with BLAZE-SHIELD 
Type DC/F with specified thickness of 2 3/16 in. for sections smaller than 14WF228 and 
1 3/16 in. for 14WF228 and larger. 

• Information on in-place SFRM thickness. 

The Port Authority replied that, due to inaccessibility of exterior columns and core columns, there were 
no recent records of SFRM thickness for these elements (see Appendix A Fig. A-62).  The only available 
measurements of SFRM thickness were for beams and columns accessible within elevator shafts.  These 
measurements were, however, for re-applied thermal insulation. 

The most complete data set included measurements on beams and columns taken within shaft 10/11 in 
WTC 1.  These measurements were taken in April 1999 and included measurements from floor 1 to 
floor 45.  The thicknesses were recorded to the nearest 1/8 in., with a few thicknesses recorded to the 
nearest 1/16 in.  The columns included 10 to 18 replicate measurements, and the beams included 11 to 16 
replicate measurements. 

Figure 4-6 (a) shows the individual and average SFRM thickness on the core columns.  Analysis of 
variance indicated no statistically significant differences among the average values, and all data were 
pooled together.  The average thickness for the columns is 0.82 in., the standard deviation is 0.20, and the 
coefficient of variation is 0.24.  The information from the Port Authority indicated that the “minimum 
thickness required” for the columns was ½ in.  As noted in Appendix A Fig. A-62, the required thickness 
was based on calculations performed by LERA for re-applied thermal insulation (Monokote Type Z-106), 
similar to what was discussed in Section 3.5.5.  Figure 4-6 (b) is the normal probability plot of the 
individual thickness measurements.  Because most of the thicknesses were reported to the nearest 1/8 in., 
the points are staggered in steps instead of uniformly distributed.  The plot, however, shows that the 
points follow a linear trend, and it appears that the thickness of the reapplied SFRM on the core columns 
could be described by a normal distribution.  Figures 4-6 (c) and (d) show the corresponding plots for the 
thickness of SFRM reapplied to beams surrounding shaft 10/11 of WTC 1.  The average thickness is 
0.97 in., the standard deviation is 0.21 in. and the coefficient of variation is 0.21.  The information from 
the Port Authority indicated that the “minimum thickness required” for the thermal insulation reapplied to 
the beams was 3/4 in.  

The data described above may not have a direct bearing on the outcome of the investigation because they 
deal with lower stories.  They do, however, provide some useful information on the variability of SFRM 
applied to beams and columns.  The variation in SFRM thickness for the beams and columns shown in 
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Fig. 4-6 is lower than the variation observed in the floor trusses.  This is not unexpected because the 
planar surfaces of the beams and columns result in more uniform application of the sprayed fire-resistive 
material than for the slender truss members.  This results in reduced differences in the average thickness 
of SFRM on different members and less variability within a member. 

 

Figure 4–6.  Thickness of re-applied SFRM in elevator shaft 10/11 of WTC 1: (a) Individual 
and average thickness for core columns, (b) normal probability plot of individual 

measurements on columns, (c) individual and average thickness for core beams, and 
(d) normal probability plot of individual measurements on beams (data provided by 

PANYNJ). 
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Chapter 5 
EFFECT OF SFRM GEOMETRY ON THERMAL RESPONSE  

The thickness of sprayed fire-resistive material (SFRM) has a great effect on the thermal response of the 
structural protected elements for a given fire condition.  The effect of the variation of thickness along the 
length of a member is, however, not well known.  A sensitivity study using finite element modeling of 
heat transfer was conducted to investigate the sensitivity of steel temperature to the variability in SFRM 
thickness. 

5.1 EFFECTS OF THICKNESS VARIABILITY AND GAPS IN SFRM 

The simplified model that was used is shown in Fig. 5-1.  A 1 in. thick, 60 in. long steel plate (cyan color) 
was coated with fire-resistive material (purple color) and subjected to the uniform radiative flux arising 
from a 1,100 °C fire.  As shown in Fig. 5-1 (b), the fire-resistive material is modeled with a layer of finite 
elements (0.125 in. thick and 0.6 in. long) having the thermal properties of fire-resistive material (purple).  
A parametric study was conducted with average thickness of fire-resistive material varying from 0 in. to 
2 in. in increments of 1/4 in.  The effect of variability in thickness was modeled by imposing a normal 
probability distribution on the SFRM thickness along the length of the steel plate.  The assumed standard 
deviation varied from 0 in. (uniform thickness) to 1 in.  A pseudo-random number generator was 
employed to determine the thickness at each cross section based on the assumed average thickness and 
standard deviation.  The layer representing SFRM was taken to be twice the average thickness, and the 
thickness of SFRM at any cross section was modeled by assigning a low heat capacity and a high thermal 
conductivity to those elements that do not provide thermal protection.  Figure 5-1 (c) shows an example 
of variable thickness SFRM; in this case, the average thickness is 1 in. and the standard deviation is 
3/8 in. 

When the model in Fig. 5-1 is exposed to the thermal flux representing a 1,100 °C fire, the surface of the 
insulation heats up quickly to the gas temperature (1,100 + 273 = 1,373 K).  Numerical simulation was 
performed over a 2 h period, and the steel temperature at five locations was recorded at 30 min, 60 min, 
90 min, and 120 min of exposure.  The temperature recording locations are 6 in. from each end and at 
12 in. intervals, which are shown as numbers 1 to 5 in Fig. 5-1 (a).  The initial temperature of the model is 
300 K. 

Figure 5-2 shows temperature contours (in K) through the fire-resistive material and steel at 60 min after 
initial exposure for the model shown in Fig. 5-1 (a).  The surface temperature of the fire-resistive material 
is close to the gas temperature of 1,373 K, while the steel temperature is 311 K.  If the SFRM were of 
uniform thickness, the isotherms would be a series of lines parallel to the plate.  It is seen that, when the 
thickness is variable, the isotherms follow the shape of the SFRM surface contour.  Thus, the temperature 
history at any point in the steel depends on the local thickness of the fire-resistive material. 

Figure 5-3 shows the steel temperature at the far sensor #1 (6 in. from the end) as a function of time for 
various insulation thicknesses ranging from 0 in. to 2 in. (the thickness is indicated by the numbers on the 
curves).  For the case in Fig. 5-3 (a), the fire-resistive material is of uniform thickness, and for the cases in  
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Fig. 5-3 (b), the thickness varies with a standard deviation of 1 in.  The time to reach a temperature of 
600 °C is used as a measure of relative performance.  It is seen that the presence of high variability in 
thickness has a detrimental effect on the protection provided by the fire-resistive material.  For example, 
for a uniform thickness of 0.5 in., it takes about 60 min for the steel at point #1 to reach 600 °C, but when 
the standard deviation of the thickness is 1 in., the average thickness has to be 1.75 for the same level of 
thermal protection. 

 

Figure 5–1.  Model used to study effects of SFRM thickness and variability of thickness 
on steel temperature: (a) physical model used in analyses (points 1 to 5 are locations 

where temperatures are monitored), (b) finite element mesh used to represent physical 
model, and (c) finite element model to represent variable thickness of SFRM (purple) (the 

elements in red represent material of high thermal conductivity). 
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Figure 5–2.  Temperature distribution after 1 h of exposure to gas temperature of 

1,100 °C (1,373 K). 
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Figure 5–3.  Variation of steel temperature (at a point 6 in. from end of plate) with time for 
different average thicknesses of fire-resistive material (shown as numbers on the 

curves): (a) uniform thickness, and (b) variable thickness with standard deviation = 1 in. 

(a) 

(b) 
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In addition to the effect of variation in thickness, it is important to understand the effect of missing SFRM 
over a portion of a member.  As an example, Fig. 5-4 shows missing SFRM from a diagonal of a bridging 
truss of the WTC towers floor system.  Note that this photograph is from a lower story and may not be 
representative of conditions in the upper stories, especially following the upgrade of thermal insulation.  
Figure 5-5 (a) shows an example of a numerical model with missing fire-resistive material.  In this case, 
there is 12 in. of missing SFRM on the steel plate, which is otherwise protected by 2 in. of uniform 
thickness fire-resistive material.  Figure 5-5 (b) shows the temperature contours (isotherms) at time equal 
to 50 min.  For comparison, Fig. 5-5 (c) shows isotherms at the same time in a plate with no gap in the 
fire-resistive material.  As expected, the bare steel at the missing fire-resistive material is at the gas 
temperature, but more importantly the “gap” in SFRM leads to a “leakage” of heat into the interior steel.   

 
Figure 5–4.  Example of “gap” in fire-resistive material on diagonal member of a bridging 

floor truss. 

The combined effects of variation in thickness of the fire-resistive material and length of missing material 
were examined by a factorial study with the following factors: 

• Average thickness of fire-resistive material varying from 0 in. to 2.0 in. in 1/4 in. increments; 

• Standard deviation of fire-resistive material thickness of 0 in., 0.25 in., 0.5 in., 0.75 in. and 
1.0 in.; and 

• Length of missing fire-resistive material varying from 0 in. to 30 in., in 6 in. increments. 
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Figure 5–5.  Effects of gap in fire-resistive material: (a) model of plate with SFRM having 
2 in. uniform thickness and 12 in. gap, (b) isotherms (K) at time = 50 min with 12 in. gap, 

and (c) isotherms without gap. 

The results of the sensitivity study can be summarized in a series of plot matrices, which show the time 
histories of the steel temperature for different combinations of gap length and variability in SFRM 
thickness.  For example, Fig. 5-6 shows the plot matrix for the temperature history at point #2 (18 in. 
from the end of the plate).  Each plot contains a series of curves representing different average thicknesses 
of fire-resistive material, as in Fig. 5-3.  Each column of plots represents a constant value of thickness 
variability (standard deviation), and each row represents a constant gap length.  The plot in the upper left 
corner represents the case of uniform thickness of SFRM and no gap, which is the same plot as in  
Fig. 5-3(a).  (Note that for the case of uniform thickness and no gap, the steel temperature at any point in 
a cross section is the same along the length of the plate, as shown in Fig. 5-5(c).)  For gaps of 24 in. and 
30 in., the temperature at point #2 rises rapidly because there is no SFRM on the plate at that location.  
This explains the shapes of the curves in the two lower rows.  In going from left to right in one of the top 
four rows it is seen that as variability of thickness increases, the time histories shift upward, thereby 
reducing the time to reach 600°C.  This is the same observation as shown in Fig. 5-3.  Moving from the 
top to the bottom in any column shows the effects of increasing gap length.  The effect of gap length 
depends, of course, on where the steel temperature is measured.  At a point within the portion of steel that 
is bare, the temperature rises quickly.  At points within the steel that are surrounded with fire-resistive 
material, the gap provides a path for heat flow, as shown in Fig. 5-5 (b).  As a result, points in the steel 
within the vicinity of the missing SFRM will experience higher temperatures, as indicated by the rising 

(a) 

1 2 3 4 5 

(b) 

(c) 

Insulation 

Gap Steel 



 Effect of SFRM Geometry on Thermal Response 

NIST NCSTAR 1-6A, WTC Investigation 57 

trend of the curves in going downward from the top of a column in Fig. 5-6.  The National Institute of 
Standards and Technology (NIST) does not have sufficient information to determine the frequency of 
occurrence of these gaps or their typical locations within the fire-affected floors.  Therefore, gaps in 
insulation were not considered in the thermal modeling. 

 
Figure 5–6.  Example of plot matrix from sensitivity study of the effects of missing SFRM 

and variability of SFRM thickness on steel temperature.  Each graph is a temperature 
history of the steel at point #2 (see Fig. 5-5 for location) for different thicknesses of 

SFRM. 

5.2 EQUIVALENT THICKNESS 

The sensitivity study summarized in Section 5.1 indicated that variation in the thickness of SFRM 
reduced the “effective thickness” of the material.  It would be impractical to attempt to account for the 
variation in SFRM thickness in the thermal modeling by introducing variable thickness insulation 
material in the finite-element models.  As an alternative, it was decided to attempt to determine the 
“equivalent uniform thickness” of fire-resistive material that would result in the same thermo-mechanical 
response of a member as variable thickness thermal protection.  An approach similar to the methodology 
described in Section 5.1 was used to model a 1 in. diameter by 60 in. long bar with thermal insulation and 
subjected to the heat flux arising from a 1,100 °C fire.  The bar was subdivided into 0.6 in. long elements, 
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so that there were 100 elements along the length of the bar.  The thermal history of the bar was calculated, 
and that history was used to calculate the length change of the unrestrained bar under a tensile stress of 
12,500 psi.  The bar was assumed to be similar to the steel used in the floor trusses, and the temperature 
dependence of the coefficient of thermal expansion and the modulus of elasticity were based on NIST 
measurements. 

The thermal insulation thickness in the models was based on the measurements summarized in Chapter 4 
for the web bars of main trusses in the original condition and after the upgrade.  Specifically, the 
following target values were investigated: 

• Original: average thickness = 0.75 in., standard deviation = 0.3 in., lognormal distribution. 

• Upgrade: average thickness = 2.5 in., standard deviation = 0.6 in., lognormal distribution. 

The variation of thermal insulation thickness along the length of the bar was established by using a 
pseudo random number generator to select values from a lognormal distribution with central value and 
dispersion consistent with the above average values and standard deviation.  Three sets of random data 
were generated for each condition. 

When the randomly selected thicknesses of each element were applied to the bar, it resulted in sudden 
changes in insulation thickness along the length of the bar.  This resulted in a “rough” surface texture as 
shown by the dotted thickness profile in Fig. 5-7 (a).  It was felt that this rough texture (see also  
Fig. 5-1 (c) might not be representative of actual conditions, so an alternative approach was to use 
five-point averaging to reduce the roughness of the insulation profile.  The solid line in Fig. 5-7 (a) shows 
such a “smooth” profile.  The two profiles in Fig. 5-7 (a) have approximately the same average value and 
standard deviation and have similar cumulative distribution of thermal protection thickness as shown in  
Fig. 5-7 (b). 

As stated, the calculated thermal histories of the bar elements were used to calculate the unrestrained 
length change of the bar due to thermal expansion and an applied stress of 12,500 psi.  For comparison, 
the deformation of the bar with different but uniform thickness of thermal insulation was calculated.  The 
“equivalent thickness” was taken as the uniform thickness that resulted in similar deformation as under 
the variable thickness conditions.  Figure 5-7 (c) shows the results of these calculations for the original 
SFRM thickness.  The three continuous curves are the deformation-time relationships for uniform 
thickness of 0.4 in., 0.5 in., and 0.6 in.  The solid symbols represent the results for three cases with 
“rough” texture, and the open symbols are for the “smooth” texture.  The following values summarize the 
six variable thickness profiles: 

• Rough 1: average = 0.79 in., standard deviation = 0.29 in. 

• Rough 2: average = 0.77 in., standard deviation = 0.27 in. 

• Rough 3: average = 0.79 in., standard deviation = 0.31 in. 
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Figure 5–7.  (a) Randomly generated thickness profiles with average thickness of 0.75 in. 
and standard deviation of 0.3 in., (b) cumulative element size, and (c) deformation of 1 in. 

bar compared with deformation for uniform thickness of thermal insulation. 
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• Smooth 1: average = 0.79 in., standard deviation = 0.28 in. 

• Smooth 2: average = 0.78 in., standard deviation = 0.31 in. 

• Smooth 3: average = 0.78 in., standard deviation = 0.32 in. 

Figure 5-7 (c) shows that the “rough” texture reduces the effectiveness of the insulation by a small 
amount compared with the “smooth” texture.  As noted above, it is believed that the “smooth” texture is 
more representative of the actual conditions.  On the basis of these analyses, it is concluded that SFRM 
with an average thickness of 0.75 in. and a standard deviation of 0.3 in. provides protection equivalent to 
0.6 in. of uniform thickness. 

The results for the upgraded thermal protection are shown in Fig. 5-8.  Only the “smooth” texture was 
used, and the values for the three cases are as follows: 

• Case 1: average = 2.50 in., standard deviation = 0.71 in. 

• Case 2: average = 2.43 in., standard deviation = 0.51 in. 

• Case 3: average = 2.55 in., standard deviation = 0.63 in. 

Figure 5-8 (a) shows the three profiles, and Fig. 5-8 (b) shows the normal probability plots of thickness 
values.  Because the three randomly generated profiles do not have the same averages and dispersions, the 
responses show more scatter than in Fig. 5-7 (c).  On the basis of these analyses, it is concluded that an 
average SFRM thickness of 2.5 in. with a standard deviation of 0.6 in. is equivalent to 2.2 in. of uniform 
thickness. 

5.3 RECOMMENDED THICKNESS OF SFRM FOR THERMAL ANALYSES 

Analyses of available data on SFRM thickness in the WTC towers and thermal modeling revealed the 
following: 

• From measurements of SFRM thickness, the average values exceeded the specified thickness. 

• SFRM thickness was variable, and the distribution of thickness in the floor trusses appears to be 
described best by a lognormal distribution.   

• The standard deviation of SFRM thickness on the trusses varied between about 0.3 in. and 0.6 in. 

• The standard deviation of SFRM on columns and beams from the core tended to be lower, with a 
value of 0.2 in. for the available data. 

• No information is available on the SFRM thickness on the exterior columns and spandrel beams. 

• Variation in thickness reduces the effectiveness of SFRM, and the equivalent uniform thickness is 
less than the average thickness. 
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Figure 5–8.  (a) Randomly generated thickness profiles with average thickness of 2.5 in. 
and standard deviation of 0.6 in., (b) normal probability plots of thickness values, and 

(c) deformation of 1 in. bar compared with deformation for uniform thickness 
of thermal insulation. 

Based on the findings stated above, the following uniform thicknesses for the undamaged SFRM were 
determined for use in calculating thermal response of the WTC towers under various fire scenarios: 

• Original SFRM thickness on floor trusses: 0.6 in. 

• Upgraded SFRM thickness on floor trusses: 2.2 in. 

• Thermal protection on other elements: the specified thickness. 

The choice of specified thickness for those members lacking data is justified by offsetting factors as 
follows: (1) measured average thicknesses exceed specified values, and (2) variation in thickness reduces 
the effectiveness of the SFRM.   
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Chapter 6 
THERMOPHYSICAL PROPERTIES 

Based on information reviewed in this investigation, five sprayed fire-resistive materials (SFRMs) have 
been identified in WTC 1, 2, and 7: (1) BLAZE-SHIELD Type D, (2) BLAZE-SHIELD Type DC/F, 
(3) BLAZE-SHIELD Type II, (4) Monokote MK-5, and (5) vermiculite aggregate plaster.  As mentioned 
in Section 3.5.1, the use BLAZE-SHIELD Type D was discontinued in 1978, and it had been used only in 
the lower stories of WTC 1.  Of the four SFRMs, only BLAZE-SHIELD Type II is sold currently in the 
U.S., and BLAZE-SHIELD Type DC/F is sold in Canada.  Table 6-1 summarizes where these materials 
were used. 

Table 6–1.  Summary of SFRMs used in WTC. 
Locations  

Fire-Resistive Material 
Interior Columns Floor Systems Exterior Columns 

BLAZE-SHIELD DC/F Yes Yes Outside  
BLAZE-SHIELD II  Yes (Upgrade)   

WTC 1 

Vermiculite plaster    Inside 
BLAZE-SHIELD DC/F Yes Yes Outside  
BLAZE-SHIELD II  Yes (Upgrade)   

WTC 2 

Vermiculite plaster    Inside 
WTC 7 Monokote MK-5 Yes Yes Yes Yes 

BLAZE-SHIELD Type DC/F is manufactured by Isolatek International (formerly U.S. Mineral Products 
Co., Stanhope, New Jersey) and was used in the interior columns, floor systems, and the exterior faces of 
the exterior columns of WTC 1 and WTC 2.  BLAZE-SHIELD Type II, also from Isolatek, was used in 
subsequent upgrades of the passive fire protection to WTC 1 and WTC 2 floor systems.  BLAZE-
SHIELD Type DC/F and Type II are portland cement based products in which mineral fibers are the 
primary insulation materials.  Monokote MK-5, a gypsum-based SFRM containing vermiculite aggregate, 
was manufactured by W.R. Grace and Co. (Cambridge, Massachusetts) and used in WTC 7.  W.R. Grace 
stopped the production of Monokote MK-5 in the 1980s.  Vermiculite aggregate plaster, manufactured by 
W.R. Grace until the 1970s, was used on the interior faces of the exterior columns of WTC 1 and WTC 2 
(see Fig. 3–4).  

No information on the thermophysical properties of vermiculite plaster has been located in the open 
literature.  During the construction of the WTC, the Monokote product was sometimes referred to as 
sprayed vermiculite. See, for example, Appendix A Fig. A-17, where the description “Sprayed 
(Cementitious) Vermiculite (Monokote)” is used.  Discussions with a former researcher at W. R. Grace 
and Co. indicated that vermiculite plasters were used before the development of the Monokote product 
line, and these plasters had densities of 20 pcf to 25 pcf; any Monokote product used during construction 
of the WTC towers would probably have had similar density.15  Based on this information, the 
                                                      
15 Personal communication from Arnie Rosenberg, August 30, 2005 (242-I). 
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thermophysical properties of Monokote MK-5 will be taken to be representative of the vermiculite plaster 
specified for the interior face of the exterior columns. 

In addition to the SFRMs, the thermophysical properties of four representative types of gypsum boards 
were examined to provide technical support to other aspects of the WTC investigation.   

6.1 ASTM TEST METHODS FOR SFRMS 

Since 1977, a number of ASTM test methods have been developed specifically for testing different 
characteristics of SFRMs.  These methods were developed mainly for characterizing mechanical and 
physical properties.  For completeness, these test methods are summarized in Table 6-2.   

Table 6–2.  Current ASTM test methods for SFRMs. 
ASTM Designation Summary of Test Method 

ASTM E 605 − 93 (Reapproved 2000) 
Test Method for Thickness and Density of Sprayed 
Fire-Resistive Material (SFRM) Applied to Structural 
Members 

Density and thickness are determined using a thickness 
gauge, scales, steel rules, and templates 

ASTM E 736 − 00 
Test Method for Cohesion/Adhesion of Sprayed Fire-
Resistive Materials Applied to Structural Members 

The cohesion/adhesion of SFRM to structural members 
is determined using a metal or plastic cap with a hook 
attached.  The cap is attached to the SFRM with a 
suitable adhesive.  An increasing load, measured by a 
scale, is applied manually until failure occurs. 

ASTM E 759 − 92 (Reapproved 2000) 
Test Method for Effect of Deflection on Sprayed Fire-
Resistive Material Applied to Structural Members 

A cellular steel deck panel sprayed with SFRM is 
subjected to bending by a vertical center load while 
supported horizontally at its ends. 

ASTM E 760 − 92 (Reapproved 2000) 
Test Method for Effect of Impact on Bonding of 
Sprayed Fire-Resistive Material Applied to Structural 
Members 

A cellular steel deck with a concrete topping sprayed 
with SFRM is subjected to a leather bag drop impact 
while supported horizontally at its ends. 

ASTM E 761 − 92 (Reapproved 2000) 
Test Method for Compressive Strength of Sprayed 
Fire-Resistive Material Applied to Structural Members 

The compressive strength of SFRM applied to a steel 
sheet is determined by a compressive load normal to 
the surface of the specimen. 

ASTM E 859 − 93 (Reapproved 2000) 
Test Method for Air Erosion of Sprayed Fire-Resistive 
Materials (SFRMs) Applied to Structural Members 

The SFRM is subjected to a tangential air stream for a 
minimum of 24 h.  Collection filters downstream from 
the specimen are weighed at frequent intervals to 
determine the amount of material removed from the 
specimen. 

ASTM E 937 – 93 (Reapproved 2000) 
Test Method for Corrosion of Steel by Sprayed Fire-
Resistive Material (SFRM) Applied to Structural 
Members 

Replicate panels of bare, shop-coated, and galvanized 
steel are sprayed with SFRM and subjected to room 
temperature and humidity conditions and to 240 h of 
conditioning in a chamber with temperature and 
humidity control.  Corrosion induced under these 
conditions is determined by mass loss of the sheets as 
related to sheets not so conditioned. 
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6.2 REPORTED SFRM PROPERTIES 

For comparison with measurements to be reported in this Chapter, the nominal physical and mechanical 
characteristics taken from product literature (see Appendix A Fig. A-63)16 of the manufacturers of the 
SFRMs are listed in Table 6-3. 

Table 6–3.  Properties from tests of SFRMs reported by manufacturers. 
SFRM Characteristic ASTM Method 

BLAZE-SHIELD 
DC/F 

BLAZE-SHIELD 
II 

Monokote MK 5 

Cohesion/adhesion E 736 300 psfa 360 psfa 320 psf 
Deflection E 759 No cracks or 

delaminations 
No cracks or 

delaminations 
No cracks or 

delaminations 
Bond impact E 760 No cracks or 

delaminations 
No cracks or 

delaminations 
No cracks or 

delaminations 
Compressive 
strength 

E 761 830 psf 2380 psf 3110 psf 

Air erosion 
resistance 

E 859 0.000 g/m2 0.000 g/m2 0.022 g/m2 

Density E 605 13 pcf 16 pcf 20 to 25 pcfb 
Corrosion resistance E 937 Does not promote 

corrosion of steel 
Does not promote 
corrosion of steel 

Not available 

Thermal 
conductivity 

C 518 0.042 W/(m · K) 
@ 24 °C 

0.043 W/(m · K) 
@ 24 °C 

Not available 

a. Based on laboratory tests under controlled conditions. 
b. Based on information from former employee of W.R. Grace, see previous footnote. 

6.3 MEASURED THERMOPHYSICAL PROPERTIES OF SFRMS 

To provide thermophysical property data for modeling the fire-structure interaction of the towers, the 
thermal conductivity, specific heat capacity, and density of each SFRM were determined as a function of 
temperature up to 1,200 °C (2,190 °F).  Since there are no ASTM test methods for characterizing the 
thermophysical properties of SFRMs as a function of temperature, ASTM test methods developed for 
other materials were used.  Testing services were provided by a commercial testing laboratory, through a 
competitive open procurement.  The laboratory (referred to as Laboratory A in this report) is an ISO 9002 
certified company.  Test results were presented to NIST in the form of a letter report with data and plots 
as attachments. 

                                                      
16 In Fig. A-63, thermal conductivity is reported as an R-value per in. thickness.  The inverse of this value is the thermal 

conductivity.  Thus, a reported R value of 3.45 indicates a thermal conductivity of 0.29 Btu-in./(ft2 · °F · h) or 
0.042 W/(m · K). 
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6.3.1 Sample Preparation 

Samples of BLAZE-SHIELD DC/F and II were purchased from Isolatek, Inc. in Stanhope, New Jersey, 
and samples of Monokote MK-5 were purchased from W.R. Grace and Co. in Cambridge, Massachusetts, 
according to their respective application manuals.  Since Monokote MK-5 is no longer on the market, it 
was manufactured specially by W.R. Grace according to the original MK-5 formulation.  The samples 
were made from the same batch of raw materials, shipped to NIST for examination and documentation, 
and sent to Laboratory A for testing.  The samples were 9 in. long, 4.5 in. wide, and 3 in. thick.  These 
dimensions were dictated by the test methods used. Three samples of each material were sent for testing.  
Two of them were used for the thermal conductivity measurements, and the third was used to prepare 
specimens for the other measurements involved.  Figures 6-1, 6-2, and 6-3 show photographs of samples 
of BLAZE-SHIELD DC/F, BLAZE-SHIELD II, and Monokote MK-5, respectively. 

 
Source: NIST. 

Figure 6–1.  BLAZE-SHIELD DC/F sample used  
for thermophysical property measurements. 

 
Source: NIST. 

Figure 6–2.  BLAZE-SHIELD II sample used  
for thermophysical property measurements. 
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Source: NIST. 

Figure 6–3.  Monokote MK-5 sample used  
for thermophysical property measurements. 

6.3.2 Thermal Conductivity Measurements 

The thermal conductivity measurements were performed according to ASTM C 1113 (ASTM 1999).  
This test method is based on heating two specimens with a platinum wire placed between them.  The thin 
platinum wire serves not only as a heater, but also as a temperature sensor, since the variation of its 
electrical resistance during the test is converted into variation of temperature.  Thermal conductivity is 
calculated based on the rate of temperature increase of the wire and power input.   

Laboratory A reported that substantial shrinkage occurred during the measurements for the three 
materials.  The two MK-5 specimens shrunk, exposing the platinum wire positioned between them.  For 
this reason, no thermal conductivity measurement could be performed for this material at 1,200 °C.  
Table 6-4 summarizes thermal conductivity as a function of temperature. The results are plotted in  
Fig. 6-4, which also shows the results for BLAZE-SHIELD DC/F from Harmathy, which were obtained 
using a variable-state method (Harmathy 1983). The results show similar trends of increased thermal 
conductivity with increasing temperature; however, the Monokote MK-5 specimens had a different 
behavior than BLAZE-SHIELD Type DC/F and Type II at temperatures above 500 °C. 
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Table 6–4.  Measured thermal conductivity as a function of temperature. 
 Thermal Conductivity (W/(m · K))a 

Temperature (°C) BLAZE-SHIELD DC/F BLAZE-SHIELD II Monokote MK-5 

25 0.0460 0.0534 0.0954 
50 0.0687 0.0745 0.0926 
100 0.0628 0.0921 0.1252 
200 0.0810 0.0895 0.0919 
300 0.1106 0.1057 0.1214 
400 0.1286 0.1362 0.1352 
500 0.1651 0.1689 0.1504 
600 0.2142 0.2156 0.1622 
800 0.3380 0.2763 0.1895 

1000 0.5010 0.3708 0.2618 
1200 0.5329 0.4081 – 

a. SI units are used because this system was used to make the measurements.  To convert to Btu-in./(h · ft2 · °F) divide by 
0.1442279. 
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Figure 6–4.  Thermal conductivities of the three SFRMs as a function of temperature. 
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6.3.3 Specific Heat Capacity Measurements 

For the specific heat capacity measurements, the same instrument (Unitherm™ Model QL−3141) was 
used with a slight modification.  A thermocouple was added to the system and mounted on the specimen, 
parallel with the platinum wire at a known distance from the wire.  The test was performed in a similar 
manner as the thermal conductivity measurements, but from the thermocouple output the thermal 
diffusivity of the material was derived.  Knowing the thermal conductivity, the thermal diffusivity, and 
the density calculated from the thermal expansion results and the thermogravimetric analysis (see 
Section 6.3.4), the specific heat capacity of the material was calculated.  Table 6-5 tabulates the 
measurements.  Figure 6-5 compares the present results for BLAZE-SHIELD DC/F with those from 
Harmathy, which were obtained using a DuPont 910 differential scanning calorimeter with a heating rate 
of 5 °C/min (Harmathy 1983).  It is clear from the figure that the inherently indirect nature of the 
technique used by Laboratory A precludes the direct measurements of specific heat capacity associated 
with chemical reactions (peaks in the figure) when the SFRMs are subjected to heating. 

Table 6–5.  Calculated specific heat capacity of the three SFRMs. 
 Specific heat capacity (J/(kg   K))a 

Temperature (°C) BLAZE-SHIELD DC/F BLAZE-SHIELD II Monokote MK-5 

25 826.4 801.6 841.0 
50 941.5 868.4 1045.8 

100 723.9 708.4 1005.7 
200 897.2 925.4 1205.5 
300 1020.2 1084.7 1253.9 
400 1070.6 1147.5 1302.9 
500 1097.6 1255.3 1331.6 
600 1189.7 1299.1 1400.8 
800 1258.6 1369.6 1468.2 
1000 1325.3 1411.3 1520.8 
1200 1391.7 1461.3 – 

a.  SI units are used because this system was used to make the measurements.  To convert to Btu /(lb · °F) divide by 4186.8. 
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Figure 6–5.  Comparison of BLAZE-SHIELD DC/F specific heat capacity measurements 

from Harmathy (1983) with present results from Laboratory A. 

To examine the chemical reactions associated with heating of SFRMs, samples were sent to another 
laboratory (referred to as Laboratory B) to perform differential scanning calorimetry (DSC) because the 
DSC in the Building and Fire Research Laboratory at NIST was not working at that time.  The specimens 
for DSC were prepared by removing small pieces from the bulk samples.  The pieces were placed into 
small glass vials and sent to Laboratory B for analysis. 

Specific heat capacity was measured in accordance with ASTM E 1269 (ASTM 2001) using a 
Perkin-Elmer Model DSC-2 Differential Scanning Calorimeter with sapphire as the reference material.  
The standard and SFRM specimens were subjected to the same heat flux as a blank specimen, and the 
differential powers required to heat the specimen and the standard at the same rate were determined using 
the digital data acquisition system.  The specific heat capacity of the specimen was computed from the 
masses of the sapphire standard and the SFRM specimen, the differential power, and the known specific 
heat capacity of sapphire.  The data were displayed visually as the test progressed.  All measured 
quantities were directly traceable to NIST standards. 

Differential thermal analysis (DTA), which is a “fingerprinting” technique that provides information on 
the chemical reactions, phase transformations and structural changes that occur in a specimen during a 
heat-up or a cool-down cycle, was used to locate the peaks and valleys during continuous heating to 
600 ºC at a rate of 10 ºC/min.  Once the peak and valley regions were identified, the sensitive DSC was 
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used to examine these regions further at a heating rate of 5 ºC/min, first from room temperature to 350 ºC 
and then from 300 ºC to 580 ºC.  It was noted by Laboratory B, however, that the DSC results at 
temperatures greater than 350 ºC were of questionable quality and problematic.  Only the results (up to 
350 ºC) are tabulated in Appendix B Table B-1 and are displayed in Fig. 6-6, together with the results 
from Laboratory A for comparison. 

Figure 6-7 shows a comparison of specific heat capacity data for BLAZE-SHIELD DC/F from 
Harmathy (1983) with the results from Laboratory B.  For temperatures up to 350 °C, both results exhibit 
two peaks although their locations occur at different temperatures, and their magnitudes are different.  In 
general, an increase in the heating rate results in a shift of the peaks toward higher temperatures and in 
increases of maxima or minima of peaks with narrowing peak widths.  Both studies used the same heating 
rate of 5 °C/min, however, other procedural and operational factors could have affected the 
measurements.  Since milligram quantities of SFRM are used in DSC, assurance of specimen 
homogeneity and representativeness of the bulk sample in the specimen holder is essential to the validity 
of the measurements, especially for inhomogeneous materials like SFRMs.  In addition, mass loss from 
the specimen holder during heating could interfere with the measurements. 
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Figure 6–6.  Comparison of specific heat capacity measurements from Laboratory B with 

results from Laboratory A. 
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Figure 6–7.  Comparison of specific heat capacity measurements for BLAZE-SHIELD 

DC/F from Laboratory B with the results from Harmathy (1983). 

6.3.4 Density Measurements 

Bulk densities of the SFRMs were not measured directly (except at room temperature) but were 
calculated from thermal gravimetric analysis (TGA) and thermal expansion measurements.  The TGA 
tests were performed according to ASTM E 1131 (ASTM 1998) using an Orton Model ST-736 TGA.  
The resulting mass changes are shown in Table 6-6.  The thermal expansion measurements were 
performed according to ASTM E 228 (ASTM 1995) using a Unitherm™ Model 1161 pushrod 
dilatometer.  Since the materials were not isotropic, separate measurements had to be performed for the X 
and Z orientations.  It was assumed that the X and Y directions had the same thermal expansion.  The Z 
direction was defined as the direction perpendicular to the fibrous strands in the samples.  The specimens 
were tested from room temperature to 1,200 °C at a heating rate of 2 °C/min.  All of the specimens shrunk 
during the tests and in all cases lost contact with the pushrod at temperature about 1,100 °C before 
reaching the maximum test temperature. Table 6-7 shows the results of the thermal expansion 
measurements. 

From the thermal expansion measurements, the change in volume for each material was calculated at each 
temperature.  The density values were calculated from the results of the TGA and thermal expansion.  
Table 6-8 summarizes the calculations, and Fig. 6-8 displays the results.  The shrinkage of the material 
and the specimen mass loss both contribute to the unrealistic variation in density at high temperatures. 
Thus, the density values are only valid up to 600 °C. 
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Table 6–6.  Mass loss of SFRMs with increasing temperature. 
 Mass Change (percent) 

Temperature (°C) BLAZE-SHIELD DC/F BLAZE-SHIELD II Monokote MK-5 

25 0.0 0.0 0.0 
50 −0.2 −0.6 −0.5 

100 −2.7 −3.9 −2.7 
200 −5.1 −7.4 −15.0 
300 −6.0 −8.7 −19.0 
400 −6.7 −9.9 −22.0 
500 −7.5 −11.0 −23.0 
600 −8.6 −12.0 −24.0 
800 −11.0 −16.0 −25.0 
1000 −11.0 −16.0 −27.0 
1200 −14.0 −20.0 −42.0 

 

Table 6–7.  Thermal expansion results of SFRMs. 
 Thermal Expansion (percent) 

BLAZE-SHIELD DC/F BLAZE-SHIELD II Monokote MK-5 Temperature (°C) 
X and Y 
Direction 

Z direction X and Y 
Direction 

Z direction X and Y 
Direction 

Z direction 

25 0.00 0.00 0.00 0.00 0.00 0.00 
50 0.02 0.02 0.02 0.02 0.03 0.03 
100 0.05 0.03 0.04 −0.04 0.08 0.09 

200 0.10 −0.13 0.04 −0.36 −0.06 −0.13 
300 0.17 −0.12 0.09 −0.48 −0.23 −0.23 
400 0.23 −0.16 0.11 −0.63 −0.65 −0.92 
500 0.19 −0.38 0.08 −0.98 −0.69 −0.97 
600 0.06 −0.93 −0.07 −1.45 −0.69 −0.97 
800 −10.95 −26.40 −12.56 −12.42 −1.22 −2.13 

1000 −11.83 −27.86 −12.80 −13.63 −7.03 −8.32 
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Table 6–8.  Calculated densities of SFRMs. 
 Density (kg/m3)a 

Temperature (°C) BLAZE-SHIELD DC/F BLAZE-SHIELD II Monokote MK-5 

25 236.8 313.7 292.4 
50 236.1 311.5 290.5 
100 230.1 301.3 283.8 
200 224.6 291.3 249.1 
300 222.1 287.2 238.5 
400 220.3 283.7 233.2 
500 219.0 281.5 230.5 
600 218.2 280.5 227.5 
800 361.1 393.4 229.6 

1000 375.8 401.1 269.3 
1200 432.1 436.7 369.4 

a.  To convert to pcf multiply by 0.062428.  
 

 

 
Figure 6–8.  Bulk densities of the three SFRMs as a function of temperature. 

6.3.5 Concluding Remarks 

It should be noted that the thermal conductivity and bulk density depend on how the SFRM is sprayed or 
applied; therefore, it is expected that the results will vary from sample to sample.  In general, the thermal 
conductivity of a porous material is a complex function of bulk density, porosity, and other material 
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properties (e.g., Stephenson and Mark 1961).  Recent attempts to use existing predictive methods to 
estimate thermal conductivities of porous media for SFRMs show some promise, and alternative 
approaches have also been proposed for future research.17 

6.4 THERMOPHYSICAL PROPERTIES OF GYPSUM PANELS 

In this section, measurement results of the thermophysical properties of four gypsum materials will be 
presented.  Unless stated otherwise, measurements were performed by Laboratory B.  Four representative 
types of gypsum materials were examined.  They were: 

1. 5/8 in. thick gypsum panel A,  

2. ½ in. thick gypsum panel, 

3. 5/8 in. thick gypsum panel B, and  

4. 1 in. gypsum liner panel. 

6.4.1 Samples 

The gypsum materials were all commercially available and were purchased from a local building supply 
store in Gaithersburg, Maryland.  Samples were cut from the gypsum panel using a box cutter and then 
sent to the testing laboratory. 

6.4.2 Thermal Conductivity Measurements 

Thermal conductivity was measured using the heated probe technique described in ASTM D 5334 
(ASTM 2000h).  The following description of the heated probe method is provided by Laboratory B:18 

“In the heated probe method, which may be considered as a variant of the 
line source method, the line source and temperature sensor are combined 
in one small diameter probe. This probe is inserted into the sample and 
the heater turned on for a preselected time interval. During this time 
interval, the rate of heating of the probe is measured. This heating rate 
quickly becomes semi-logarithmic and from this semi-logarithmic rate, 
the thermal conductivity of the sample is calculated. The probe may be 
inserted into powders, fluids, small holes drilled into rocks, biological 
materials, etc. A variety of probe sizes, ranging from needle-shaped to 
rods are available. The data is collected by the PC based digital data 
acquisition system and the heating rate displayed visually. A semi-
logarithmic portion of the heating curve is chosen using the mouse and 
the conductivity calculated based on this portion of the curve.”   

The measurement results are summarized in Table 6-9, and the results are plotted in Fig. 6-9. 
                                                      
17 Bentz, D. P., Prasad, K. R. and Yang, J.C. 2004.  Towards a Methodology for the Characterization of Fire Protection Materials 

with Respect to Thermal Performance Models.  Fire and Materials (accepted for publication). 
18 www.tpfrl.com/heatprb.html 
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Table 6–9.  Thermal conductivities of gypsum materials. 
5/8 in. Panel A ½ in. Panel 5/8 in. Panel B 1 in. Liner Panel 

(°C) (W/(m   K))a (°C) (W/(m   K) (°C) (W/(m   K) (°C) (W/(m   K) 

23 0.156 23 0.194 23 0.154 23 0.133 
45 0.1533 47 0.184 56 0.148 48 0.135 

100 0.1558 97 0.188 103 0.156 97 0.136 
222 0.0963 200 0.100 230 0.090 200 0.093 
296 0.0976 299 0.097 318 0.105 293 0.089 
384 0.0987 406 0.106 428 0.113 413 0.107 
482 0.1102 496 0.113 508 0.113 508 0.116 
591 0.1276 603 0.121 609 0.131 598 0.134 

a.  To convert to Btu · in./(h · ft2 · °F) divide by 0.1442279. 
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Figure 6–9.  Thermal conductivities of the four gypsum materials as a function of 

temperature. 
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Figure 6-10 shows a comparison of the current thermal conductivity measurements with data from 
Mehaffey et al. (1994) for Firecode Core Type X gypsum panel.  The data from Mehaffey et al. were 
obtained using a commercially available thermal conductivity meter.  Both sets of data exhibit similar 
trends, although, in general, the values from Mehaffey et al. are higher. 

A comparison of the current thermal conductivity results with the data obtained from Harmathy (1983) 
and Mehaffey et al. (1994) for Firecode C Core gypsum panel is shown in Fig. 6-11.  The conductivities 
from Harmathy (1983) are higher than those obtained from other studies.  In general, the thermal 
conductivity initially decreases and then increases with increasing temperature. 
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Figure 6–10.  Comparison of the thermal conductivity measurements from Laboratory B 

with the data from Mehaffey et al. (1994) for 5/8 in. thick gypsum panel A. 
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Figure 6–11.  Comparison of thermal conductivity measurements from Laboratory B with 

other literature values for ½ in. thick gypsum panel and 5/8 in. thick gypsum panel B. 

6.4.3 Specific Heat Capacity Measurements 

Specific heat capacities of the cores of the four gypsum panel samples were measured using a TA 
Instruments DSC 2910 differential scanning calorimeter at NIST.  Tests were conducted according to the 
procedure described in ASTM E 1269 (2001).  Specimens of approximately 8.4 mg ± 0.1 mg in mass 
were held isothermally at 30 °C for 5 minutes.  The temperatures were then increased at a rate of 
20 °C/min to a maximum temperature of 600 °C, the operating limit of this instrument.  The specimens 
were held isothermally at 600 °C for an additional 5 minutes.  Single scans of both an empty pan and a 
pan containing standard reference material SRM 720 (sapphire or α-Al2O3) were conducted prior to 
testing and used to determine calorimetric sensitivity.  The apparent specific heat capacity was calculated 
according to the formulas presented in the ASTM standard. 

An additional modification to the ASTM test procedure was necessitated by the chemical nature of the 
material comprising the cores of the boards.  The dominant material in the cores is gypsum, a naturally 
occurring mineral composed of calcium sulfate chemically bound to hydrated water (calcium sulfate 
dihydrate or CaSO4·2H2O).  As gypsum is heated, the hydrated water is liberated in two endothermic 
chemical reactions.  If the core materials were contained within sealed hermetic pans, out-gassing of the 
liberated water would eventually increase the pressure beyond the accepted limits of the pans.  Use of an 
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open pan is undesirable, however, as the dehydration reactions also depend on the partial pressure of 
water vapor in the gas surrounding the material.  Therefore, aluminum hermetic pans with 50 µm 
diameter pinholes in the lids were used.  The small diameter hole allowed pressure to dissipate from the 
pan, maintaining structural integrity, but retained sufficient water vapor to resolve the two dehydration 
processes.  As the core of the gypsum panel is porous, having a porosity of approximately 0.3 (Blondeau 
et al. 2003), it is further expected that the liberated water will remain locally in the form of vapor even as 
pressure diffuses across the porous matrix.  The procedure used should, therefore, provide a better 
estimate of the response of gypsum panel cores to the rapid heating observed in fires. 

Results are presented as apparent specific heat capacity of the material with respect to the initial mass of 
the specimen.  Clearly, as the water is driven from the samples and bleeds through the pinhole, the mass 
of the sample will decrease.  Results of thermal gravimetric tests should also be used if the true specific 
heat capacity of the material is desired.  The data are presented in Tables B-2, B-3, B-4 and B-5 and are 
plotted in Figs. B-1, B-2, B-3, and B-4 in Appendix B.  Peaks and valleys attributed to chemical changes 
are labeled on each graph with the corresponding chemical reaction.  Figure 6-12 is a plot of the results 
for all four gypsum materials. It is seen that the four panels had similar specific heat capacities as a 
function of temperature. 
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Figure 6–12.  Comparison of specific heat capacities for the four gypsum materials. 
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6.4.4 Density Measurements 

Laboratory B used a Netzsch Model 409 Simultaneous Thermal Analyzer (STA) equipped with both high 
and low temperature furnaces was used to determine mass changes as a function of temperature.  The 
STA is vacuum tight, allowing specimens to be tested in pure inert, reducing, or oxidizing atmospheres as 
well as under vacuum.  The unit can be operated in the differential scanning calorimetric (DSC) or 
thermogravimetric analysis (TGA) mode. 

A dual push-rod dilatometer (Theta Dilatronics II) was used to measure linear thermal expansion 
following the procedure in ASTM E 228 (ATM 1995).  The differential expansion between the gypsum 
specimen and a known standard reference material was measured as a function of temperature.  The 
expansion of the specimen is computed from this differential expansion and the expansion of the standard.  
The measurements are made under computer control, and linear expansion is calculated at pre-selected 
temperatures.  Six standard reference materials for expansion were obtained from NIST and these include 
materials with low, moderate, and large expansions.  For the purposes of calibration and checkout, one 
NIST standard was measured against another NIST standard. 

Densities were calculated from the TGA results and linear thermal expansion measurements.  Table 6-10 
summarizes the calculated results, which are also plotted in Fig. 6-13.  All four materials show the same 
trend as a function of temperature.  The variation of density with temperature is associated with the mass 
loss and the change in volume of the gypsum material. 

Table 6–10.  Bulk densities of the four gypsum materials. 
 Density (kg/m3)a 

Temperature 
(°C) 

5/8 in. Panel A ½ in. Panel 5/8 in. Panel B 1 in. Liner Panel 

23 709 760 787 770 
50 706 759 785 767 

100 680 754 780 759 
150 629 725 752 721 
200 586 668 691 664 
250 580 636 656 638 
300 581 634 654 636 
350 582 634 654 638 
400 597 659 679 659 
450 600 665 684 663 
500 600 664 682 664 
550 599 663 681 664 
600 605 663 682 664 

a.  To convert to pcf multiply by 0.062428.  
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Figure 6–13.  Bulk densities of the four gypsum materials as a function of temperature. 
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Chapter 7 
ADHESIVE AND COHESIVE STRENGTH  

In order to analyze the thermo-structural response of the WTC towers during the fires after the aircraft 
impacts, it was necessary to estimate the extent of dislodged thermal insulation on structural members.  
Dislodgement could occur as a result of: 

• Direct impact by debris resulting from breakup of the aircraft and its contents and breakup of 
structural elements, or 

• Inertial forces due to vibration of members excited by the impact events. 

For a given level of vibration, the magnitude of the inertial forces acting on the insulation depends on the 
density and thickness of the thermal insulation.  The insulation would dislodge if the stresses resulting 
from inertial forces exceeded the strength of the insulation.  The focus of the investigation reported in this 
chapter was to determine tensile strength characteristics of the thermal insulation.  Information on in-
place measurements provide by the Port Authority are reviewed.  The experimental approach used to 
obtain additional information is presented along with test results.  Finally, a simplified approach is 
presented for estimating the accelerations required to dislodge the thermal insulation. 

7.1 REPORTED IN-PLACE DENSITY AND BOND STRENGTH 

As was mentioned in Section 4.3, the Port Authority provided data on in-place density and tensile 
strength characteristics of the thermal insulation applied to the floor trusses during tenant alterations. 
Figure A-60 in Appendix A shows an example of such test reports.  The reports indicated that tests were 
done in accordance with ASTM E 605 (density) and ASTM E 736 (cohesion/adhesion strength).  As 
mentioned in Chapter 4, BLAZE-SHIELD II was used in the upgrade, and as noted previously in  
Table 6-3, the manufacturer indicated that BLAZE-SHIELD II is about 20 percent denser and has about 
20 percent higher adhesive/cohesive strength compared with BLAZE-SHIELD DC/F. 

According to ASTM E 605 (ASTM 2000a), density is determined by removing a rectangular portion of 
the insulation after taking 12 thickness measurements to obtain the average thickness.  The length and 
width of the removed specimen are measured, and the volume is calculated.  The equilibrium mass of the 
specimen is determined, and density is calculated by dividing the mass by the volume.  The test reports 
provided by the Port Authority provided no notes to indicate deviations from the standard procedure.   

The technique described in ASTM E 736 (ASTM 2000b) is illustrated in Fig. 7-1.  A bottle screw cap is 
glued to the surface of the thermal insulation, and after the glue has cured, the cap is pulled.  The force 
required to pull off the cap is divided by the area of the cap, and reported as the “cohesive/adhesive 
strength.”  Failure is described as “cohesive” if it occurs within the insulation and is defined as “adhesive” 
if it occurs at the interface with the substrate.  Figure 7-2 shows an example of a cohesive failure.  
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Figure 7–1.  Bond strength test using screw cap in accordance with ASTM E 736. 

Source: NIST. 

Figure 7–2.  Cohesive failure of SFRM using ASTM E 736 test (dashed circle is 
approximate location of cap before being pulled off. 

Table 7-1 summarizes the density and strength data provided by the Port Authority (see also Table 4-2).  
The results of the tests are labeled as “bond strength.”  Test method ASTM E 736 calls for reporting the 
failure mode, but the Port Authority test reports did not include information on the nature of the failure 
associated with the reported strengths.  The density values in Table 7-1 are plotted in Fig. 7-3 and the 
bond strength values are plotted in Fig. 7-4.  Analysis of the density values indicated no statistically 
significant differences between the reported densities of the upgrade thermal insulation on floor trusses in 
the two towers.  The overall average density was 18.9 pcf with a standard deviation of 3.2 pcf, giving a 
coefficient of variation of 16 percent.  

SFRM 

Bottle screw cap Adhesive 

Steel Substrate 

Tensile Load 

Cohesive failure 
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Table 7–1.  Density and bond strength of SFRM on floor trusses reported by the Port 
Authority of New York and New Jersey (30-P). 

Tower Floor Density, pcf
Bond 

Strength, psf Tower Floor Density, pcf 
Bond 

Strength, psf

79 16.6 333 31.3 407 

19.0 270 16.8 351 

17.4 352 

98 

19.6 518 

17.6 463 18.8 204 
81 

17.4 315 16.6 222 

83 16.0 259 

99 

18.4 204 

28.7 162 16.4 278 

23.7 180 17.3 278 

18.6 288 

100 

19.9 333 

15.8 278 16.5 333 

85 

16.4 259 16.9 333 

20.3 360 

1 

102 

15.9 315 

15.4 324 19.4 351 92 

18.0 360 19.4 198 

14.3 153 

77 

17.2 297 

16.6 207 17.0 288 

16.1 216 
78 

18.1 270 

18.4 234 18.0 167 

15.1 162 16.0 333 

17.4 180 

88 

15.0 157 

93 

21.3 216 22.4 370 

21.2 486 15.8 333 

20.5 504 

89 

15.3 270 94 

20.1 288 19.7 342 

18.0 270 21.1 360 

20.1 306 

92 

19.7 297 95 

20.4 198 19.5 315 

20.5 486 22.7 252 

19.8 288 21.9 306 96 

19.9 324 

2 

99 

19.5 270 

1 

97 26.5 360  
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Figure 7–3.  In-place density of BLAZE-SHIELD Type II on floor trusses from Port 

Authority test reports during the period 1997-1999.  
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Figure 7–4.  In-place bond strength of BLAZE-SHIELD Type II using ASTM E 736 from 
Port Authority test reports during the period 1997-1999.  

Analysis of the bond strength values indicated that there were statistically significant differences between 
the average bond strengths for the different floors, but here was no statistically significant difference 
between the average bond strengths for the two towers.  The overall average bond strength was 302 psf, 
with a standard deviation of 91 psf, giving a coefficient of variation of 30 percent.  This value is less than 
the value of 360 psf indicated in Table 6-3, but the tabulated values is for tests under controlled 
conditions (referred to as “tested performance” in the manufacturer’s literature) and is not representative 
of field strengths.  ISOLATEK product literature dated February 2002 refers to an average bond strength 
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of 150 psf as “standard performance” and this same value is used in its guide specification for BLAZE-
SHEILD II.19  Thus, the reported bond strengths shown in Fig. 7-4 are consistent with expectations. 

7.2 SPECIMEN PREPARATION AND TEST PROCEDURES 

While the in-place bond strength data of BLAZE-SHIELD II reported by the Port Authority appear to 
indicate acceptable performance, results of ASTM E 736 tests do not provide sufficient information for 
predicting whether insulation would be dislodged from structural members under various impact 
conditions. The standard test does not provide unambiguous values of cohesive and adhesive strengths, 
and it does not provide tensile properties in a direction parallel to the surface, that is, in-plane cohesive 
strength.  As was mentioned in Section 6.3.4, because of the way a fibrous SFRM is installed, the 
resulting material is not isotropic.  Layers of fiber bundles are deposited parallel to the surface of the 
substrate. It is expected that the strength perpendicular to the planes of the layers would be less than the 
strength parallel to the layers.  Thus, a series of tests were conducted that would allow different strength 
properties to be determined.  In addition, it was decided to test BLAZE-SHIELD DC/F because the Port 
Authority data did not include tests of this material.   

7.2.1 Preparation of Test Plates 

Test specimens were made by applying the SFRM to ¼ in. steel plates measuring 8 in. by 16 in.  One half 
of the plates were coated with Series 10 Tnemec Primer (99 red)20, which is the primer that was specified 
for the exterior columns (see Appendix A Fig. A-63).  Nominal SFRM thicknesses of ¾ in. and 1½ in. 
were applied.  Thickness was controlled by surrounding the steel plates with wood strips to form molds of 
the desired depth. Figure 7-5 shows the application of BLAZE-SHIELD DC/F to the steel plates 
positioned on the floor of the laboratory.  Thickness was built up in several passes of the spray nozzle.  
Gentle hand rubbing was used to reduce local high spots and produce reasonably uniform thicknesses.  
The average thickness of SFRM for the ¾ in. plates was 0.85 in. with a standard deviation of 0.08 in.  For 
the 1½ in. plates, the average thickness was 1.62 in. with a standard deviation of 0.16 in.  The plate 
specimens were allowed to dry for over five months in the laboratory before testing.  Companion 
specimens were weighed periodically for loss of water, and it was found that the 1½ in. thick specimen 
reached equilibrium in about one month. 

7.2.2 Test Methods 

It was desired to determine adhesive strength, cohesive strength normal to the surface, and cohesive 
strength parallel to the surface of the SFRM.  Figure 7-6 is a schematic of the method used to measure the 
first two properties.  This approach is based on the standard pull-off test method used in concrete 
technology to measure the bond strength of overlays applied to concrete substrates (ASTM 2004b).  The 
SFRM layer was cut carefully in two directions, and a 3/8 in. by 2.7 in. by 2.7 in. aluminum plate was 
glued to the surface.  After the adhesive had cured, a tensile load was applied to the plate, and the force 
required to pull off the SFRM was measured.  The advantages of this approach over the ASTM 736 

                                                      
19 Product Manual, Isolatek International, Stanhope, NJ, February, 2002. 
20 Purchased from Tnemec Company Inc., 6800 Corporate Drive, Kansas City, Missouri 64120-1372. 
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technique are that the resisting area is easily determined and it offers the ability to measure both adhesive 
and cohesive strengths. 

 
Source: NIST. 

Figure 7–5.  Spraying steel plates with BLAZE-SHIELD DC/F.  

 

 

Figure 7–6.  Schematic of “pull-off’ test method used to measure cohesive and adhesive 
strengths. 

In using the method shown in Fig. 7-6, one does not know beforehand what type of failure will occur, that 
is, whether it will be adhesive failure at the SFRM/steel interface or cohesive failure in the bulk SFRM.  
Failure occurs at the weakest link.  It is possible, however, by a simple modification of the usual 
procedure to measure both strengths in the same specimen.  This is accomplished by bonding together the 
failed specimen after the first test, and performing a second test on the repaired specimen.  This approach 
is illustrated in Fig. 7-7, where the schematics on the left represent the first test and those on the right 
represent the re-test. Two cases are illustrated: 

• Case 1: The initial failure is an adhesive failure near the SFRM/steel interface, and after repairing 
the specimen the second failure is a cohesive failure in the bulk SFRM. 

• Case 2: The initial failure is a cohesive failure in the bulk SFRM, and after specimen repair the 
second failure is an adhesive failure near the SFRM/steel interface. 

SFRM

Al Plate 
Adhesive 

Aluminum Plate 
Adhesive 

Saw cut 
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As will be seen, this approach works because adhesive and cohesive strengths are similar in magnitude. 

 
Figure 7–7.  Technique used to measure both “adhesive” and “cohesive” strength in the 

same specimen. 

The cohesive strength parallel to the surface was determined on specimens obtained by carefully 
removing the SFRM layer from the steel and preparing a prism that could be loaded as shown in Fig. 7-8.  
The following section describes how the test specimens were prepared. 

7.2.3 Preparation of Test Specimens 

From each plate, three specimens were prepared for measuring both density and in-plane cohesive 
strength, and two specimens were prepared for measuring adhesive strength and cohesive strength normal 
to the surface.  The first step was to cut the SFRM layer into five 2.7 in. wide strips.  A fine-toothed saw 
blade was used, and the sawing motion was done carefully so as to minimize damage to the SFRM (see 
Fig. 7-9).  The two outer strips and the middle strip were debonded from the steel plate by using a 
sharpened putty knife.  Care was taken to ensure that the two strips for adhesive/cohesive strength testing 
were not disturbed (see Fig. 7-10). 

First Test Re-Test 

Adhesive failure Cohesive failure 

Cohesive failure Adhesive failure 

Case 2 

Case 1 

Failure plane Adhesive 



Chapter 7   

90  NIST NCSTAR 1-6A, WTC Investigation 

 

Figure 7–8.  Method to measure cohesive strength parallel to SFRM surface (in-plane 
cohesive strength). 

 
Source: NIST. 

Figure 7–9.  Cutting the SFRM layer into five strips. 
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Source: NIST. 

Figure 7–10.  Five specimens obtained from single plate; top three specimens are  
used for density and in-plane cohesive strength, bottom specimens are used  

for adhesion/cohesion tests. 

For the adhesive/cohesive strength tests, an aluminum plate was bonded to the top surface using a fast 
curing, two-component urethane foam adhesive.  Fixtures were used to ensure that the bonded plate was 
parallel to the steel plate (see Fig. 7-11).  After the adhesive had cured, the SFRM layer was cut as shown 
in Fig. 7-12 so as to produce a prismatic test specimen.  A hook was screwed into the aluminum plate and 
a load was applied by hand using a 50 lb digital force gauge (see Fig. 7-13).  The force gauge was able to 
store the peak load attained during the test.  During loading, the steel plate was placed on the floor, and a 
foot was placed at each end of the plate to provide resistance to the applied tensile load.  The average 
length and width of the failure area was measured and used to compute the adhesive or cohesive strength.  

After the first test, the specimen was repaired with the same polyurethane adhesive, and the test was 
repeated as discussed in Section 7.2.2.  Figure 7-14 shows two specimens after the first test.  The 
specimen on the left failed in the bulk material, thereby giving a measure of the cohesive strength normal 
to the surface.  The specimen on the right failed near the SFRM/steel interface, which is taken to be the 
adhesive strength.  Figure 7-15 shows the same two specimens after they had been repaired and subjected 
to the second loading.  Now the specimen on the right shows a crack in the bulk material, and the 
specimen on the left shows separation near the SFRM/steel interface.  Note that for the specimen on the 
right, which had an adhesive failure during the first loading, the failed specimen was bonded to a bare 
steel plate (not shown) for the second test to measure cohesive strength.  In some cases where the first 
failure was cohesive, the repeated test also resulted in cohesive failure.  In these cases, the specimen was 
repaired as often as needed until an adhesive failure occurred. 
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Source: NIST. 

Figure 7–11.  Aluminum plate being bonded to the top surface of SFRM specimen; the 
wooden fixture is used to maintain the correct alignment of the plate. 

 
 

 
Source: NIST. 

Figure 7–12.  Preparing the SFRM specimen for adhesion/cohesion test. 
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Source: NIST. 

Figure 7–13.  Manual application of tensile load using digital force gauge. 

Source: NIST. 

Figure 7–14.  Results of first loading: specimen on left had a  
cohesive failure in the bulk SFRM, specimen on right failed near the  

SFRM/steel interface. 

 

Original location of 
test specimen with 
“adhesive” failure 
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Source: NIST. 

Figure 7–15.  Results of second tests after repair: specimen on left  
had adhesive failure and specimen on right had cohesive failure. 

The other three strips (see Fig. 7-10) were used for determining density and in-plane cohesive strength.  
First, the top surfaces of the debonded strips were sanded on a belt sander to obtain prismatic specimens.  
About 0.2 in. was removed from the ¾ in. plates, and about 0.4 in. was removed from the 1½ in. plates. 
The prisms were weighed and their average dimensions determined.  The densities were obtained from 
the masses and computed volumes.  Each prism was then bonded to a steel plate with the polyurethane 
adhesive. An aluminum plate was bonded to the other end of the specimen. After the adhesive had cured, 
a tensile load was applied to the aluminum plate until the SFRM failed (see Fig. 7-16). The area of the 
fracture plane was determined and the in-plane cohesive strength calculated from the recorded maximum 
load. 

 
Source: NIST. 

Figure 7–16.  SFRM specimen after measuring in-plane cohesive strength. 
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7.3 TEST RESULTS 

Table 7-2 summarizes the properties that were measured and the types of SFRM plates that were tested.  
It was assumed that the presence or absence of primer on the steel plates would not affect density or in-
plane cohesive strength.  Thus, only primed plates were used for these properties.  The following sections 
summarize the test results. 

Table 7–2.  Test matrix. 
¾ in. Nominal Thickness 1½ in. Nominal Thickness Property 

With Primer Bare Steel With Primer Bare Steel 
Density X  X  
In-plane cohesive strength X  X  
Adhesive/Cohesive (N)* strength X X X X 

*N indicates normal to surface of SFRM 

7.3.1 Density 

As mentioned in Section 7.2.3, density was determined by weighing prismatic specimens prepared by 
sanding the irregular exposed surface of the SFRM.  The specimens were about 5 months old when tested 
and had attained equilibrium water contents.  Five plates with primed steel were chosen at random for 
each SFRM thickness.  Table 7-3 lists the individual determinations, and Fig. 7-17 is a plot of the data.  
The average density of the ¾ in. thick specimens is 27.2 pcf, with a standard deviation of 0.8 pcf; and for 
the 1½ in. thick specimens the average density is 29.7 pcf with a standard deviation of 1.3 pcf.  The 
difference in average values for the two thicknesses was found to be statistically significant.   

Table 7–3.  Density of BLAZE-SHIELD DC/F specimens. 
Nominal 

Thickness Specimen
Density, 

pcf 
Nominal 

Thickness Specimen
Density, 

pcf 

¾ in. 

7-a 
7-b 
7-c 
6-a 
6-b 
6-c 

18-a 
18-b 
18-c 
16-a 
16-b 
16-c 
2-a 
2-b 
2-c 

26.1 
26.0 
26.6 
27.2 
27.2 
26.7 
26.2 
28.1 
27.2 
27.0 
28.2 
28.3 
27.9 
26.7 
28.0 

1½ in. 

24-a 
24-b 
24-c 
29-a 
29-b 
29-c 
10-a 
10-b 
10-c 
30-a 
30-b 
30-c 
11-a 
11-b 
11-c 

29.5 
29.2 
29.3 
30.0 
29.0 
29.6 
31.2 
31.4 
29.9 
26.9 
27.7 
29.5 
31.5 
30.5 
29.7 
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Figure 7–17.  Density of BLAZE-SHIELD DC/F specimens. 

These measured densities are unexpectedly high compared with published values and the values reported 
in Table 6-8, which indicates a room temperature density of 14.8 pcf.  The 2001 ICBO Evaluation Service 
report E-R 1244, refers to a minimum average density of 13 pcf for BLAZE-SHIELD DC/F 
(ICBO 2001).  The air-dry densities obtained in the NIST/UL fire endurance tests of floor truss 
assemblies (NIST NCSTAR 1-6B) are shown in Fig. 7-18.  Again, those densities are lower than obtained 
in this study.  The exact reason for the higher density in this study is not known, but possible reasons 
include the following: 

• The use of forms, as opposed to only a piece of sheet metal (as in ASTM E 605), may have 
provided confinement during spraying leading to more consolidation of the SFRM. 

• The smoothing of the top surface by sanding removed the less dense material. Recall that about 
0.2 in. and 0.4 in. were removed from the ¾ in. and 1½ in. plates, respectively. 

• The hand screening that was done to remove local high spots may have resulted in additional 
consolidation. 
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Figure 7–18.  Air-dry density of BLAZE-SHIELD DC/F from NIST/UL floor truss fire 
endurance tests (NIST NCSTAR 1-6B). 

7.3.2 In-Plane Cohesive Strength 

After completing the density determinations the prismatic specimens of SFRM were bonded to a bare 
steel plate, and an aluminum plate was bonded to the other end (see Fig. 7-8).  The steel plate was placed 
on the floor, and a tensile load was applied to the aluminum plate until the SFRM failed.  The width and 
thickness of the specimen adjacent to the failure plane was measured, and the in-place cohesive strength 
was calculated. 

Table 7-4 lists the individual values on in-plane cohesive strength, and Fig. 7-19 is a plot of the results.  
The average strength for the ¾ in. specimens is 1,120 psf with a standard deviation of 390 psf.  For the 
1½ in. specimens the average is 1,740 psf with a standard deviation of 540 psf.  The difference in average 
strength is statistically significant.  The relative strengths are consistent with the differences in density for 
the two thicknesses. 
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Table 7–4.  In-plane cohesive strength for BLAZE-SHIELD DC/F specimens. 

Nominal 
Thickness Specimen 

Cohesive 
Strength, 

psf 
Nominal 

Thickness Specimen 

Cohesive 
Strength, 

psf 

¾ in. 

7-a 
7-b 
7-c 
6-a 
6-b 
6-c 

18-a 
18-b 
18-c 
16-a 
16-b 
16-c 
2-a 
2-b 
2-c 

1095 
1043 
689 
919 
791 
1512 
1032 
701 
953 
575 
1500 
1254 
1065 
1875 
1773 

1½ in. 

24-a 
24-b 
24-c 
29-a 
29-b 
29-c 
10-a 
10-b 
10-c 
30-a 
30-b 
30-c 
11-a 
11-b 
11-c 

2279 
1607 
1687 
1473 
1986 
3101 
2006 
1876 
1304 
1579 
636 
1630 
1902 
1226 
1861 
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Figure 7–19.  In-plane cohesive strength for BLAZE-SHIELD DC/F specimens. 

7.3.3 Adhesive Strength 

Adhesive failure is defined as failure near the SFRM/steel plate interface.  In all cases where there was 
measurable adhesive strength a thin layer of cement paste and mineral fibers remained on the steel plate 
when the specimen separated.  Figure 7-20 shows one of the ¾ in. specimens (with primed steel) after 
testing and illustrates “adhesive” failure.  The photo on the left is a magnified view of about a 
0.4 diameter region and shows the thin layer of mineral fibers and paste.  Note in the in the right 
photograph that there are regions on the steel with no adhering paste, indicating essentially zero adhesive 
strength.  The locations of the specimens for the adhesion/cohesion tests were chosen based on the 
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location of the regions with adhesive failure when the three strips used for density determination were 
removed.  This is illustrated in Fig. 7-20, where the specimen on the right was located toward the top of 
the plate and the one on the left was located at the center.   

The plan was to select five plates at random for each combination of SFRM thickness and condition of 
steel plate (bare versus primed).  It was found that for the 1½ in. plates with primed steel two of the first 
three specimens had essentially zero bond strength because the SFRM strips were loose after cutting with 
the saw.  Figure 7-21 shows an example of a plate with essentially zero adhesion strength.  At this point 
in the testing, the remaining plates were examined by applying a small force by hand to the SFRM to 
check whether there was any significant adhesion. Ten of the 15 plates had no adhesion. Plates 30 and 11 
appeared to have some adhesion, so these were selected to complete the 5 replicate plates for this group. 

 
Source: NIST. 

Figure 7–20.  Example of “adhesive” failure of SFRM (original location of test specimens 
are the gaps in the two strips); photo on left is magnified view of thin layer of paste and 

fibers (the marks around the perimeter is red ink used to locate field of view). 

≈ 0.4 in. 
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Source: NIST. 

Figure 7–21.  Example of lack of adhesion in 1½ in. SFRM on steel plate with primer. 

There were no adhesion problems in the specimens made with bare steel.  Figure 7-22 shows examples of 
specimens with bare steel.  The top photograph shows the appearance of a ¾ in. SFRM plate after 
removal of the three strips to be used for density testing.  The regions of the plates with bare steel are due 
to the action of the putty knife used to debond the three strips.  The lower photograph shows the 
appearance after completion of the adhesion tests on a 1½ in. SFRM specimen.  Again the bare spots are 
due to scraping by the putty knife. 

Table 7-5 shows the adhesive strength results and Fig. 7-23 is a plot of the data.  Only four plates were 
selected for the ¾ in. SFRM with bare steel and only three were selected for the 1½ in. SFRM with bare 
steel.  Table 7-6 summarizes the adhesive strength test results.  As a point of reference, the manufacturer 
of BLAZE-SHIELD DC/F indicates an adhesion/cohesion value under controlled conditions in 
accordance with ASTM E 736 of 295 psf (see Appendix A Fig. A-63).  In the ASTM standard procedure, 
the SFRM is applied to a 12 in. square galvanized steel sheet (0.060 in. thick) at a thickness of ½ in. to 
1 in.  Note however, that in the ASTM test method, failure can be cohesive (in the bulk SFRM) as well as 
combination of adhesive and cohesive failure. 

It is clear that the condition of the steel has a significant effect on the SFRM adhesive strength.  
Typically, manufacturers require that compatibility with primed steel be evaluated to ensure that proper 
materials are used for adequate adhesion.  For example, the following text is taken from the ICBO 
evaluation of different BLAZE-SHIELD products (ICBO 2001): 

“2.2.5 Primed or Painted Surfaces: CAFCO BLAZE-SHIELD 
materials are permitted to cover primed or painted wide flange shapes, 
subject to the following requirements: 

1. Beam flange width is 12 inches (305 mm), maximum. 

2. Column flange width is 16 inches (406 mm), maximum. 
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3. Beam or column web depth is 16 inches (406 mm), maximum. 

4. Bond tests of five specimens in accordance with ASTM E 736 are 
used to verify the bond strength of the fire-protection material to a 
painted or primed steel beam or column at the jobsite. Condition of 
acceptance is that the average bond strength is 20 times the weight of 
in-place fire-protection material but not less than 150 psf (7.2 kN/m2), 
or the minimum average bond strength is 80 percent, with a minimum 
individual bond strength of 50 percent of the bond strength of fire-
protection material applied to bare, clean, 1/8 inch-thick (3.2 mm) steel 
plate, whichever is greater. Where bond-strength values are less than 
these minimums, CAFCO BOND-SEAL Type E.B.S. adhesive is 
applied to the primed or painted surfaces, and the bond-strength tests 
are repeated.” 

The results of these tests show that BLAZE-SHIELD DC/F is not compatible, from an adhesion point of 
view, with the Tnemec 99 Red Metal Primer used in this study and that was specified for the exterior 
columns of the WTC towers. 
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Source: NIST. 

Figure 7–22.  Examples of good adhesion in specimens with unprimed  
steel plates: (top) ¾ in. SFRM specimen before testing; (bottom)  

1½ in. SFRM specimen after completion of tests. 

 

Original 
Locations 
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Table 7–5.  Adhesive strength of BLAZE-SHIELD DC/F specimens. 

Nominal 
Thickness Primer Specimen

Adhesive 
Strength, 

psf 
Nominal 

Thickness Primer Specimen 

Adhesive 
Strength, 

psf 

Yes 

7-1 
7-2 
6-1 
6-2 
18-1 
18-2 
16-1 
16-2 
2-1 
2-2 

175 
234 
197 
267 
276 
164 
257 
246 

5 
32 

Yes 

24-1 
24-2 
29-1 
29-2 
10-1 
10-2 
30-1a 
30-2a 
11-1a 
11-2a 

0 
0 

378 
401 

0 
0 

501 
253 
130 
44 ¾ in. 

No 

4-1 
4-2 
5-1 
5-2 
6-1 
6-2 
7-1 
7-2 

382 
423 
488 
493 
365 
552 
425 
472 

1½ in. 

No 

1-1 
1-2 
2-1 
2-2 
3-1 
3-2 

703 
651 
543 
767 
459 
876 

a.  Not selected randomly. 
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Figure 7–23.  Adhesive strength of BLAZE-SHIELD DC/F specimens for primed and 

unprimed steel plates. 
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Table 7–6.  Summary of adhesive strength results. 

Nominal 
Thickness Primer Average, psf

Standard 
Deviation, psf

Coefficient of 
Variation, 

percent 

Yes 185 96 52 
¾ in. 

No 450 63 14 

Yes 171a 196 115 
1½ in. 

No 666 151 23 
a.  For selected specimens 

7.3.4 Cohesive Strength Normal to Surface 

As discussed in Section 7.2.3, the same specimens were tested twice (in some cases three times) so as to 
determine the adhesive and cohesive strength normal to the surface.  Figure 7-24 shows examples of 
cohesive failures in 1½ in. SFRM specimens.  These specimens were subsequently repaired with the 
polyurethane foam adhesive, and the adhesive strength was then determined.  In general, cohesive failures 
tended to occur close to the surface of the SFRM layer.  This is logical because less compaction would be 
expected near the surface and perhaps less hydration of cement due to drying. 

 
Source: NIST. 

Figure 7–24.  Examples of cohesive failure in 1½ in. SFRM specimens. 

To compare the results from the current test method, one of the ¾ in. plates with bare steel was also 
subjected to an ASTM E 736 type test with round screw cap bonded to the top surface.  First, a screw-cap  
test was conducted at the center of the plate, and then three strips were cut as shown in top photo of 
Fig. 7-25. Another screw cap test was conducted on the right side of the plate, as shown in the bottom 
photo of Fig. 7-25.  Finally, two tests with the current procedure were done on the strip on the left side of 
the plate.  In the bottom photograph it is seen that the screw-cap pulled away in the bulk material near the 
top surface. 
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Source: NIST. 

Figure 7–25.  Comparative testing: current method versus  
ASTM E 736 method: (top) locations of two screw cap tests;  

(bottom) after completion of tests. 

Table 7-7 shows the individual cohesive strengths normal to the surface, and Fig. 7-26 is a plot of the 
data.  Table 7-8 summarizes the average strength and variability of test results.   
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Table 7–7.  Cohesive strength normal to surface for BLAZE-SHIELD DC/F specimens. 
Nominal 

Thickness Primer Specimen 
Cohesive 

Strength psf Thickness Primer Specimen 
Cohesive 

Strength psf 

Yes 

7-1 
7-2 
6-1 
6-2 
18-1 
18-2 
16-1 
16-2 
2-1 
2-2 

318 
324 
507 
381 
503 
416 
401 
548 
340 
595 

Yes 

24-1 
24-2 
29-1 
29-2 
10-1 
10-2 
30-1 
30-2 
11-1 
11-2 

538 
709 
463 
592 
680 
834 
458 
403 
755 
667 

¾ in. 

No 

4-1 
4-2 
5-1 
5-2 
6-1 
6-2 
7-1 
7-2 
7-3 
7-4 

412 
373 
349 
366 
373 
264 
372 
430 

419 a 
369 a 

1½ in. 

No 

1-1 
1-2 
2-1a 
2-2a 
2-1b 
2-2b 
3-1a 
3-2a 
3-2a 
3-2b 

464 
574 
372 
354 
661 
740 
700 
530 
836 
722 

a.  Using screw cap in accordance with ASTM E 736. 
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Figure 7–26.  Cohesive strength normal to surface for BLAZE-SHIELD DC/F specimens 

for primed and unprimed steel plates. 
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Table 7–8.  Summary of cohesive strengths normal to surface. 

Nominal 
Thickness Primer Average, psf 

Standard 
Deviation, psf

Coefficient of 
Variation, 

percent 

Yes 433 99 23 
¾ in. 

No 367 79 13 

Yes 610 142 23 
1½ in. 

No 595 163 27 

Analysis of the results indicated that there was no statistically significant effect due to the presence or 
absence of primer.  This is logical, because the condition of the steel surface is not expected to influence 
the properties of the bulk SFRM.  There was a statistically significant difference in the average strengths 
for the two thicknesses, with the 1½ in. SFRM having higher strength.  This difference is likely related to 
the observed difference in density. 

Examination of Fig. 7-26, shows that the two results using the screw caps resulted in values similar to 
those obtained with the current test method.  This agrees with the view that the ASTM E 736 procedure 
probably provides a measure of cohesive strength. 

7.3.5 Adhesive Strength Versus Cohesive Strength Normal to Surface 

A comparison was made of the adhesive strength and cohesive strength normal to the surface.  The 
individual results previously shown in Fig. 7-23 and Fig. 7-26 are shown as “dotplots” in Fig. 7-27, and 
the average values from Tables 7-6 and 7-8 are shown in Table 7-9.  In Fig. 7-27, the circles indicate 
results with bare steel plates, and the blue points (darker shade) indicate adhesive strength.  For the 
specimens with primed steel, the average cohesive strength was much greater than the average adhesive 
strength.  For the specimens made with bare steel the difference between the averages for the two types of 
strength was much smaller.  Because of the high variability in individual test results, a formal analysis of 
variance indicates that there is an 8 percent probability that the difference could be the result of 
randomness.  Generally, if this probability is greater than 5 percent, it can be concluded that the difference 
is not statistically significant.  Thus, for the case of good adhesion, the test results do not contradict the 
assumption that the adhesive strength and cohesive strength normal to the surface are equal.  If this 
assumption is accepted, the average of the adhesive and cohesive strengths is 409 psf for the ¾ in. SFRM, 
and the average is 622 psf for the 1½ in. SFRM. 

From the measured strength properties, estimates were made of the local accelerations required to damage 
or dislodge the SFRM, as described in Section 7.4. 
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Figure 7–27.  Comparison of adhesive strength with cohesive strength normal to surface 

(P = primed steel, NP = bare steel). 

Table 7–9.  Comparison of average adhesive strength and average cohesive strength 
normal to surface. 

Primer 
Nominal 

Thickness, in. 

Average 
Adhesive 

Strength, psf 
Standard 

Deviation, psf 

Average 
Cohesive 

Strength, psf 
Standard 

Deviation, psf 
¾ in. 185 96 433 99 

Yes 
1½ in. 171 196 610 142 
¾ in. 450 63 367 79 

No 
1½ in. 666 151 595 163 

7.4 SIMPLIFIED APPROACH TO PREDICT DISLODGING OF SFRM 

This section presents a simplified approach for estimating the acceleration required to dislodge SFRM 
from a structural element.  When a member is subjected to an impact, it will undergo various modes of 
vibration.  The vibrations result in local cyclic accelerations.  These accelerations are transferred to the 
SFRM by forces applied at the interface between the steel and the SFRM.  Two limiting cases are 
considered: 

• Case 1 is a planar element with SFRM applied to one face of the element.  This would be 
representative of SFRM applied to large webs and flanges of beams and columns. In this case, 
adhesive strength or cohesive strength normal to the surface would be the controlling SFRM 
properties. 

• Case 2 is a slender bar encased with SFRM.  This would be representative of SFRM applied to 
elements of the floor trusses. In this case, in-plane tensile strength and bond strength are the 
controlling SFRM properties. 
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CASE 1: Planar Element 

The simplified model considers the substrate and SFRM as rigid bodies.  The SFRM would dislodge 
when the inertial force exceeds the smaller of the adhesive bond strength or cohesive strength normal to 
the surface.  Figure 7-28, shows the free body of the thermal insulation being acted upon by its inertial 
force and the adhesive force.  The acceleration to dislodge the SFRM from the substrate is: 

 
t

fa b
ρ

=  (2) 

where: 

fb = cohesive strength normal to surface or adhesive strength, whichever is smaller 

t = thickness of SFRM 

ρ = mass density of SFRM. 

This equation shows that the acceleration to dislodge the SFRM from a planar surface is directly 
proportional to the smaller of adhesive or cohesive strength (normal to surface) and inversely proportional 
to the thickness and density. 

To arrive at the ranges of accelerations that could be expected to dislodge SFRM from a planar surface, 
the following plausible ranges of values were assumed: 

• SFRM thickness: 0.75 in. and 2.25 in.; 

• SFRM density: 15 pcf and 25 pcf21; 

• SFRM bond strength: 100 psf and 500 psf 

Table 7-10 shows the resulting accelerations expressed as a multiple of g, which is the gravitational 
acceleration. For the combination of low thickness, low density, and high bond strength, the required 
acceleration is about 530 g.  For the other extreme combination of high thickness, high density, and low 
strength, the required acceleration is about 20 g.  This simplified model, thus, gives an approximate range 
of the amplitude of accelerations required to dislodge the SFRM from a planar surface, depending on the 
actual values of the key parameters.  For example, using the average values of in-place measurements for 
BLAZE-SHIELD II summarized in Section 7.1, for SFRM with a thickness of 2.5 in., a density of 19 pcf, 
and an adhesive strength of 300 psf, the SFRM would dislodge from a planar surface at an acceleration of 
about 80 g. 

                                                      
21 These numbers need to be converted to units of mass by dividing by the gravitational acceleration.  
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Figure 7–28.  Derivation of acceleration to dislodge SFRM from planar substrate. 

Table 7–10.  Acceleration required to dislodge SFRM from planar surface for different 
values of density, thickness, and bond strength (adhesive or cohesive). 

Density, pcf 
Bond 

Strength, psf
Thickness, 

in. Acceleration/g

15 100 0.75 107 

15 100 2.25 32 

15 500 0.75 533 

15 500 2.25 160 

25 100 0.75 64 

25 100 2.25 19 

25 500 0.75 320 

25 500 2.25 96 

19 300 2.5 76 

Case 2: Encased Bar 

The second case is representative of slender elements that would be surrounded by SFRM, such as the 
chords and diagonals of the floor trusses.  In this case, adhesive strength is of minor importance, and the 
in-plane cohesive strength is of major importance.  Figure 7–29 shows the derivation for the relationship 
between material strengths and acceleration to dislodge the SFRM from a round bar.  The required 
acceleration is as follows: 

 
πρ

α
)(

))1((4
22

0

0

i

it
dd

ddfa
−

−+
=  (3) 

where: 

ft = in-plane cohesive strength of SFRM 

d0 = outside diameter of SFRM 

di = steel bar diameter 

fb 

t 

SFRM

Inertial Force Equilibrium 

Substrate 

a 

F = m a 

fb A =ρ A t amax 

amax = fb /(ρ t) 

A = cross-sectional area 
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α = ratio of adhesive strength to in-plane cohesive strength of SFRM 

ρ = density of SFRM 

 
Figure 7–29.  Derivation of acceleration to dislodge SFRM surrounding a round bar. 

To arrive at the ranges of accelerations that could be expected to dislodge SFRM from a round bar, the 
following ranges of values were assumed: 

• Bar diameter: 0.9 in. and 1.2 in; 

• Thickness [(d0 – di)/2]: 0.75 in and 2.5 in.; 

• Density: 15 pcf and 25 pcf; 

• In-plane cohesive strength: 500 psf and 2000 psf; and 

• Strength ratio (α): 0 and 0.3. 

Table 7-11 shows the results of using these limiting values in Eq. (3).  The smallest required acceleration 
is about 40g, which corresponds to a large bar having a thick layer of the higher density SFRM with low 
strength.  At the other extreme, the required acceleration is about 730g. For a 1.2 in. diameter bar with 
2.5 in. thickness of SFRM and density of 19 pcf, the acceleration required to dislodge the SFRM would 
vary from 55g to 230g, depending on the strength characteristics within the assumed ranges given above. 

These simplified models are intended to provide insight into the important variables that affect the 
magnitude of the disturbance (that is, acceleration) required to dislodge SFRM from different kinds of 
structural members.  These models do not consider the fact that the applied acceleration in an actual 
structure subjected to impact would vary with time.  Also, these models apply to members not directly 
impacted by debris.  As discussed in NIST NCSTAR 1-3C, there was photographic evidence to suggest 
that thermal insulation was dislodged from exterior columns in regions not likely to have been impacted 
directly by debris. 
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Table 7–11.  Acceleration required to dislodge SFRM from encased bar for different 
values of bar diameter, SFRM thickness, SFRM in-plane cohesive strength,  

and strength ratio (alpha). 
Bar Diameter, 

in 
Outer 

Diameter, in. Density, pcf
Cohesive 

Strength, psf Alpha Acceleration/g 

0 154 
500 

0.3 182 

0 617 
15 

2000 
0.3 728 

0 93 
500 

0.3 109 

0 370 

2.4 

25 

2000 
0.3 437 

0 75 
500 

0.3 79 

0 300 
15 

2000 
0.3 316 

0 45 
500 

0.3 47 

0 186 

0.9 

5.9 

25 

2000 
0.3 189 

0 131 
500 

0.3 162 

0 522 
15 

2000 
0.3 648 

0 78 
500 

0.3 97 

0 313 

2.7 

25 

2000 
0.3 389 

0 69 
500 

0.3 74 

0 275 
15 

2000 
0.3 295 

0 41 
500 

0.3 44 

0 165 

1.2 

6.2 

25 

2000 
0.3 177 
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7.4.1 Debris Impact Study 

A series of simulated debris impact tests were conducted using steel plates and bars covered with 
BLAZE-SHIELD DC/F.  The experimental techniques and results are summarized in Appendix C. 
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Chapter 8 
SUMMARY 

This report focused on the passive fire protection used in the WTC towers.  Specifically, it sought to 
establish the likely characteristic of the sprayed fire-resistive materials (SFRMs) applied to the structural 
system.  This information was required for calculating the thermal histories of structural members in a 
conventional building fire and during the fires after the aircraft impact. 

To provide context, a brief review of code provisions related to structural fire protection was provided. 
An effort was made to document key decisions and actions related to passive fire protection during the 
design, construction, and subsequent occupancy of the towers.  Copies of documents that support the 
findings are provided in Appendix A. 

The NIST investigation sought available information on the in-place condition of the SFRM in the WTC 
towers.  Some information was provided by the Port Authority in the form of thickness, density, and bond 
strength measurements on floor trusses taken at various times during the 1990s.  Additional information 
was obtained from photographs of floor trusses provided to NIST.  Analyses of the data indicated that 
fire-resistive material thickness was variable, as would be expected for application to floor truss members 
with small cross sections.   

Results of simplified finite-element simulations of heat transfer under fire conditions showed that 
variability in thickness of SFRM reduced the effectiveness of the insulation so that protection was less 
than implied by the average thickness of the SFRM.  A procedure was developed for estimating the 
equivalent uniform thickness of the variable thickness SFRM. 

Tests were done on samples of SFRMs to establish the temperature dependencies of key thermophysical 
properties that were needed for calculating the thermal-structural response of the towers.  

Tests were also done to establish basic tensile strength properties of SFRM, which are necessary to 
estimate the extent of dislodgement due to aircraft impact.  Photographic evidence, documented in 
another phase of the investigations (see NIST NCSTAR 1-3C), suggested that thermal insulation was 
dislodged from visible portions of the exterior columns of WTC 1 and WTC 2 that were not impacted 
directly by debris. 

8.1 FINDINGS 

The following are the key findings based on the information discussed in this report.  

• The reviewed documents appear to indicate that the initial design of the towers was based on the 
1938 New York City Building Code and predicated on a Class 1A classification, which required a 
4 h fire rating for columns and 3 h for the floor system.  The WTC towers were classified 
subsequently as Class 1B, as defined by the 1968 New York City Building Code.  This required a 
3 h fire rating for columns and 2 h for the floor system.  A condition assessment conducted in 
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2000 reported that the WTC towers were classified as Class-1B—noncombustible, fire-protected, 
retrofitted with sprinklers in accordance with Local Law 5/1973. 

• The use of sprayed fire protection for floor trusses was innovative at the time of the design of the 
WTC and not consistent with prevailing practice, which used enclosures of fire-resistive materials 
to surround the floor trusses.  Trial applications were performed to demonstrate that is was 
feasible and practicable to use this fire protection method for the composite floor truss system.  
Correspondence revealed that adhesion problems were encountered during application of the 
SFRM to the exterior columns. 

• The 1968 New York City Building Code required testing of assemblies to establish that their fire 
rating conformed to Code requirements.  The manufacturer of the floor trusses, the Architect of 
Record, and the Structural Engineer of Record recognized the need for such fire endurance testing 
of the composite floor system.  There were no records of a fire endurance test of the WTC floor 
system.  

• Fire protection of the exterior columns was the responsibility of Alcoa, which sub-contracted the 
work to Mario & Di Bono Plastering Co. (Mario & Di Bono)  The sprayed fire protection of the 
floor trusses and core members was performed under a separate contract awarded to Mario & Di 
Bono. The project specifications for sprayed fire protection of the interior portions of the towers 
did not specify the type of material or thickness to be applied.  Correspondence in 1969, from the 
construction manager to Mario & Di Bono, stated (see Appendix A Fig. A-23) that those portions 
of the floor system requiring thermal protection were “to have a ½ in. covering of ‘Cafco.’”  The 
product known as “Cafco” was BLAZE-SHIELD Type D supplied by U. S. Mineral Products 
Co., and was composed of asbestos fibers with a portland cement binder.  No evidence was 
available to provide the technical basis for the value of ½ in. thickness indicated in the 
correspondence.  Correspondence indicated that economics was an important factor in the Port 
Authority’s decisions related to passive fire protection. 

• Because of the asbestos fibers, the use of BLAZE-SHIELD Type D, was discontinued in 1970 at 
the 38th floor of WTC 1.  The existing thermal insulation was encapsulated with a coating to 
contain the asbestos fibers. BLAZE-SHIELD Type DC/F was used as its replacement.  This 
material contained mineral fibers instead of asbestos.  Tests conducted by Underwriters 
Laboratories in 1970 indicated that BLAZE-SHIELD Type DC/F was at least as good as BLAZE-
SHIELD Type D in terms of fire resistance.”  

• In 1975, the Structural Engineer of Record reported that in March of 1975 he was made aware of 
a fire endurance test of a floor assembly consisting of composite floor trusses with a normal 
weight concrete slab on a corrugated steel deck.  The trusses were protected with “Mono-Kote,” 
which was described as a “cementitious spray-applied fireproofing” (see Appendix A Fig. A-45).  
The members of the trusses were coated with 1½ in. of the insulation and the sheet metal deck 
had ½ in.  The results of the fire endurance test assigned a 3 h rating to the floor system.  It is 
noted that this test was not related in any way to the floor system in the WTC towers.  The 
Structural Engineer of Record used this test result “with many simplifying assumptions” to 
demonstrate that ½ in. of BLAZE-SHIELD would provide the same 3 h rating when applied to 1 
in. web bars (see Appendix A Fig. A-46).  The calculations were said to be based on the 
differences in the room temperature thermal conductivity of the two insulation materials, with the 
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Mono-Kote product having about twice the thermal conductivity of the BLAZE-SHIELD 
product. He noted: “however, that theoretical extrapolations of fire endurance tests must the 
viewed with caution.”  He stated further that: “Without benefit of a full-scale fire test we cannot 
establish a rating for the floor assembly.” 

• In 1975, the Structural Engineer of Record reported that certain elements of the floor system did 
not require fire protection because those elements were not critical in supporting gravity loads. 
These included the bridging trusses and the top chords in the one-way portion of the floor system.  

• Based on data provided by the Port Authority of insulation thickness on 16 trusses on each of 
floors 23 and 24 of WTC 1, the average thickness of the original thermal insulation on the floor 
trusses was estimated to be 0.75 in. with a standard deviation of 0.3 in. (coefficient of variation 
= 0.40).  The reported average thicknesses ranged from 0.52 in. to 1.17 in. 

• In 1995, the Port Authority performed a study to establish the thickness of fire protection to be 
applied to the floor trusses during major tenant renovations.  On the basis of Design G805 listed 
in the UL Fire Resistance Directory, the thickness to achieve a 2 h fire rating was estimated to be 
1½ in.  At the time of the WTC disaster, fire protection had been upgraded on floors affected by 
the aircraft impact.  According to information provided by the Port Authority, upgrading had 
occurred on floors 92 through 100 and 102 of WTC 1 and on floors 77, 78, 88, 89, 92, 96 and 97 
of WTC 2. 

• Based on analyses of insulation thickness data contained in Construction Audit Reports provided 
by the Port Authority, the average thickness of the upgraded thermal insulation (BLAZE-
SHEILD II) on the floor trusses was estimated to be 2.5 in. with a standard deviation of 0.6 in. 
(coefficient of variation = 0.24).  The reported average thicknesses ranged from 1.7 in. to 4.3 in. 

• Based on finite element simulations of a 1 in. round bar covered with SFRM having lognormal 
distributions for thickness that were consistent with the average values and standard deviations 
noted above, it was concluded that the original thermal protection on the floor trusses was 
equivalent to a uniform thickness of 0.6 in. and that the upgraded insulation was equivalent to a 
uniform thickness of 2.2 in. 

• No information is available on in-place conditions of the thermal protection on the exterior 
columns and spandrel beams, and little information is available on the conditions of fire-resistive 
material on core beams and columns.  For thermal analyses of the towers, the thermal protection 
on these elements was taken to have uniform thicknesses equal to the specified values.  This 
assumption is justified by the offsetting factors of measured average thicknesses tending to be 
greater than specified thicknesses and the reduced effectiveness of a given average thickness of 
SFRM due to thickness variability.  These were ½ in. for beams and spandrels, 2 1/16 in. for 
columns lighter than 14WF228, and 1 3/16 in. for columns heavier than 14WF228. 

• Data provided by the Port Authority on the thickness and density of the upgraded thermal 
insulation for floor trusses indicated that the average thicknesses exceeded the design thickness of 
1½ in. and the bond strength measured according to ASTM E 736 exceeded 150 psf, which was 
stated to be the “standard performance” of BLAZE-SHIELD II. 
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• Results of NIST tests indicated that the thermal conductivity of SFRMs increased significantly at 
higher temperatures. 

• Results of NIST tests indicated that the presence of primer paint caused significant reductions in 
the adhesive strength of BLAZE-SHIELD DC/F.  Good adhesion was found with bare steel, in 
which case there was not a statistically significant difference between adhesive strength and 
cohesive strength normal to the surface. 

• Results of NIST tests indicated that the in-plane cohesive strength of BLAZE-SHIELD DC/F was 
almost three times the cohesive strength normal to the surface. 

• The density of BLAZE-SHIELD DC/F in the NIST tests for strength properties was greater than 
the densities in the Port Authority reports or in the manufacturer’s catalogs.  This may have 
accounted for the higher strength values obtained by NIST compared with the manufacturer’s 
published values. 

• Based on simplified models, the acceleration required to dislodge SFRM from planar surfaces 
might range from 20 g to 530 g, depending on the in-place density, thickness, and bond strength.  
For density of 19 pcf, thickness of 2.5 in., and bond strength of 300 psf, which are representative 
of the upgraded insulation on the floor trusses, an acceleration of about 40 g would dislodge the 
SFRM from a planar surface. For a round bar encased in SFRM, the estimates are 40 g to 730 g, 
depending on the bar diameter, insulation thickness, in-plane cohesive strength, and adhesive 
strength.  For a 1.2 in. diameter bar, with 2.5 in. thickness of insulation, having a density of 19 
pcf, the acceleration required to dislodge the SFRM was estimated to be between 55 g and 230 g, 
depending on the strength characteristics of the SFRM.  These models provide insight into the 
factors that affect SFRM dislodgment due impact-induced vibration. 
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Appendix A 
REFERENCED DOCUMENTS 

 
Figure A–1.  Port Authority letter instructing consultants to follow New York City Building 

Code (3-P). 
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Figure A–2.  Port Authority letter instructing consultant to follow New York City Building 

Code under development (3-P).22 

                                                      
22 Designation in parentheses refers to NIST catalog number for document or group of documents. 
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Figure A–3.  1993 Memorandum of Understanding between Port Authority and New York 
City Department of Buildings (113-P).  
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Figure A–3 (Contd.). 1993 Memorandum of Understanding between Port Authority and 
New York City Department of Buildings (113-P). 
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Figure A–3 (Contd.). 1993 Memorandum of Understanding between Port Authority and 
New York City Department of Buildings (113-P). 
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Figure A–4.  1995 Supplement to Memorandum of Understanding between Port Authority 
and New York City Department of Buildings (113-P). 
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Figure A–4(Contd.).  1995 Supplement to Memorandum of Understanding between Port 
Authority and New York City Department of Buildings (113-P). 
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Figure A–4 (Contd.).  1995 Supplement to Memorandum of Understanding between Port 
Authority and New York City Department of Buildings (113-P). 
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Figure A–5.  1993 Memorandum of Understanding between Port Authority and The Fire 
Department of New York City and 1995 amendment (160-P).  
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Figure A–5 (Contd.).  1993 Memorandum of Understanding between Port Authority and 
The Fire Department of New York City and 1995 amendment (160-P).  
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Figure A–5 (Contd.).  1993 Memorandum of Understanding between Port Authority and 
The Fire Department of New York City and 1995 amendment (160-P). 
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Figure A–5 (Contd.).  1993 Memorandum of Understanding between Port Authority and 
The Fire Department of New York City and 1995 amendment (160-P). 
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Figure A–6. Letter from Port Authority to Tishman Realty & Construction Co. regarding 
Occupancy Group for WTC towers (3-P). 
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Figure A–6 (Contd.). Letter from Port Authority to Tishman Realty and Construction Co. 
regarding Occupancy Group for WTC towers (3-P). 
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Figure A–7.  Port Authority memorandum indicating that WTC towers were classified as 
Class 1B Construction (3-P). 
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Figure A–7 (Contd.).  Port Authority memorandum indicating that WTC towers were 
classified as Class 1B Construction (3-P). 
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Figure A–8.  Letter from Emery Roth & Sons to Port Authority regarding specification for 
sprayed thermal insulation (3-P). 
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Figure A–9.  Excerpt from 1999 code compliance evaluation indicating progress since a 

similar 1997 evaluation (1999 evaluation is shown in bold-italic text) (161-P). 
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Figure A–10. Excerpt from 2000 property condition assessment of the WTC towers 
indicating construction classification (7-P).   
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Figure A–11.  Excerpt from April 1, 1975 post-fire report prepared by Skilling, Helle, 
Christiansen, Robertson (3-P). 
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Figure A–12.  Intra-office correspondence at Laclede Steel Co. regarding 1967 

demonstration of sprayed application of thermal insulation to floor trusses (70-I). 
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Figure A–12 (Contd.).  Intra-office correspondence at Laclede Steel Co. regarding 1967 
demonstration of sprayed application of thermal insulation to floor trusses (70-I). 
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Figure A–13.  Port Authority intra-office memorandum indicating demonstration of the 
application of thermal insulation from U.S. Mineral Products Co. was completed in 

August 1967 (176-ITK). 
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Figure A–14.  Agenda item for January 29, 1969 meeting of Committee on Construction 
regarding modification to sprayed fire protection contract (120-ITK). 
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Figure A–15.  Excerpt from October 30, 1968 minutes of the Committee on Construction 
regarding the sprayed fire protection contract (123-ITK). 
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Figure A–16.  Correspondence related to economic study of alternative thermal 
insulation materials (432-P). 
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Figure A–16 (Contd.).  Correspondence related to economic study of alternative thermal 
insulation materials (432-P). 
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Figure A–16 (Contd.).  Correspondence related to economic study of alternative thermal 
insulation materials (432-P). 
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Figure A–16 (Contd.).  Correspondence related to economic study of alternative thermal 
insulation materials (432-P). 
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Figure A–16 (Contd.).  Correspondence related to economic study of alternative thermal 
insulation materials (432-P). 
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Figure A–16 (Contd.).  Correspondence related to economic study of alternative thermal 

insulation materials (432-P). 
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Figure A–17.  Thermal conductivity and heat transfer coefficients used in 1966 study of 
candidate thermal insulation materials for exterior columns (437-P). 
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Figure A–18.  Excerpts from December 1996 Alcoa proposal for exterior wall of WTC 
(448-P). 



Appendix A   

156  NIST NCSTAR 1-6A, WTC Investigation 

 
Figure A–18 (Contd.).  Excerpts from December 1996 Alcoa proposal for exterior wall of 

WTC (448-P). 
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Figure A–19.  Port Authority correspondence related to demonstration of application of 
BLAZE-SHIELD Type D to mockup of exterior columns and spandrels (384-P). 
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Figure A–20.  Correspondence from Emery Roth & Sons to Port Authority related to 
thickness of thermal insulation for floor trusses (text in box was typed by NIST since 

copy of document is of poor quality) (3-P). 

On Friday, December 10, 1965, a meeting was held in our office to discuss the 
fireproofing requirements of the floor trusses. The meeting was attended by Messrs. 
Solomon, ??????, Soffer, and Brewer. This letter confirms what was discussed at the 
meeting. 

Our present design concept, and the one we are continuing with, is based upon the use of 
a maximum thickness of one inch sprayed-on fireproofing material around the individual 
components of the floor trusses. This concept is based upon the original standards for the 
project where in we would either meet the New York City code or Underwriter’s 
requirements. 

To date, the one inch thick material meets the 3 hour requirements of both the new code 
and Underwriter’s using previously approved assemblies tested by the “load criteria” but 
ignoring the more stringent time-temperature-rate-of-rise criteria which is an alternate 
testing procedure not required by the new code or by Underwriter’s, and which we do not 
consider necessary. 
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Figure A–21.  Correspondence from Emery Roth & Sons. to Port Authority on thickness 
of thermal insulation for floor trusses (text in box was typed by NIST since copy of 

document is of poor quality) (3-P). 

 This supplements my December 14th letter to you. 

Although the one-inch thick sprayed fireproofing meets the 3 hour requirements of the 
proposed building code and Underwriters, advance information form the manufacturers 
indicates that if the truss were required to be fire-tested, the two inches of material would 
be required for the light angle members. We are therefore revising our working drawings 
to indicate a one-inch thickness of sprayed-on fireproofing around the top and bottom 
chords of the trusses, and a two-inch thickness for all other members of the trusses. 

By informational copy of this letter, all consultants are requested to review their designs 
and drawings, and to make all necessary changes to meet his new criteria. 
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Figure A–22.  Correspondence from thermal insulation contractor to Tishman Realty & 
Construction Co. related to insulation thickness (255-ITK). 
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Figure A–22 (Contd.).  Correspondence from thermal insulation contractor to Tishman 
Realty & Construction Co. related to insulation thickness (255-ITK). 
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Figure A–23.  Correspondence from World Trade Center Department to the thermal 
insulation contractor specifying the required insulation thickness (3-P). 
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Figure A–24.  Excerpt from 1966-67 U.S. Mineral Products Co. catalog for BLAZE-SHIELD 
indicating thermal insulation thickness for various applications (3-P). 
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Figure A–25.  Portion of “General Notes” page of the Alcoa curtain wall drawings and 
blow-up of Note 11 indicating the thermal insulation thickness for the exterior columns 

and spandrels (116-LERA). 

Note 11 
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Figure A–25 (Contd.).  Portion of “General Notes” page of the Alcoa curtain wall drawings 
and blow-up of Note 11 indicating the thermal insulation thickness for the exterior 

columns and spandrels (title blocks of drawing are also shown) (116-LERA). 
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Figure A–26.  Letter from Emery Roth & Sons to Port Authority regarding the application 
of thermal insulation to the bottom of the concrete floor slabs (3-P). 
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Figure A–27.  Correspondence indicating that use of BLAZE-SHIELD Type D was 
discontinued at the 38th floor of WTC 1 (229-ITK). 
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Figure A–28.  Port Authority memorandum summarizing the factors considered in 
choosing BLAZE-SHIELD Type DC/F as a replacement for the asbestos-fiber containing 

Type D (185-ITK). 
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Figure A–28 (Contd.).  Port Authority memorandum summarizing the factors considered 
in choosing BLAZE-SHIELD Type DC/F as a replacement for the asbestos-fiber 

containing Type D (185-ITK). 
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Figure A–28 (Contd.).  Port Authority memorandum summarizing the factors considered 
in choosing BLAZE-SHIELD Type DC/F as a replacement for the asbestos-fiber 

containing Type D (185-ITK). 
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Figure A—28 (Contd.).  Port Authority memorandum summarizing the factors considered 
in choosing BLAZE-SHIELD Type DC/F as a replacement for the asbestos-fiber 

containing Type D (185-ITK). 
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Figure A–28 (Contd.).  Port Authority memorandum summarizing the factors considered 
in choosing BLAZE-SHIELD Type DC/F as a replacement for the asbestos-fiber 

containing Type D (185-ITK). 
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Figure A–28 (Contd.).  Port Authority memorandum summarizing the factors considered 
in choosing BLAZE-SHIELD Type DC/F as a replacement for the asbestos-fiber 

containing Type D (185-ITK). 

 



Appendix A   

174  NIST NCSTAR 1-6A, WTC Investigation 

 

 
 

Figure A–29.  Correspondence indicating BLAZE-SHIELD Type DC/F as a suitable 
replacement for Type D (180-ITK). 
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Figure A–30.  Excerpts from April 1, 1975 post-fire report prepared by Skilling, Helle, 
Christiansen, Robertson (3-P). 
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Figure A–30 (Contd.).  Excerpts from April, 1 1975 post-fire report prepared by Skilling, 

Helle, Christiansen, Robertson (3-P). 
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Figure A–30 (Contd.).  Excerpts from April, 1 1975 post-fire report prepared by Skilling, 
Helle, Christiansen, Robertson (3-P). 
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Figure A–30 (Contd.).  Excerpts from April 1, 1975 post-fire report prepared by Skilling, 
Helle, Christiansen, Robertson (3-P). 



 Referenced Documents 
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Figure A–30 (Contd.).  Excerpts from April, 1 1975 post-fire report prepared by Skilling, 
Helle, Christiansen, Robertson (3-P). 
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Figure A–31.  Response from Port Authority regarding the applied thermal insulation 
(678-P). 



 Referenced Documents 

NIST NCSTAR 1-6A, WTC Investigation 181 

 

 
 

Figure A–31 (Contd.).  Response from Port Authority regarding the applied thermal 
insulation. 
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Figure A–31 (Contd.).  Response from Port Authority regarding the applied thermal 
insulation. 



 Referenced Documents 

NIST NCSTAR 1-6A, WTC Investigation 183 

 

 
 

Figure A–32.  Correspondence indicating that thickness of thermal insulation was being 
checked during construction (256-P). 
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Figure A–32 (Contd.).  Correspondence indicating that thickness of thermal insulation 
was being checked during construction (256-P). 

 
 



 Referenced Documents 
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Figure A–33.  Example of “Sample Area Data Sheet” used to record condition of sprayed 
thermal insulation (212 ITK). 
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Figure A–33 (Contd.).  Example of “Sample Area Data Sheet” used to record condition of 
sprayed thermal insulation (212 ITK). 
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Figure A–34.  Results of 1995 study of thermal insulation for floor trusses during new 
construction when tenants vacated spaces (3-P). 
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Figure A–34 (Contd.).  Results of 1995 study of thermal insulation for floor trusses during 
new construction when tenants vacated spaces (3-P). 
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Figure A–34 (Contd.).  Results of 1995 study of thermal insulation for floor trusses during 
new construction when tenants vacated spaces (3-P). 
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Figure A–35.  Underwriters Laboratories Design No. G805 used as the basis for Port 
Authority determination of retrofit thermal insulation thickness for floor trusses (213-I). 
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Figure A–36. Port Authority 1999 guidelines for thermal insulation on floor trusses (3-P). 
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Figure A–37.  Excerpt from draft report on the assessment of thermal protection of steel 
in WTC (73-LERA). 
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Figure A–38.  Excerpt from 1998 specification related to SFRM for upgrade of public 
corridors and bathrooms on 15th, 18th, and 22nd floors of WTC 2 (3-P). 
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Figure A–39.  Excerpt from 2001 specification related to SFRM for upgrade on 48th floor 
of WTC 2 (3-P). 
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Figure A–40.  Excerpts from 2000 report on thermal protection of floor trusses (3-P). 
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Figure A–40 (Contd.).  Excerpts from 2000 report on thermal protection of floor trusses 
(3-P). 
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NIST NCSTAR 1-6A, WTC Investigation 197 

 

 
 

Figure A–41.  Excerpt from 2000 report on condition assessment of the World Trade 
Center (7-P). 
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Figure A–42.  Example of correspondence referring to fire endurance testing of coated 
floor trusses (70-I). 
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Figure A–43.  Excerpts from 1975 post fire report indicating need for fire endurance 
testing to establish a fire rating for the floor system (3-P). 
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Figure A–43 (Contd.).  Excerpts from 1975 post fire report indicating need for fire 
endurance testing to establish a fire rating for the floor system (3-P). 



 Referenced Documents 
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Figure A–44.  Excerpt from April, 1 1975 post-fire report referring to fire endurance test of 
floor truss system with sprayed thermal insulation (3-P). 
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Figure A–45.  Reports of 1970 fire endurance test of floor truss system with sprayed 
thermal insulation (3-P). 
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Figure A–45 (Contd.).  Reports of 1970 fire endurance test of floor truss system with 
sprayed thermal insulation (3-P). 
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Figure A–45 (Contd.).  Reports of 1970 fire endurance test of floor truss system with 
sprayed thermal insulation (3-P). 



 Referenced Documents 

NIST NCSTAR 1-6A, WTC Investigation 205 

 

 
 

Figure A–45 (Contd.).  Reports of 1970 fire endurance test of floor truss system with 
sprayed thermal insulation (3-P). 
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Figure A–45 (Contd.).  Reports of 1970 fire endurance test of floor truss system with 
sprayed thermal insulation (3-P). 
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Figure A–45 (Contd.).  Reports of 1970 fire endurance test of floor truss system with 
sprayed thermal insulation (3-P). 
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Figure A–46.  Excerpt from 1975 post-fire report indicating interpretation of 1970 fire 
endurance test of truss floor system with sprayed thermal insulation (3-P). 
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Figure A–47 (Contd.).  Excerpts from 1992 report on thermal insulation thickness for 
repair of missing insulation (240-LERA). 
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Figure A–47 (Contd.).  Excerpts from 1992 report on thermal insulation thickness for 
repair of missing insulation (240-LERA). 
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Figure A–47 (Contd.).  Excerpts from 1992 report on thermal insulation thickness for 
repair of missing insulation (240-LERA). 
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Figure A–47 (Contd.).  Excerpts from 1992 report on thermal insulation thickness for 
repair of missing insulation (240-LERA). 



Appendix A   

214  NIST NCSTAR 1-6A, WTC Investigation 

 

 
 

Figure A–47 (Contd.).  Excerpts from 1992 report on thermal insulation thickness for 
repair of missing insulation (240-LERA). 
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Figure A–47 (Contd.).  Excerpts from 1992 report on thermal insulation thickness for 
repair of missing insulation (240-LERA). 
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Figure A–47 (Contd.).  Excerpts from 1992 report on thermal insulation thickness for 
repair of missing insulation (240-LERA). 

 



 Referenced Documents 

NIST NCSTAR 1-6A, WTC Investigation 217 

 

 
 

Figure A–47 (Contd.).  Excerpts from 1992 report on thermal insulation thickness for 
repair of missing insulation (240-LERA). 
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Figure A–47 (Contd.).  Excerpts from 1992 report on thermal insulation thickness for 
repair of missing insulation (240-LERA). 
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Figure A–47 (Contd.).  Excerpts from 1992 report on thermal insulation thickness for 
repair of missing insulation (240-LERA). 
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Figure A–48.  Excerpt from 1994 design document related to reapplication of SFRM to 
accessible members in elevators shafts of WTC 1 (659-P). 
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Figure A–49.  Correspondence indicating that slack cables within elevator shafts 
damaged the thermal insulation (246-I). 
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Figure A–50.  Correspondence indicating poor bond performance of sprayed thermal 
insulation during vibration testing (51-ITK). 
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Figure A–51.  Correspondence indicating acceptable performance of BLAZE-SHIELD 
Type D when applied under adverse weather conditions (250-P). 
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Figure A–52.  Correspondence sent to New York City Department of Buildings in 1970 
providing information on the performance of BLAZE-SHIELD Type D (92-ITK). 
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Figure A–53.  Intra-office correspondence dealing with adhesion problems during 
spraying of exterior columns in WTC 1 (248-ITK). 
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Figure A–53 (Contd.).  Intra-office correspondence dealing with adhesion problems 
during spraying of exterior columns in WTC 1 (248-ITK). 
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Figure A–54.  Correspondence related to inadequate hardening of thermal insulation 
applied to core columns (660-P). 
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Figure A–55.  Correspondence related to dislodged thermal insulation within elevator 
shafts of WTC 2 (658-P). 
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Figure A–56.  Excerpts from 1993 structural integrity inspection report related to 
condition of thermal protection on accessible columns (16-FEMA). 
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Figure A–56 (Contd.).  Excerpts from 1993 structural integrity inspection report related to 
condition of thermal protection on accessible columns (16-FEMA). 
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Figure A–56 (Contd.).  Excerpts from 1993 structural integrity inspection report related to 
condition of thermal protection on accessible columns (16-FEMA). 
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Figure A–56 (Contd.).  Excerpts from 1993 structural integrity inspection report related to 
condition of thermal protection on accessible columns (16-FEMA). 
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Figure A–57.  Excerpts from 1995 structural integrity inspection report dealing with 
accessible columns (17-FEMA). 
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Figure A–57 (Contd.).  Excerpts from 1995 structural integrity inspection report dealing 
with accessible columns (17-FEMA). 
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Figure A–57 (Contd.).  Excerpts from 1995 structural integrity inspection report dealing 
with accessible columns (17-FEMA). 
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Figure A–57 (Contd.).  Excerpts from 1995 structural integrity inspection report dealing 
with accessible columns (17-FEMA). 
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Figure A–58.  Correspondence and data related to 1994 measurements of thermal 
insulation thickness on floor trusses for 23rd and 24th floors in WTC 1(3-P). 
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Figure A–58 (Contd.).  Correspondence and data related to 1994 measurements of 
thermal insulation thickness on floor trusses for 23rd and 24th floors in WTC 1 (3-P). 
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Figure A–59.  Port Authority correspondence indicating number of floors where thermal 
insulation on floor trusses was upgraded to 1½ in. (73-LERA). 
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Figure A–60.  Example of test report on upgraded thermal insulation for floor trusses 
(3-P). 

 
 



 Referenced Documents 

NIST NCSTAR 1-6A, WTC Investigation 241 

 

 
 

Figure A–60 (Contd.).  Example of test report on upgraded thermal insulation for floor 
trusses (3-P). 
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Figure A–61.  Correspondence from Port Authority addressing questions related to 
thickness of thermal insulation on floor trusses (681-P) 
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Figure A–61 (Contd.).  Correspondence from Port Authority addressing questions related 
to thickness of thermal insulation on floor trusses (681-P). 
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Figure A–61 (Contd.).  Correspondence from Port Authority addressing questions related 

to thickness of thermal insulation on floor trusses (681-P).  
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Figure A–61 (Contd.).  Correspondence from Port Authority addressing questions related 
to thickness of thermal insulation on floor trusses (681-P). 
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Figure A–62.  Correspondence from Port Authority dealing with thermal insulation on 
WTC columns (672-P). 
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Figure A–62 (Contd.).  Correspondence from Port Authority dealing with thermal 
insulation on WTC columns (657-P). 
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Figure A–63.  Excerpt from manufacturer’s product catalog showing properties of 
BLAZE-SHIELD DC/F obtained from independent testing under controlled conditions 

(Source: www.buildcore.com/c0cafco.htm). 
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Figure A–64.  Letter from Pacific Car and Foundry regarding painting specification and 
excerpt from that specification (656-P). 
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Figure A–63 (Contd.).  Letter from Pacific Car and Foundry regarding painting 
specification and excerpt from that specification. 
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Appendix B 
THERMOPHYSICAL PROPERTIES TEST DATA 

Table B–1.  Specific heat capacity results of the three SFRMs from Laboratory B DSC. 
 Specific heat capacity (J/kg K) 

Temperature (oC) BLAZE-SHIELD DC/F BLAZE-SHIELD II Monokote MK-5 
35 -------- -------- 1204 
40 939 1009 1243 
45 972 1047 1276 
50 1004 1087 1302 
55 1034 1134 1325 
60 1064 1186 1355 
65 1094 1237 1391 
70 1130 1295 1423 
75 1175 1355 1415 
80 1227 1417 1348 
85 1284 1479 1279 
90 1369 1546 1253 
95 1491 1623 1236 
100 1663 1755 1183 
105 1892 1945 1122 
110 2187 2199 1100 
115 2495 2528 1290 
120 2740 2908 1851 
125 2756 3298 3094 
130 2074 3672 5117 
135 1658 3293 7488 
140 1785 2235 8589 
145 2050 1937 6528 
150 2062 2038 4713 
155 1763 1934 5146 
160 1536 1796 4459 
165 1437 1700 1629 
170 1375 1637 1244 
175 1328 1587 1162 
180 1289 1546 1152 
185 1254 1506 1161 
190 1220 1466 1174 
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 Specific heat capacity (J/kg K) 
Temperature (oC) BLAZE-SHIELD DC/F BLAZE-SHIELD II Monokote MK-5 

195 1190 1414 1196 
200 1167 1368 1226 
205 1145 1320 1251 
210 1125 1284 1266 
215 1110 1248 1283 
220 1094 1217 1309 
225 1077 1183 1332 
230 1063 1149 1364 
235 1050 1112 1393 
240 1035 1082 1428 
245 1022 1053 1460 
250 1006 1025 1492 
255 991 996 1521 
260 977 961 1544 
265 965 926 1567 
270 958 891 1590 
275 956 857 1622 
280 945 807 1636 
285 936 765 1656 
290 924 729 1669 
295 911 701 1673 
300 899 675 1665 
305 888 649 1651 
310 878 627 1625 
315 876 613 1578 
320 877 610 1512 
325 880 620 1400 
330 893 642 1245 
335 911 682 1042 
340 932 734 892 
345 955 789 940 
350 975 857 1042 

 



 Thermophysical Data 

NIST NCSTAR 1-6A, WTC Investigation 255 

Table B–2.  Specific heat capacity of 5/8 in. gypsum panel A. 
Temperature 

(°C) Cp (J/kg K)  
Temperature 

(°C) Cp (J/kg K) 
50 1248  192 3569 

100 1416  196 5020 
125 1608  200 8087 
135 2155  202 9200 
140 3118  204 9356 
142 3890  206 8816 
144 5210  208 7948 
146 7428  210 6497 
148 11148  212 4496 
150 15341  214 2771 
152 18490  216 2010 
154 19671  218 1695 
156 19648  220 1550 
158 18822  225 1389 
160 17476  250 1156 
162 15728  300 1094 
164 13734  350 1089 
166 11553  400 1046 
168 9436  415 890 
170 7034  430 453 
172 5107  445 506 
174 3501  460 808 
176 2768  475 966 
178 2417  500 1104 
180 2297  550 1192 
184 2544  600 1245 
188 2923    
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Figure B–1.  Specific heat capacity of 5/8 in. gypsum panel A. 
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Table B–3.  Specific heat capacity of ½ in. gypsum panel. 
Temperature 

(°C) Cp (J/kg K)  
Temperature 

(°C) Cp (J/kg K) 
50 1325  192 3693 

100 1544  196 4957 
125 1764  200 7730 
135 2457  202 8774 
140 3801  204 9088 
142 4769  206 8644 
144 6418  208 7693 
146 8787  210 6364 
148 12015  212 4487 
150 15429  214 2888 
152 17532  216 2090 
154 18399  218 1828 
156 18349  220 1672 
158 17769  225 1495 
160 16776  250 1278 
162 15564  300 1185 
164 13895  350 1188 
166 12124  400 1159 
168 10357  415 1015 
170 8263  430 667 
172 6180  445 642 
174 4459  460 930 
176 3383  475 1091 
178 2768  500 1235 
180 2545  550 1350 
184 2632  600 1416 
188 3006    
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Figure B–2.  Specific heat capacity of 1/2 in. gypsum panel. 
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Table B–4.  Specific heat capacity of 5/8 in. gypsum panel B. 
Temperature 

(°C) Cp (J/kg K)  
Temperature 

(°C) Cp (J/kg K) 
50 1250  192 3624 

100 1507  196 4886 
125 1711  200 7769 
135 2486  202 8848 
140 3966  204 9102 
142 5001  206 8727 
144 6728  208 7705 
146 9142  210 6210 
148 12341  212 4342 
150 15681  214 2775 
152 17740  216 2052 
154 18550  218 1770 
156 18374  220 1621 
158 17667  225 1451 
160 16401  250 1233 
162 14914  300 1148 
164 13190  350 1168 
166 11251  400 1130 
168 9096  415 984 
170 7108  430 568 
172 5091  445 646 
174 3658  460 930 
176 2814  475 1084 
178 2516  500 1232 
180 2364  550 1347 
184 2567  600 1432 
188 2936    
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5/8" Panel B
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Figure B–3.  Specific heat capacity of 5/8 in. gypsum panel B. 
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Table B–5.  Specific heat capacity of 1 in. gypsum liner panel. 
Temperature 

(°C) Cp (J/kg K)  
Temperature 

(°C) Cp (J/kg K) 
50 1192  192 3583 

100 1495  196 4876 
125 2293  200 7346 
135 3766  202 8360 
140 5548  204 8872 
142 6987  206 8787 
144 8876  208 8164 
146 11092  210 6847 
148 13303  212 5256 
150 15076  214 3305 
152 15999  216 2260 
154 16160  218 1787 
156 15787  220 1597 
158 14949  225 1408 
160 13925  250 1192 
162 12577  300 1137 
164 10840  350 1146 
166 8755  400 1060 
168 6481  415 822 
170 4676  430 609 
172 3296  445 794 
174 2685  460 971 
176 2369  475 1079 
178 2252  500 1200 
180 2288  550 1306 
184 2577  600 1378 
188 2959    
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1" Liner Panel
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Figure B–4.  Specific heat capacity of gypsum 1 in. liner panel. 
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Appendix C 
DEBRIS IMPACT TESTS OF BLAZE-SHIELD DC/F  

SPRAYED FIRE-RESISTIVE MATERIAL 

INTRODUCTION 

This appendix presents experimental observations obtained from a series of debris impact tests on steel 
plates and bars with the sprayed fire-resistive material (SFRM) BLAZE-SHIELD DC/F.  The tests were 
performed to provide evidence regarding the assumption that, within the debris field created by the 
aircraft impact into WTC 1 and WTC 2, the SFRM used for thermal insulation of structural members was 
damaged and dislodged. 

Engineering judgment, based on the aircraft impact damage analysis (NIST NCSTAR 1-2), was used to 
develop test parameters that were also within the limitations of the experimental facility.  Two sets of 
controlled experiments were designed: a high-speed low-mass test, which used uniform size lead pellets 
(buckshot) for debris and high-speed impact, and a low-speed high-mass test, which used a lower speed 
and several types of projectiles to simulate a random debris size distribution. 

The SFRM on the steel plates and bars was subjected to a field of impacting projectiles fired from a 
universal receiver (a modified gun) at various orientations.  For the high-speed low-mass impact, a debris 
field was simulated by buckshot fired from a modified shotgun.  Since firing of conventional shotgun 
shells would result in average buckshot speed in excess of 682 mph (304 m/s), controlled firing with 
custom-made shot shells was needed to reduce the impact speed within the range found for the debris 
field in the aircraft impact analyses of the WTC towers (NIST NCSTAR 1-2).   

The speed of the aircraft at impact was estimated to be 443 mph (198 m/s) for WTC 1 and 542 mph 
(242 m/s) for WTC 2.  Therefore, the speed of the debris field in each tower ranged between the 
maximum aircraft speed at impact and zero, when the debris came to a rest.  As no single speed or debris 
size could represent the debris field in the towers, a range of debris speeds and sizes were selected that 
were within the limitations of the test facility, as noted above.  An average speed of 341 mph (152 m/s) 
was chosen for the debris impact velocity for the high-speed low-mass impact tests.  For low-speed high-
mass impact tests, an average speed of the projectiles ranging between 112 mph (50 m/s) and 201 mph 
(90 m/s) was selected.   

The desired impact speed was achieved but the universal receiver could only accommodate small 
projectiles, which did not represent actual debris shapes and sizes.  Therefore, the impact kinetic energies 
from the projectiles were significantly lower than those from actual impacting debris in the WTC towers 
due to differences in size (mass).  However, when the impact kinetic energies were normalized by the 
impact area, the impact conditions used in the tests approximated those in the towers, based on the 
following order-of-magnitude analysis. 

The kinetic energies of the two aircraft before they impacted the WTC towers differed somewhat, but 
were of the same order of magnitude.  Based on the aircraft masses and initial speeds reported in NIST 
NCSTAR 1-2, the kinetic energy of the impacting aircraft were approximately 3.4 x 109 ft lb (2.5 x 109 J) 
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and 5 x 109 ft lb (3.7 x 109 J) for WTC 1 and WTC 2, respectively.  Based on the aircraft impact analysis 
(NIST NCSTAR 1-2), the speed of the aircraft fragments as they approached the core were about 0.4 to 
0.7 of the initial impact speed for WTC 1 and WTC 2, respectively (energy is proportional to the square 
of the speed).  In addition, portions of the aircraft masses were stopped prior to reaching the core.  As a 
result, it might be expected that the energy associated with the aircraft debris at the core were on the order 
of 108 ft lb to 109 ft lb (108 J to 109 J). 

For the purpose of this study, it was assumed that the energy of the debris impacting the SFRM was 
distributed throughout a debris area that was about five floors high (60 ft or 18 m) and 150 ft (45 m) wide, 
or an area of about 9 x 103 ft2 (8 x 102 m2).  Thus, the energy per unit area would be on the order of  
O(104 to 105 ft lb/ft2) (O(105 to 106 J/m2)).  The total kinetic energy of the buckshot impact per unit area 
in the experiments was estimated, based on an average pellet size of 0.33 in. (8.4 mm), a mass of 0.1 oz 
(3.5 g), and a speed of 341 mph (152 m/s), to be of the same order of magnitude, O(104 to 105 ft lb/ft2) 
(O(105 to 106 J/m2)).  Therefore, the impact parameters (impact speed and kinetic energy per unit area) 
used in the experiments are considered representative of these parameters in the aircraft impact analysis 
of the WTC towers.  However, the debris impact test condition simulated an instantaneous impact by a 
burst of debris whereas the actual scenario involved a three dimensional field of debris, with a depth, 
width, and height, continuously impacting the target(s) for a finite duration over a large area.  In 
addition, since the samples used in the tests were not restrained in the same way as actual structural 
elements would be, the response of the steel component and SFRM to debris impact in terms of 
dislodgement of SFRM may differ somewhat from that of an actual structural member.  

EXPERIMENTAL APPARATUS AND TEST PROCEDURE 

The experimental set-up and procedure used to perform the debris impact tests are described here.  All 
ballistic tests on the SFRM were performed at the ballistic research test facility at NIST. 

Ballistic research test facility 

The facility consists of two pieces of ballistic firing equipment (small and large universal receivers), an 
optical device (two optical interrupters) to measure average projectile speed, an adjustable platform to 
mount the target, and a projectile trap.  Figure C-1 shows a schematic of the facility.   

The small universal receiver was configured to a 12-gauge shotgun using a custom-made barrel.  This 
universal receiver was remotely triggered in the adjacent control room.  The shells used No. 00 lead 
buckshot with a diameter of 0.33 in. (8.4 mm).  The shot shells were specifically tailored to achieve 
nominal average projectile speeds between 307 mph (137 m/s) and 375 mph (168 m/s) by adjusting the 
amount of gunpowder and the number of buckshot used in the shells.  For all tests using the small 
universal receiver, 0.3 oz (10 g) of gunpowder (Hodgdon Titegroup) and 2 oz (63 g) of buckshot were 
used.  

The large universal receiver was configured to have a custom-made barrel with an inside diameter of 
3.15 in. (80 mm).   The receiver was air operated and could be triggered only at the gun station.  The shot 
shells consisted of two halves of Styrofoam wads that held 2.2 lb (1,000 g) of projectiles.  The projectiles 
were comprised of a random combination of steel bolts and hexagon nuts that were larger and heavier 
than the buckshot (the largest nut size was 2 in. (50 mm) wide by 1.2 in. (30 mm) thick hexagon nuts for a 
1 ¼ in. (32 mm) bolt).  Air pressure was adjusted to achieve nominal average projectile speeds between 
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112 mph (50 m/s) and 201 mph (90 m/s).  Thus, the large receiver simulated impact by fields of 
projectiles with larger mass density than those of the small receiver, but at slower speeds.  Photos of the 
typical shot shells for ballistic impact tests using the large universal receiver are shown in Fig. C-2. 

 

Ballistics firing equipment
(Univsersal receiver) Optical interruptors

(to measure average projectile speed)

Projectile trap

Target

Adjustable
platform

9 m  
Figure C-1.  Schematic of the ballistic research test facility. 

 

 
Figure C-2.  Typical shot shells used in the large universal receiver.  A penny is also 

shown for comparison. 

The target was mounted 29.5 ft (9 m) from the universal receiver for testing of the steel plate specimens 
and 15.7 ft (4.8 m) for testing of the steel bar specimens.  A plywood enclosure was built around the 
target area to contain ricocheted buckshot.  A laser sight was used to position the target area with respect 
to the barrel.  The impact angle was varied from a 0 degree (target perpendicular to the barrel) to 60 
degree angle (measured from the 0 degree  position).   
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Sample (impact target) preparation 

The steel plates were ¼ in. × 12 in. × 12 in. (6 mm × 300 mm × 300 mm) and unprimed.  Four nuts, 
arranged in a square pattern, 8 in. × 8 in. (200 mm. × 200 mm), were welded on one side of the plate to 
mount the sample for testing.  The 1 in. (25.4 mm) diameter bars were 20 in. (508 mm) long for the small 
universal receiver tests and 36 in. (914 mm) long for the large universal receiver tests.  The steel plates 
and the 36 in. long bars were shipped to Isolatek, Inc. in Stanhope, New Jersey, for application of 
BLAZE-SHIELD DC/F to a thickness of 1.5 in. (38 mm).  The 20 in. (0.5 m) long bars had been 
previously prepared and sprayed by Isolatek at NIST with a nominal thickness of 1.5 in. (38 mm).  Figure 
C-3 shows a steel plate with SFRM mounted in the ballistic research test facility ready for a test. 

 

Laser beam spot

SFRM layer

Adjustable platform

Sample mount

 
 

Figure C-3.  Photograph of a steel plate with SFRM mounted in the ballistic research test 
facility. 

Test matrix 

Table C-1 summarizes the tests conducted in the debris impact tests. 

Table C-1.  Test matrix. 
Impact Angle 

Debris speed/mass Universal 
receiver Test Specimen 

0° 20° 30° 45° 60° 
Small Steel plate (unprimed) ×××× ××  ×× ×× 
Small Steel bar (unprimed) ×     High speed/low mass 

Small Steel bar (primed) ××     

Low speed/high mass Large Steel bar (unprimed) ××     

‘×’ = 1 run 



 Debris Impact Tests 

NIST NCSTAR 1-6A, WTC Investigation 267 

Test procedure 

Each sample was photographed before and after each test.  The steel plate or bar test sample was first 
mounted on two parallel L-brackets at the target location.  The L-brackets were attached to a base plate, 
which could be rotated to adjust the impact orientation.  A laser sight was then loaded into the chamber to 
center the target with respect to the barrel.  The sample impact angle (0 degree, 20 degree, 30 degree, 45 
degree, or 60 degree) was set using a protractor.  Impact angle was measured with respect to the leading 
edge of the adjustable platform, which was set to be perpendicular to the laser beam.  A 0 degree impact 
angle was defined as the target oriented perpendicular to the direction of the projectiles.  Other impact 
angles were measured with respect to 0 degree. 

After the impact angle was set, the laser sight was removed from the chamber of the barrel.  The shot 
shells were prepared in the ammunition laboratory.  The receiver was fired and the average projectile 
speed was recorded.  The impact tests were viewed through a bulletproof observation window in the 
control room.  After the test, the sample was examined and photographed to assess damage to the SFRM 
by the projectiles. 

The nominal impact area by the buckshot fired from the small universal receiver at a distance of 29.5 ft 
(9 m) had a diameter of approximately 6 in. to 8 in. (0.15 m to 0.2 m).  For the large universal receiver, 
the nominal impact area by the projectiles (bolts, nuts, and buckshot) had a diameter of approximately 
24 in. (0.6 m).  For the steel bars, the impact area was reduced to about a 4 in. (0.1 m) diameter, which 
was approximately the diameter of the SFRM layer on the bar, by moving the bar closer to the receiver to 
increase the likelihood of projectiles hitting the target. 

TEST RESULTS AND DISCUSSION 

In this section, damage to the SFRM due to debris impact is assessed and photographic evidence is 
provided. 

Steel plate and SFRM specimens 

All tests on steel plates were performed using the small universal receiver (high-speed low-mass).  In 
these tests, the impact area was much smaller than the sample surface area.  Table C-2 summarizes the 
test parameters for the steel plates with an SFRM layer.  The kinetic energy per unit impact area was 
estimated based on the projectile speed, an average pellet mass of 0.1 oz (3.5 g), and an impact area 
equivalent to the cross section area of the pellet 0.09 in2 (5.52 mm2).  Tests at a 0 degree impact 
orientation had damage to the SFRM at the points of projectile impact, which was marked by distinct, 
approximately circular indentations on the layer.  The vibration of the plate caused by the impact was 
severe enough to break the adhesive bond and completely separate the SFRM from the unprimed steel 
plate (see Figure C-4).  Similar observations were made for tests at a 20 degree and 40 degree impact 
angle, as shown in Figure C-5 and Figure C-6, respectively.  However, at a 60 degree impact orientation, 
the SFRM remained attached to the steel plate.  Several projectile exit points were noted, which were due 
to projectiles ricocheting off the steel surface.  Figure C-7 shows the entry points of the projectiles and the 
damage to the SFRM, and illustrates the size of the debris impact field relative to the specimen size.  Two 
0 degree impact tests were also conducted with the four edges of the SFRM layer taped to the steel plate 
(see Figure C-8) to simulate better adhesion to the plate and to prevent the separation of the SFRM  from 
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the plate upon impact of the projectiles.  However, when the tape was carefully removed after the test, no 
adhesion of the SFRM to the steel plate was found; this also occurred for the 0 degree impact test without 
duct tape. 

Table C-2.  Summary of test parameters for using unprimed steel plates with SFRM. 

Test # 
Impact orientation 

(degree) 
Average projectile speed  

(ft/s (m/s)) 
Kinetic energy per impact area 

(ft lb/ft2 (J/m2)) 
PL01 0 511 (155.8) 5.3 x 104 (7.7 × 105) 
PL02 55  346 (105.5) 2.4 x 104 (3.5 × 105) 
PL03 60 574(175) 6.7 x 104 (9.7 × 105) 
PL04 0 541(165) 5.9 x 104 (8.6 × 105) 
PL05 20 469(143) 4.5 x 104 (6.5 × 105) 
PL06 20 563 (171.6) 6.4 x 104 (9.3 × 105) 
PL07 40 561(171) 6.4 x 104 (9.3 × 105) 
PL08 40 568(173)* 6.5 x 104 (9.5 × 105) 

PL09 ** 0 558(170) 6.3 x 104 (9.2 × 105) 
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PL10 ** 0  225 (69) 1.0 x 104 (1.5 × 105) 
*  Receiver misfired initially at 102 ft/s (31 m/s); a few shots hit but there was no visible damage to SFRM; sample reused for 2nd 

shot. 
** The edges of the SFRM layer were taped to the steel plate using duct tape. 
 
 

 
 

Figure C-4.  Photograph showing damage to the SFRM after a ballistic impact at 0 degree.  
The SFRM layer completely separated from the steel plate. 
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Figure C-5.  Photograph showing damage to the SFRM after a ballistic impact at 
20 degree.  The SFRM layer completely separated from the steel plate and landed on the 

floor. 

 
 

Figure C-6.  Photograph showing damage to the SFRM after a ballistic impact at 
40 degree.  The SFRM layer completely separated from the steel plate. 
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Figure C-7.  Photograph showing damage to the SFRM after a ballistic impact at 
60 degree.  The SFRM layer did not separate from the steel plate. 

 
 

Figure C-8.  Photograph showing the edges of the SFRM duct taped to the steel plate 
before the ballistic tests at 0 degree. 

Area of debris field 
is smaller than the 
test specimen 
surface area. 
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Steel bar and SFRM specimens 

The ballistic impact tests for the steel bars were performed using both the small and large universal 
receivers.  A summary of the test parameters used for the steel bars with SFRM is given in Table C-3.  
For these tests, the adjustable mounting table was moved closer to the receiver to reduce the number of 
projectiles that might have missed the target bar.  The distance from the chamber of the universal 
receivers to the target was 15.7 ft (4.8 m).  

In tests using the small universal receiver (high-speed low-mass), the projectiles dislodged the SFRM 
completely at the impact area of both the primed and unprimed bars, exposed the steel bar, and resulted in 
loss of adhesion (not cohesion) of the remaining SFRM on the bar.  After the ballistic impact, the 
remaining SFRM rotated freely with respect to the bar.  Figure C-9 and Figure C-10 show the damage to 
the SFRM on the unprimed and primed bars, respectively, which were tested with the small universal 
receiver.  In Figure C-9, the projectiles impacted the upper portion of the bar specimen and missed the 
center and lower portions. 

Similar results were observed for tests with the large universal receiver (low-speed high-mass).  The 
projectiles dislodged the SFRM completely at the impact area of the bars, resulting in exposed steel bar 
and loss of adhesion of the remaining undamaged SFRM on both sides of the impact area.  Figure C-11 
and Figure C-12 show the damage to the SFRM on unprimed steel bars tested with the large universal 
receiver.  In Figure C-12, the projectiles also missed the lower portion of the specimen. 

Table C-3.  Summary of test parameters used for the steel bars with SFRM. 

Test # Configuration 

 
Impact 

orientation 
(degree) 

 
Total mass of 

projectiles 
(oz (g)) 

Average 
projectile 

speed 
(ft/s (m/s)) 

Kinetic energy / 
impact area  

(ft lb/ft2 (J/m2)) 

BAR01 unprimed 0 2 (63)* 443 (135) 4.0 × 104 (5.8 × 105) 

BAR02 primed 0 2 (63)* 556 (170) 6.2 × 104 (9.1 × 105) 
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BAR03 primed 0 2 (63)* 543 (166) 5.9 × 104 (8.7 × 105) 

BAR04 unprimed 0 32 (1,000)** 282 (86) 3.2 × 104 – 5.3 × 104 
(4.6 × 105 −7.8 × 105) 
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BAR05 unprimed 0 32 (1,000)** 344 (105) 4.6 × 104 – 8.0 × 105 
(6.8 × 105 −1.2 × 106) 

* Projectiles consisted of only No. 00 lead buckshot. 
** Projectiles consisted of a combination of hexagon steel nuts of different sizes.  The minimum and maximum kinetic energy per 

unit impact area were estimated based on the smallest and the largest nuts and the minimum and maximum nut cross sections 
as impact areas. 
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Figure C-9.  Photograph showing damage to the SFRM on an unprimed steel bar (BAR01) 
after a ballistic impact at 0 degree using the small universal receiver. 

 
 

Figure C-10.  Photograph showing damage to the SFRM on a primed steel bar (BAR02) 
after a ballistic impact at 0 degree using the small universal receiver. 
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Figure C-11.  Photograph showing damage to the SFRM on unprimed steel bar (BAR04) 
after a debris impact at 0 degree using the large universal receiver. 

 

 
 

Figure C-12.  Photograph showing damage to the SFRM on unprimed steel bar (BAR05) 
after a debris impact at 0 degree using the large universal receiver. 

SUMMARY OF FINDINGS 

Based on the observations made in the ballistic impact tests, the SFRM was dislodged by direct impact 
with solid objects that had a kinetic energy per unit impact area approaching 104 to 105 ft lb/ft2 (105 to 
106 J/m2).  In addition, SFRM that was not dislodged after the debris impact lost its adhesion to the steel 
surface in all but one test.  The SFRM on the steel plate was dislodged upon impact of the projectiles, 
except for the ballistic impact at a 60 degree angle to the plate.  When the SFRM was taped to the steel 
plate and the tape carefully removed after debris impact at 0 degree, no adhesion of the SFRM to the steel 
plate was found, the same result found for the 0 degree impact test without duct tape.  For SFRM on steel 
bars, the remaining SFRM after impact rotated freely with respect to the bar. 
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When the debris field dimensions were similar to the specimen dimensions, the SFRM was dislodged 
completely from the steel component.  For instance, the SFRM was dislodged over the width of the steel 
bar specimen when the debris field was centered over the specimen width.  However, the steel plate 
dimensions were much larger than the debris field dimensions and the SFRM was damaged only where 
the impact occurred; the surrounding SFRM remained cohesively intact but lost its adhesive bond to the 
steel plate. 

The test results demonstrated that there was dislodgment of SFRM at locations subject to direct debris 
impact.  For direct debris impact up to a 60 degree orientation, the SFRM adhesive bond to the steel 
component was lost, but there was no loss of the SFRM cohesive bond. 

In the WTC towers, where the debris fields were larger than the dimensions of steel components (i.e., 
such as trusses, beams, and columns), these tests show that SFRM would have been dislodged for a wide 
range of debris sizes and speeds.  The test results support the assumption that, within the debris field 
created by the aircraft impact into WTC 1 and WTC 2, the SFRM used for thermal insulation of structural 
members was damaged and dislodged. 
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ABSTRACT 

The National Institute of Standards and Technology (NIST) review of available documents related to the 
design and construction of the World Trade Center (WTC) towers indicated that the fire performance of 
the composite floor system of the WTC towers was an issue of concern to the building owners and 
designers from the original design and throughout the service life of the buildings.  However, NIST found 
no evidence that fire resistance tests of the WTC floor system were ever conducted.  As a result, NIST 
conducted a series of four standard fire resistance tests (ASTM E 119).  In this series of tests, the effects 
of three factors were studied: (1) thickness of sprayed fire-resistive material (SFRM), (2) test restraint 
conditions, and (3) scale of the test.  The tests were conducted by Underwriters Laboratories, Inc. under a 
NIST contract and represented both full-scale (35 ft span) and reduced-scale (17 ft span) floor assemblies 
constructed to represent the original design as closely as practical.  For three of the tests, the thickness of 
the sprayed fire resistive material was ¾ in. which represented the average thickness applied in the 
original construction.  In the fourth test, the thickness of applied SFRM was ½ in. which was the 
thickness specified for the original design.  Tests were conducted in both the restrained and unrestrained 
condition to provide bounds on the expected performance of the floor system under the standard fire 
exposure.  The restrained full-scale floor system obtained a fire resistance rating of 1½ h, while the 
unrestrained floor system achieved a 2 h rating. For the unrestrained test condition, specimens protected 
with ¾ in. thick sprayed fire resistive material were able to sustain the maximum design load for 
approximately 2 h without collapsing; in the unrestrained test, the load was maintained without collapsing 
for 3½ h.  Past experience with the ASTM E 119 test method would lead investigators to expect that the 
unrestrained floor assembly would not perform as well as the restrained assembly, and therefore, would 
receive a lower fire rating.  A fire rating of 2 h was determined from the reduced-scale test with the 
average applied SFRM thickness of ¾ in., while a fire rating of 1½ h was determined from the full-scale 
test with the same SFRM thickness.  This finding raises the question of whether or not a fire rating based 
on the ASTM E 119 performance of a 17 ft span floor assembly is scalable to a larger floor system such 
as found in the WTC towers where spans ranged from 35 ft to 60 ft. 

Keywords: ASTM E 119, fire testing, floor systems, sprayed fire-resistive materials, standard fire test, 
steel, structural behavior, testing, trusses, World Trade Center. 
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PREFACE 

Genesis of This Investigation 

Immediately following the terrorist attack on the World Trade Center (WTC) on September 11, 2001, the 
Federal Emergency Management Agency (FEMA) and the American Society of Civil Engineers began 
planning a building performance study of the disaster.  The week of October 7, as soon as the rescue and 
search efforts ceased, the Building Performance Study Team went to the site and began its assessment.  
This was to be a brief effort, as the study team consisted of experts who largely volunteered their time 
away from their other professional commitments.  The Building Performance Study Team issued its 
report in May 2002, fulfilling its goal “to determine probable failure mechanisms and to identify areas of 
future investigation that could lead to practical measures for improving the damage resistance of buildings 
against such unforeseen events.” 

On August 21, 2002, with funding from the U.S. Congress through FEMA, the National Institute of 
Standards and Technology (NIST) announced its building and fire safety investigation of the WTC 
disaster.  On October 1, 2002, the National Construction Safety Team Act (Public Law 107-231), was 
signed into law.  The NIST WTC Investigation was conducted under the authority of the National 
Construction Safety Team Act. 

The goals of the investigation of the WTC disaster were: 

• To investigate the building construction, the materials used, and the technical conditions that 
contributed to the outcome of the WTC disaster. 

• To serve as the basis for: 

− Improvements in the way buildings are designed, constructed, maintained, and used; 

− Improved tools and guidance for industry and safety officials; 

− Recommended revisions to current codes, standards, and practices; and 

− Improved public safety. 

The specific objectives were: 

1. Determine why and how WTC 1 and WTC 2 collapsed following the initial impacts of the 
aircraft and why and how WTC 7 collapsed; 

2. Determine why the injuries and fatalities were so high or low depending on location, 
including all technical aspects of fire protection, occupant behavior, evacuation, and 
emergency response;  

3. Determine what procedures and practices were used in the design, construction, operation, 
and maintenance of WTC 1, 2, and 7; and 

4. Identify, as specifically as possible, areas in current building and fire codes, standards, and 
practices that warrant revision. 
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NIST is a nonregulatory agency of the U.S. Department of Commerce’s Technology Administration.  The 
purpose of NIST investigations is to improve the safety and structural integrity of buildings in the United 
States, and the focus is on fact finding.  NIST investigative teams are authorized to assess building 
performance and emergency response and evacuation procedures in the wake of any building failure that 
has resulted in substantial loss of life or that posed significant potential of substantial loss of life.  NIST 
does not have the statutory authority to make findings of fault nor negligence by individuals or 
organizations.  Further, no part of any report resulting from a NIST investigation into a building failure or 
from an investigation under the National Construction Safety Team Act may be used in any suit or action 
for damages arising out of any matter mentioned in such report (15 USC 281a, as amended by Public 
Law 107-231). 

Organization of the Investigation 

The National Construction Safety Team for this Investigation, appointed by the then NIST Director, 
Dr. Arden L. Bement, Jr., was led by Dr. S. Shyam Sunder.  Dr. William L. Grosshandler served as 
Associate Lead Investigator, Mr. Stephen A. Cauffman served as Program Manager for Administration, 
and Mr. Harold E. Nelson served on the team as a private sector expert.  The Investigation included eight 
interdependent projects whose leaders comprised the remainder of the team.  A detailed description of 
each of these eight projects is available at http://wtc.nist.gov.  The purpose of each project is summarized 
in Table P–1, and the key interdependencies among the projects are illustrated in Fig. P–1.   

Table P–1.  Federal building and fire safety investigation of the WTC disaster. 
Technical Area and Project Leader Project Purpose 

Analysis of Building and Fire Codes and 
Practices; Project Leaders: Dr. H. S. Lew 
and Mr. Richard W. Bukowski 

Document and analyze the code provisions, procedures, and 
practices used in the design, construction, operation, and 
maintenance of the structural, passive fire protection, and 
emergency access and evacuation systems of WTC 1, 2, and 7. 

Baseline Structural Performance and 
Aircraft Impact Damage Analysis; Project 
Leader: Dr. Fahim H. Sadek 

Analyze the baseline performance of WTC 1 and WTC 2 under 
design, service, and abnormal loads, and aircraft impact damage on 
the structural, fire protection, and egress systems. 

Mechanical and Metallurgical Analysis of 
Structural Steel; Project Leader: Dr. Frank 
W. Gayle 

Determine and analyze the mechanical and metallurgical properties 
and quality of steel, weldments, and connections from steel 
recovered from WTC 1, 2, and 7. 

Investigation of Active Fire Protection 
Systems; Project Leader: Dr. David 
D. Evans; Dr. William Grosshandler 

Investigate the performance of the active fire protection systems in 
WTC 1, 2, and 7 and their role in fire control, emergency response, 
and fate of occupants and responders. 

Reconstruction of Thermal and Tenability 
Environment; Project Leader: Dr. Richard 
G. Gann 

Reconstruct the time-evolving temperature, thermal environment, 
and smoke movement in WTC 1, 2, and 7 for use in evaluating the 
structural performance of the buildings and behavior and fate of 
occupants and responders. 

Structural Fire Response and Collapse 
Analysis; Project Leaders: Dr. John 
L. Gross and Dr. Therese P. McAllister 

Analyze the response of the WTC towers to fires with and without 
aircraft damage, the response of WTC 7 in fires, the performance 
of composite steel-trussed floor systems, and determine the most 
probable structural collapse sequence for WTC 1, 2, and 7. 

Occupant Behavior, Egress, and Emergency 
Communications; Project Leader: Mr. Jason 
D. Averill 

Analyze the behavior and fate of occupants and responders, both 
those who survived and those who did not, and the performance of 
the evacuation system. 

Emergency Response Technologies and 
Guidelines; Project Leader: Mr. J. Randall 
Lawson 

Document the activities of the emergency responders from the time 
of the terrorist attacks on WTC 1 and WTC 2 until the collapse of 
WTC 7, including practices followed and technologies used.  
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Figure P–1.  The eight projects in the federal building and fire safety 

investigation of the WTC disaster. 

National Construction Safety Team Advisory Committee 

The NIST Director also established an advisory committee as mandated under the National Construction 
Safety Team Act.  The initial members of the committee were appointed following a public solicitation.  
These were: 

• Paul Fitzgerald, Executive Vice President (retired) FM Global, National Construction Safety 
Team Advisory Committee Chair 

• John Barsom, President, Barsom Consulting, Ltd. 

• John Bryan, Professor Emeritus, University of Maryland 

• David Collins, President, The Preview Group, Inc. 

• Glenn Corbett, Professor, John Jay College of Criminal Justice 

• Philip DiNenno, President, Hughes Associates, Inc. 
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• Robert Hanson, Professor Emeritus, University of Michigan 

• Charles Thornton, Co-Chairman and Managing Principal, The Thornton-Tomasetti Group, 
Inc. 

• Kathleen Tierney, Director, Natural Hazards Research and Applications Information Center, 
University of Colorado at Boulder 

• Forman Williams, Director, Center for Energy Research, University of California at San 
Diego 

This National Construction Safety Team Advisory Committee provided technical advice during the 
Investigation and commentary on drafts of the Investigation reports prior to their public release.  NIST 
has benefited from the work of many people in the preparation of these reports, including the National 
Construction Safety Team Advisory Committee.  The content of the reports and recommendations, 
however, are solely the responsibility of NIST. 

Public Outreach 

During the course of this Investigation, NIST held public briefings and meetings (listed in Table P–2) to 
solicit input from the public, present preliminary findings, and obtain comments on the direction and 
progress of the Investigation from the public and the Advisory Committee. 

NIST maintained a publicly accessible Web site during this Investigation at http://wtc.nist.gov.  The site 
contained extensive information on the background and progress of the Investigation. 

NIST’s WTC Public-Private Response Plan 

The collapse of the WTC buildings has led to broad reexamination of how tall buildings are designed, 
constructed, maintained, and used, especially with regard to major events such as fires, natural disasters, 
and terrorist attacks.  Reflecting the enhanced interest in effecting necessary change, NIST, with support 
from Congress and the Administration, has put in place a program, the goal of which is to develop and 
implement the standards, technology, and practices needed for cost-effective improvements to the safety 
and security of buildings and building occupants, including evacuation, emergency response procedures, 
and threat mitigation. 

The strategy to meet this goal is a three-part NIST-led public-private response program that includes: 

• A federal building and fire safety investigation to study the most probable factors that 
contributed to post-aircraft impact collapse of the WTC towers and the 47-story WTC 7 
building, and the associated evacuation and emergency response experience. 

• A research and development (R&D) program to (a) facilitate the implementation of 
recommendations resulting from the WTC Investigation, and (b) provide the technical basis 
for cost-effective improvements to national building and fire codes, standards, and practices 
that enhance the safety of buildings, their occupants, and emergency responders. 
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Table P–2.  Public meetings and briefings of the WTC Investigation. 
Date Location Principal Agenda 

June 24, 2002 New York City, NY Public meeting: Public comments on the Draft Plan for the 
pending WTC Investigation. 

August 21, 2002 Gaithersburg, MD Media briefing announcing the formal start of the Investigation. 
December 9, 2002 Washington, DC Media briefing on release of the Public Update and NIST request 

for photographs and videos. 
April 8, 2003 
 

New York City, NY Joint public forum with Columbia University on first-person 
interviews. 

April 29–30, 2003 Gaithersburg, MD NCST Advisory Committee meeting on plan for and progress on 
WTC Investigation with a public comment session. 

May 7, 2003 New York City, NY Media briefing on release of May 2003 Progress Report. 
August 26–27, 2003 Gaithersburg, MD NCST Advisory Committee meeting on status of the WTC 

investigation with a public comment session. 
September 17, 2003 New York City, NY Media and public briefing on initiation of first-person data 

collection projects. 
December 2–3, 2003 Gaithersburg, MD NCST Advisory Committee meeting on status and initial results 

and release of the Public Update with a public comment session. 
February 12, 2004 New York City, NY Public meeting on progress and preliminary findings with public 

comments on issues to be considered in formulating final 
recommendations. 

June 18, 2004 New York City, NY Media/public briefing on release of June 2004 Progress Report. 
June 22–23, 2004 Gaithersburg, MD NCST Advisory Committee meeting on the status of and 

preliminary findings from the WTC Investigation with a public 
comment session. 

August 24, 2004 Northbrook, IL Public viewing of standard fire resistance test of WTC floor 
system at Underwriters Laboratories, Inc. 

October 19–20, 2004 Gaithersburg, MD NCST Advisory Committee meeting on status and near complete 
set of preliminary findings with a public comment session. 

November 22, 2004 Gaithersburg, MD NCST Advisory Committee discussion on draft annual report to 
Congress, a public comment session, and a closed session to 
discuss pre-draft recommendations for WTC Investigation. 

April 5, 2005 New York City, NY Media and public briefing on release of the probable collapse 
sequence for the WTC towers and draft reports for the projects on 
codes and practices, evacuation, and emergency response. 

June 23, 2005 New York City, NY Media and public briefing on release of all draft reports for the 
WTC towers and draft recommendations for public comment. 

September 12–13, 
2005 

Gaithersburg, MD NCST Advisory Committee meeting on disposition of public 
comments and update to draft reports for the WTC towers. 

September 13–15, 
2005 

Gaithersburg, MD WTC Technical Conference for stakeholders and technical 
community for dissemination of findings and recommendations 
and opportunity for public to make technical comments. 

• A dissemination and technical assistance program (DTAP) to (a) engage leaders of the 
construction and building community in ensuring timely adoption and widespread use of 
proposed changes to practices, standards, and codes resulting from the WTC Investigation 
and the R&D program, and (b) provide practical guidance and tools to better prepare facility 
owners, contractors, architects, engineers, emergency responders, and regulatory authorities 
to respond to future disasters. 

The desired outcomes are to make buildings, occupants, and first responders safer in future disaster 
events. 
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National Construction Safety Team Reports on the WTC Investigation 

A final report on the collapse of the WTC towers is being issued as NIST NCSTAR 1.  A companion 
report on the collapse of WTC 7 is being issued as NIST NCSTAR 1A.  The present report is one of a set 
that provides more detailed documentation of the Investigation findings and the means by which these 
technical results were achieved.  As such, it is part of the archival record of this Investigation.  The titles 
of the full set of Investigation publications are: 

NIST (National Institute of Standards and Technology).  2005.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Final Report on the Collapse of the World Trade 
Center Towers.  NIST NCSTAR 1.  Gaithersburg, MD, September. 

NIST (National Institute of Standards and Technology).  2008.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Final Report on the Collapse of World Trade Center 7.  
NIST NCSTAR 1A.  Gaithersburg, MD, November. 

Lew, H. S., R. W. Bukowski, and N. J. Carino.  2005.  Federal Building and Fire Safety Investigation of 
the World Trade Center Disaster: Design, Construction, and Maintenance of Structural and Life Safety 
Systems.  NIST NCSTAR 1-1.  National Institute of Standards and Technology.  Gaithersburg, MD, 
September. 

Fanella, D. A., A. T. Derecho, and S. K. Ghosh.  2005. Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Design and Construction of Structural Systems.  
NIST NCSTAR 1-1A.  National Institute of Standards and Technology.  Gaithersburg, MD, 
September.  

Ghosh, S. K., and X. Liang.  2005.  Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Comparison of Building Code Structural Requirements.  NIST 
NCSTAR 1-1B.  National Institute of Standards and Technology.  Gaithersburg, MD, September. 

Fanella, D. A., A. T. Derecho, and S. K. Ghosh.  2005.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Maintenance and Modifications to Structural 
Systems.  NIST NCSTAR 1-1C.  National Institute of Standards and Technology.  Gaithersburg, 
MD, September. 

Grill, R. A., and D. A. Johnson.  2005.  Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Fire Protection and Life Safety Provisions Applied to the Design and 
Construction of World Trade Center 1, 2, and 7 and Post-Construction Provisions Applied after 
Occupancy.  NIST NCSTAR 1-1D.  National Institute of Standards and Technology.  Gaithersburg, 
MD, September.  

Razza, J. C., and R. A. Grill.  2005.  Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Comparison of Codes, Standards, and Practices in Use at the Time of the 
Design and Construction of World Trade Center 1, 2, and 7.  NIST NCSTAR 1-1E.  National 
Institute of Standards and Technology.  Gaithersburg, MD, September. 

Grill, R. A., D. A. Johnson, and D. A. Fanella.  2005.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Comparison of the 1968 and Current (2003) New 
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York City Building Code Provisions.  NIST NCSTAR 1-1F.  National Institute of Standards and 
Technology.  Gaithersburg, MD, September. 

Grill, R. A., and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Amendments to the Fire Protection and Life Safety Provisions of the New 
York City Building Code by Local Laws Adopted While World Trade Center 1, 2, and 7 Were in 
Use.  NIST NCSTAR 1-1G.  National Institute of Standards and Technology.  Gaithersburg, MD, 
September. 

Grill, R. A., and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World 
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EXECUTIVE SUMMARY 

E.1 OBJECTIVES OF THE FIRE RESISTANCE TESTS 

One of the objectives of the National Institute of Standards and Technology (NIST) Investigation was to 
determine why and how the World Trade Center (WTC) towers collapsed following the initial impact of 
the aircraft.  A key aspect of this work was to differentiate the factors that most influenced the collapse of 
the WTC towers as they may relate to normal building and fire safety considerations and those unique to 
the terrorist attacks of September 11, 2001.  Another of the NIST Investigation objectives was to study 
the procedures and practices that were used in the design, construction, operation, and maintenance of the 
WTC buildings.  As an important public safety objective, it was necessary to establish the facts regarding 
the acceptance procedures for innovative materials, technologies, and systems.  Past building and fire 
safety investigations have shown that such studies help to identify improvements to practices, standards, 
and codes that may be warranted. 

NIST review of available documents had indicated that the fire performance of the composite floor 
system of the WTC towers was an issue of concern to the building owners and designers not only during 
the original design phase but throughout the service life of the buildings.  NIST found no evidence 
regarding the technical basis for the selection of sprayed fire-resistive material (SFRM ) for the WTC 
floor trusses and for the SFRM thickness to achieve a 2 h rating.  Further, no evidence was found that fire 
resistance tests of the WTC floor system were conducted.  Review of documents related to the WTC has 
not identified a similar concern for other structural components of the WTC towers. 

To address, in part, the investigation objectives cited above, NIST conducted a series of four standard fire 
resistance tests of the composite floor system used in the towers.  The fire resistance tests were conducted 
to study three factors: the effect of (1) SFRM thickness, (2) test restraint conditions, and (3) scale of the 
test.  The tests were conducted by Underwriters Laboratories, Inc. (UL) under contract to NIST at UL’s 
Northbrook (Illinois) fire testing facility and at its affiliate’s, Underwriters Laboratories of Canada, fire 
testing facilities in Toronto. 

E.2 THE WTC FLOOR SYSTEM AND SFRM 

The floor system design for the world trade center consisted of a lightweight concrete floor slab supported 
by steel trusses bridging between the building’s core columns and exterior wall columns.  The main 
composite trusses, which were used in pairs, spanned either 60 ft or 35 ft.  Steel double-angles formed the 
top and bottom chords of the trusses, while round bars were used for the webs.  The web members 
protruded above the top chord in the form of a “knuckle” which was embedded in the concrete slab to 
develop composite action.  Additionally, the floor system included bridging trusses perpendicular to the 
main trusses.  In the corners of the towers, the bridging trusses acted with the main trusses to provide two-
way slab action.  

Passive fire protection was provided by sprayed fire-resistive materials (SFRM), commonly referred to as 
“fireproofing,” applied directly to the steel bars of the trusses.  The Port Authority of New York and New 
Jersey (PANYNY or Port Authority) specified U.S. Minerals Products Cafco BLAZE-SHIELD Type D as 
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the sprayed fire-resistive material and in a letter to the fireproofing contractor stated that “All Tower 
beams, spandrels, and bar joists requiring spray-on fireproofing are to have a ½″ [1/2 in] covering of 
Cafco1”.  Measured thicknesses of the applied SFRM were found to vary between 0.52 in. and 1.17 in. 
with an overall average of approximately 0.75 in.  These two thicknesses, ½ in. representing specified 
thickness and ¾ in. representing average applied thickness, were used in the standard fire resistance tests 
described here. 

E.3 FIRE RESISTANCE TESTING 

The fire rating of structural materials and assemblies is generally determined through testing, and in the 
United States, such testing is frequently conducted in accordance with ASTM E 119, “Standard Test 
Methods for Fire Tests of Building Construction and Materials.”  The test methods described in 
ASTM E 119 prescribe a standard fire exposure for comparing the test results of building construction 
assemblies.  For the tests of floors and roofs, a test assembly is structurally loaded and the standard fire 
exposure is applied to the underside of the specimen.  The assembly is evaluated for its ability to contain 
the fire by limiting flame spread (hot gasses) and heating of the unexposed surface while maintaining the 
applied load.  The assembly is given a rating, expressed in hours, based on these conditions of acceptance. 

Since 1971, versions of the ASTM E 119 Standard differentiate between testing and classifying thermally 
restrained and unrestrained floor assemblies.  A thermally restrained specimen is “one in which expansion 
at the support of a load carrying element resulting from the effects of fire is resisted by forces external to 
the element.” In an unrestrained condition, the element is free to expand and rotate at its supports.  It is 
customary in the United States to conduct standard fire tests of floor assemblies in the restrained 
condition. 

The current standard describes a means to establish restrained and unrestrained ratings for floor 
assemblies from restrained test samples.  For restrained ratings from restrained test samples, the 
conditions of acceptance are based on limiting the passage of flame and hot gasses, limiting temperatures 
on the unexposed surface of the slab, and failure of the assembly to sustain the applied load.  For an 
unrestrained rating determined from a restrained test sample, the conditions of acceptance are based on 
the same criteria and, in addition, temperature limitations are placed on the main structural members. 

In addition, since 1971, the ASTM E 119 Standard describes a means to establish unrestrained ratings 
from unrestrained test samples.  For unrestrained samples, the fire resistance rating is again based on 
limiting passage of flame and hot gasses, exceeding temperatures on the unexposed surface of the slab, 
and failure to sustain the applied load; there are no limiting temperatures on the steel structural members 
when the test sample is installed in an unrestrained condition.   

Prior to 1970, there was no distinction between restraint conditions, nor were restrained and unrestrained 
ratings defined in ASTM E 119.  Fire resistance ratings were determined based upon the same 
requirements as for restrained assemblies described above, and no limitations were placed on temperature 
of structural steel. 

                                                      
1 Cafco was the manufacturer of the SFRM used for fire protection of structural steel in the WTC. 
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In practice, a floor assembly such as that used in the WTC towers is neither restrained nor unrestrained 
but is likely somewhere in between.  Testing under both restraint conditions, then, bounds expected 
performance under the standard fire exposure.  In addition, it provides a comparison of unrestrained 
ratings developed from both restrained and unrestrained test conditions. 

The ASTM E 119 Standard requires that, for floor and roof assembly tests, the area exposed to fire be a 
minimum of 180 ft2 and neither dimension of the furnace less than 12 ft.  Traditionally, relatively small 
scale assemblies have been tested, and results have been scaled to practical floor system spans. 

The Underwriters Laboratories of Canada fire testing facility in Toronto, has a furnace with nominal 
dimensions of 35 ft by 14 ft.  Thus, full- or large-scale tests of floor assemblies can be tested in this 
furnace.  Availability of the 35 ft span furnace in UL’s Toronto facility, in addition to the 17 ft span 
furnace its Northbrook, Illinois, facility allowed NIST to conduct tests to compare the effect of scale. 

E.4 TEST PROGRAM 

To limit the number of tests and obtain information of greatest value to meet the investigation objectives, 
NIST conducted four tests to study the effect of three factors: SFRM thickness, scale of the test, and test 
restraint conditions.  To this end, four tests were designed and conducted as follows: 

• Test #1:  Full-scale, restrained test condition, ¾ in. thick SFRM. 

• Test #2:  Full-scale, unrestrained test condition, ¾ in. thick SFRM. 

• Test #3:  Reduced-scale, restrained conditions, ¾ in. thick SFRM. 

• Test #4:  Reduced-scale, restrained conditions, ½ in. thick SFRM. 

The full-scale tests were conducted at the Underwriters Laboratories of Canada fire testing facility in 
Toronto .  Loading of the floor slab with an applied load to “simulate a maximum load condition,” as 
required by ASTM E 119, was accomplished through a combination concrete blocks and containers filled 
with water.  The water containers were tied-off with steel cables to prevent them from falling into the 
furnace and causing damage to the fire brick and instrumentation in the event of a catastrophic failure of 
the floor system.   

For the reduced-scale test specimens, the size of the truss members and thickness of concrete slab were 
selected to allow the most information to be extracted as practicably possible considering that the 
Standard Fire Resistance Test is a test of the assembly’s ability to contain a fire and is based on both 
thermal response (flame spread and heating of the unexposed surface) and structural response (support the 
applied load) to the standard fire exposure.  The sizes of the steel members, thickness of concrete slab, 
and truss spacing were selected to be the same as in the full-scale tests.  Otherwise, the geometry was 
scaled by roughly half.  This scaling required that the loading be increased by a factor of two. 
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E.5 TEST RESULTS 

Results of the four tests are summarized as follows: 

• The test assemblies were able to withstand standard fire conditions for between ¾ h and 2 h 
without exceeding the limits prescribed by ASTM E 119. 

• Test specimens protected with ¾ in. thick spray applied fire-resistive material were able to 
sustain the maximum design load for approximately 2 hours without collapsing; in the 
unrestrained test, the load was maintained for 3½ h without collapsing.   

• The restrained full-scale floor system obtained a fire resistance rating of 1½ h while the 
unrestrained floor system achieved a 2 h rating.  Past experience with the ASTM E 119 test 
method would lead investigators to expect that the unrestrained floor assembly would not 
perform as well as the restrained assembly, and therefore, would receive a lower fire rating. 

• A fire rating of 2 h was determined from the reduced-scale test with the average applied 
SFRM thickness of ¾ in., while a fire rating of 1½ h was determined from the full-scale test 
with the same SFRM thickness. 

• The result stated above raises the question of whether or not a fire rating based on the 
ASTM E 119 performance of a 17 ft span floor assembly is scalable to a larger floor system 
such as found in the WTC towers where spans ranged from 35 ft to 60 ft.   

• A fire rating of ¾ h was determined from the reduced-scale test with the specified SFRM 
thickness of ½ in. 

The tested floor assemblies were similar, though not identical, to steel joist and concrete floor systems 
that are widely used in low rise construction.  The test results provide valuable insight into the behavior of 
these widely used assemblies and also identify issues regarding scaling, restraint, and SFRM thickness 
that require further study for floor systems and other types of structural components such as beams, 
girders, columns, trusses, etc. 

The NIST tests identified areas where further study related to the Standard Fire Resistance Test method 
may be warranted.  The issues related to the test method that NIST will consider in formulating its 
recommendations include:  

• the scale of the test for prototype assemblies that are much larger than the tested assemblies,  

• the effect of restraint conditions on test results, 

• the repeatability of test results (e.g., do multiple fire resistance tests conducted under the 
same conditions yield the same results?), 

• the effects of test scale, end restraint, and test repeatability on other types of structural 
components (beams, girders, columns, etc.), and 
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• the acceptance criteria to evaluate the load carrying capacity of the tested assemblies 
(currently tests are stopped before the load carrying capacity of the assembly is reached 
because other acceptance criteria are met or because the deflection becomes excessive and 
assembly failure could damage the furnace).  
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Chapter 1 
INTRODUCTION 

The need to perform fire resistance rating tests of the floor system developed for the World Trade Center 
(WTC) towers was raised several times during the design stage as well as after completion of the towers.  
National Institute of Standards and Technology (NIST) NCSTAR 1-6A2 contains a detailed chronicle of 
the procedures and practices used for passive fire protection of the floor system of the WTC towers.  The 
report summarizes factual data contained in documents provided to NIST by The Port Authority of New 
York and New Jersey (Port Authority) and its contractors and consultants; by Laclede Steel Company, the 
firm that supplied the floor trusses for the WTC towers; and by United States Mineral Products Co. 
(USM), the manufacturer of the SFRM.  Review of the information collected revealed no evidence that 
testing was ever conducted to determine the fire endurance of the WTC floor system fireproofed with 
sprayed fire-resistive materials (SFRM).   

1.1 MOTIVATION FOR CONDUCTING STANDARD FIRE TESTS OF THE WTC 
FLOOR SYSTEM 

The first of the four NIST investigation objectives (see Preface) was to determine why and how the WTC 
towers collapsed following the initial impact of the aircraft.  A key aspect of this work was to differentiate 
the factors that most influenced the collapse of the WTC towers as they may relate to normal building and 
fire safety considerations and those unique to the terrorist attacks of September 11, 2001. 

Another of the four NIST investigation objectives was to study the procedures and practices that were 
used in the design, construction, operation, and maintenance of the WTC buildings.  A key aspect was to 
study the acceptance procedures for innovative materials, technologies, and systems.  Past building and 
fire safety investigations have shown that studies of procedures and practices help to identify 
improvements to practices, standards, and codes that may be warranted. 

A third investigation objective was to identify, as specifically as possible, areas in national building and 
fire codes, standards, and practices that warrant revision.   

NIST review of available documents related to the design and construction of the WTC towers indicated 
that the fire performance of the composite floor system of the WTC towers was an issue of concern to the 
building owners and designers from the original design and throughout the service life of the buildings 
(NIST NCSTAR 1-6A).  NIST found no evidence to determine the technical basis for the selection of 
SFRM for the WTC floor trusses and of the thickness required to achieve a 2 hour rating.  Further, NIST 
found no evidence that fire resistance tests of the WTC floor system were ever conducted.  Review of the 
documents has not identified a similar concern for other structural components of the WTC towers. 

                                                      
2 This reference is to one of the companion documents from this Investigation.  A list of these documents appears in the Preface 

to this report. 
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1.2 PURPOSE OF THE STANDARD FIRE TESTS 

To address these three investigation objectives, NIST conducted a series of four standard fire tests as 
described herein. The purpose of this series of tests was as follows:  

• to establish the baseline performance of the floor system of the WTC towers as they were 
originally designed, 

• to differentiate the factors that most influenced the collapse of the WTC towers as they may 
relate to normal building and fire safety considerations and those unique to the terrorist 
attacks of September 11, 2001,  

• to determine whether there was an adequate technical basis for the original SFRM 
specification, and 

• to study the procedures and practices used to accept an innovative structural and fire 
protection system.  

1.3 TEST VARIABLES 

To obtain information of greatest value to meet the investigation objectives, while limiting the number of 
tests to a practical number, NIST studied the effects of three factors: (1) SFRM thickness, (2) test restraint 
conditions, and (3) scale of the test.  These factors are described more fully in this section. 

1.3.1 SFRM Thickness 

The Port Authority and its consultants sought an efficient and economical method to provide fire 
protection for the floor system and, by late 1965, the use of a fire-resistive material that was applied 
directly to the bars of the steel trusses was selected3.  The Port Authority specified U.S. Minerals Products 
Cafco BLAZE-SHIELD Type D4 as the sprayed fire-resistive material and, in a letter to the fireproofing 
contractor stated,  

“All Tower beams, spandrels, and bar joists requiring spray-on fireproofing are to have a 
½″ covering of Cafco.”5   

Fire protection of a truss-supported floor system using a fire-resistive material applied directly to the steel 
trusses was innovative and not consistent with the practice at the time.  Fire resistance testing of the floor 
assemblies constructed to represent as closely as practical those used in the WTC towers provides 
information to evaluate the procedures and practices used to accept an innovative system and to determine 
if there is a need for changes to those practices. 

                                                      
3 See NIST NCSRAT 1-6A for a detailed chronicle of the procedures and practices used for fire protection of structural steel in 

the WTC towers 
4 This U.S. Minerals Products SFRM has been cited in WTC correspondence and documents using several designations.  For 

consistency with other WTC Investigation reports, it is referred to herein as BLAZE-SHIELD D. 
5 Letter dated October 30, 1969 from Robert J. Linn (Manager, Project Planning, The World Trade Center) to Mr. Louis DiBono 

(Mario & DiBono Plastering Co., Inc.).  
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The BLAZE-SHIELD D product originally specified contained asbestos and its use was discontinued in 
1970 at the 38th floor of WTC 1.  Thermal protection of the remaining floors of WTC 1 and all of WTC 2 
was carried out using BLAZE-SHIELD DC/F, a product that contained mineral wool fibers in place of the 
asbestos fibers.   

In 1994, the Port Authority performed a series of thickness measurements of the existing SFRM 
on floors 23 and 24 of WTC 1.  Six measurements were taken from “both flanges and web” of 
each of 16 random trusses on each floor at those locations where the SFRM was not damaged or 
absent.  Measured average thickness varied between 0.52 in. and 1.17 in. and for the 32 
measurements (16 on each floor) the overall average was 0.74 in.  Four of the 32 trusses, had an 
average thicknesses between 0.52 in. and 0.56 in.  This limited set of data suggests that the 
average thickness of SFRM as originally installed (as contrasted with SFRM that was upgraded in 
thickness beginning in the 1990s) was approximately 0.75 in. 

1.3.2 Restraint Conditions 

It is customary in the United States to conduct standard fire tests of floor assemblies in the restrained 
condition; that is, the condition in which expansion at the support of the floor test assembly resulting from 
the effects of the exposing fire is resisted by forces external to the element.  In practice, a floor assembly 
such as that used in the WTC towers is neither restrained nor unrestrained, but likely its restraint 
condition lies somewhere in between.  Testing under both restraint conditions, then, provides bounds on 
the expected performance of the floor system under the standard fire exposure.  In addition, it provides a 
comparison of unrestrained ratings developed from both restrained and unrestrained test conditions. 

1.3.3 Scale  

Traditionally, relatively light assemblies have been tested with spans less than 18 ft, and results have been 
scaled up to practical floor system dimensions and spans.  The Underwriters Laboratories of Canada fire 
testing facility in Toronto (ULC) has a furnace with nominal long dimension of 35 ft.  Thus, full- or large-
scale tests of floor assemblies can be tested in this furnace.  Availability of the 35 ft span furnace at ULC, 
in addition to the 17 ft span furnace at UL’s Northbrook, Illinois, facility (ULN) allowed NIST to conduct 
comparison tests to study the effect of scale6. 

1.4 TEST PROGRAM 

Four tests as noted above were designed and conducted as follows: 

• Test No. 1:  Full-scale, restrained test condition, ¾ in. thick SFRM. 

• Test No. 2:  Full-scale, unrestrained test condition, ¾ in. thick SFRM. 

• Test No. 3:  Reduced-scale, restrained conditions, ¾ in. thick SFRM. 

                                                      
6 ULC is used in this report to identify the fire testing facility operated by UL’s affiliate, Underwriters Laboratories of Canada, 

while ULN is used to identify UL’s Northbrook (Illinois) fire testing facility.   
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• Test No. 4:  Reduced-scale, restrained conditions, ½ in. thick SFRM. 

The objective of the full-scale restrained test with ¾ in. thick SFRM, Test 1, was to determine the 
baseline fire resistance of the floor system with average as-applied SFRM thickness.  This test also 
demonstrated whether the fire resistance of such a system was significantly different from that of a system 
with the specified SFRM thickness of ½ in. 

The test conditions for Test 2, full-scale unrestrained test with ¾ in. thick SFRM, were the same as those 
for Test 1 except that the specimen was supported to allow thermal expansion and, therefore, represented 
the unrestrained test condition.  Results of this test allowed a determination of the unrestrained rating by 
test and, by comparing with the results of Test 1, a comparison of unrestrained ratings from both a 
restrained and unrestrained assembly test. 

Test 3 was a reduced-scale test which, other than scale, was the same as Test 1.  Thus, a comparison of 
the results of these two tests allowed an examination of whether test results are independent of test 
assembly scale. 

Test assemblies for Tests 1, 2 and 3 were fire protected in the same manner, with ¾ in. thick SFRM 
representing the average SFRM thickness in the impact and fire affected floors of WTC 2.  Measurements 
taken from photographs of the originally applied SFRM indicated that, while the SFRM thickness on 
main the trusses was approximately ¾ in., the thickness on the bridging trusses was approximately half 
that value (see NIST NCSTAR 1-6A).   Also, photographs indicated that the metal deck was sometimes 
sprayed and sometimes not.  For these three tests (Tests 1, 2, and 3), then, the main trusses were protected 
with ¾ in. thick SFRM, the bridging trusses with ⅜ in. thick SFRM, and the metal deck was not 
intentionally sprayed but was also not masked from overspray and thereby had, in most instances, at least 
a light covering of SFRM.  These conditions best represented the thickness of the SFRM as it was 
originally applied in the one-way slab areas. 

The objective of the test with the ½ in. SFRM (Test 4) was to determine whether or not there was 
adequate technical basis for the original SFRM specification.  As explained by the designer, it was not 
necessary to fire protect the bridging trusses in the one-way areas nor was it necessary to spray the metal 
deck (see NIST NCSTAR 1-6A).  Consequently, the Test 4 specimen had ½ in. thick SFRM applied to 
the main trusses and no SFRM applied to either the bridging trusses or the underside of the metal deck.  
Both the bridging trusses and metal deck were masked to prevent overspray as well. These conditions best 
represented the SFRM that was necessary, in the opinion of the designer, to provide the required level of 
passive fire protection.  
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Chapter 2 
ASTM STANDARD FIRE TEST 

The fire rating of structural materials and assemblies is generally determined through testing, and in the 
United States, such testing is frequently conducted in accordance with the ASTM International standard, 
ASTM E 119, “Standard Test Methods for Fire Tests of Building Construction and Materials” 
(ASTM 2000).  This standard was first published in 1917 as a tentative standard, ASTM C 19, and was 
first adopted as ASTM E 119 in 1933.  Since its introduction, the test method has been modified and 
updated, although its essential character has remained unchanged. 

2.1 GENERAL DESCRIPTION 

The test methods described in ASTM E 119 prescribe a standard fire exposure for comparing the test 
results of building construction assemblies.  For the tests of floors and roofs, a test assembly is 
structurally loaded and the standard fire exposure is applied to the underside of the specimen.  The 
assembly is evaluated for its ability to contain a fire by limiting passage of flame or hot gasses, and 
limiting heating of the unexposed surface, while maintaining the applied load.  The assembly is given a 
rating, expressed in hours, based on these acceptance, or end-point, criteria.  Revisions to the 
ASTM E 119 Standard in 1971, introduced the concept of fire endurance classifications based on two 
conditions of support: restrained and unrestrained. 

2.2  RESTRAINT CONDITIONS 

According to Appendix A4 of ASTM E 119-73, a restrained condition is “one in which expansion at the 
support of a load carrying element resulting from the effects of fire is resisted by forces external to the 
element.”  In an unrestrained condition, the element is free to expand and rotate at its supports.  The 
Standard does not address how to achieve restraint at the assembly’s supports, nor does it specify, in the 
case of floor assemblies, the stiffness characteristics of the restraining frame used to support an assembly. 

The current standard describes a means to establish restrained and unrestrained ratings for floor 
assemblies from restrained test samples.  The conditions of acceptance are based on limiting passage of 
flame or hot gasses, limiting temperatures on the unexposed surface of the slab, and failure to sustain the 
applied load.  In addition, temperature limitations are placed on the main structural members.  The 
location of temperature measurements on the structural members is specified in the ASTM E 119 
Standard. 

2.3 CONDITIONS OF ACCEPTANCE 

The ASTM Standard Fire Test (ASTM 2000) is conducted by exposing a specimen to a standard fire 
controlled to achieve specified temperatures throughout a specified time period.  It is emphasized in the 
Standard that the fire exposure “is not representative of all fire conditions because conditions vary with 
changes in the amount, nature and distribution of fire loading, ventilation, compartment size and 
configuration, and heat sink characteristics of the compartment.”  The conditions of acceptance relate 
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directly to the fire by limiting passage of flame or hot gasses and heating of the unexposed surface while 
maintaining the applied load.  For floor and roof assemblies, the Standard provides for: 

• Measurement of transmission of heat, 

• Measurement of the transmission of hot gasses, 

• Measurement of the load carrying ability of the test specimen during the test exposure. 

Further, the Standard states specifically that it does not provide for, among other things, the following: 

• Full information as to performance of assemblies constructed with components or lengths 
other than those tested, 

• The effect of fire endurance of conventional openings in the assembly, that is, electrical 
receptacle outlets, plumbing pipe, etc., unless specifically provided for in the construction. 

For tests of floors and roofs, a superimposed load is applied “to simulate a maximum load condition,” 
which is determined as “the maximum load condition allowed under nationally recognized structural 
design criteria.” 

Temperatures of the floor assembly are measured during the fire exposure using thermocouples located on 
both the supporting steel members and top and bottom of the concrete slab. 
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Chapter 3 
DESCRIPTION OF WTC FLOOR SYSTEM AND SFRM 

3.1 COMPOSITE SLAB FLOOR SYSTEM 

The floor system design for the World Trade Center (WTC) towers consisted of a lightweight concrete 
floor slab supported by steel trusses bridging between the building’s core columns and exterior wall 
columns7.  The main composite trusses, which were used in pairs, were spaced at 6 ft 8 in. on center (o.c.) 
and had a nominal clear span of either 60 ft or 35 ft.  The steel trusses were fabricated using double angles 
for the top and bottom chords, and round bars for the webs.  The web members protruded above the top 
chord in the form of a “knuckle” which was embedded in the concrete slab to develop composite action.  
Additionally, the floor system included bridging trusses (perpendicular to main trusses) spaced 13 ft 4 in. 
o.c.  In the corners of the towers, the bridging trusses acted with the main trusses to provide two-way slab 
action, i.e., bending moments existed in both principal directions.  Figure 3–1 is a cut-away of the 
composite floor system showing the main and bridging trusses, metal deck, and concrete slab. 

 

 
Figure 3–1.  Floor system of the WTC towers. 

3.2 STEEL TRUSSES 

The steel trusses for the floor system were manufactured by Laclede Steel Co. using the resistance 
welding process to join the web, generally formed by bending a single steel rod, to the double angles 
forming the chord members.  Resistance welding melts the two pieces being joined and fuses them to 
make the weld.  The angles, which were produced by Laclede Steel Co., were specially rolled with a 

                                                      
7 All information and data related to the design and construction of the WTC floor system were obtained from contract drawings 

provided to NIST by The Port Authority of New York and New Jersey.  Refer to NIST NCSTAR 1-2A for a complete 
description of the WTC structural system and index of all structural drawings.  
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convex protrusion on the outside surface of one leg which melted locally where the angle leg was joined 
to the round bar webs. 

3.3 SFRM THICKNESS 

As noted in Section 1.3, the average thickness of SFRM as originally installed was approximately ¾ in.  
The thicknesses of ½ in. representing the specified thickness, and ¾ in. representing average applied 
thickness, were used in the standard fire resistance tests described here (see NIST NCSTAR 1-6A).  
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Chapter 4 
FLOOR TEST ASSEMBLIES 

4.1 DESIGN OF TESTS 

For floor and roof assemblies, the ASTM E 119 Standard requires that the area exposed to fire be a 
minimum of 180 ft2 and that neither dimension of the furnace be less than 12 ft.  Furnaces available today 
(2005) in the United States for conducting standardized fire resistance tests of floor and roof assemblies 
have a maximum span less than 18 ft (Beitel 2002).  Traditionally, relatively light construction floor 
assemblies have been tested, and results have been scaled to practical floor system dimensions. 

4.1.1 Span of Test Assembly 

The floor system used in the World Trade Center (WTC) spanned either 35 ft or 60 ft.  The Underwriters 
Laboratories of Canada fire testing facility in Toronto (ULC) has a furnace with nominal dimensions of 
35 ft by 14 ft, thereby allowing full-scale tests of the 35 ft span floor assemblies.  For this series of tests, 
the floor truss designated on Laclede drawings as C32T5 was selected.  This truss type was the most 
common 35 ft-span truss in the floors affected by the aircraft impact and subsequent fires (see Appendix 
G of NIST NCSTAR 1-2A). 

As noted in Section 1.1, one of the motivations for conducting the standard fire resistance tests was to 
determine the technical basis for the selection of the SFRM for the WTC floor trusses and of the thickness 
to achieve a 2 h rating.  Since test furnaces available at the time of the initial design of the WTC towers 
had a maximum span on the order of 18 ft, it would have been impractical to test a full-scale assembly 
although that possibility was raised in discussions between the Port Authority, the building designer, and 
steel truss fabricator (see NIST NCSTAR 1-6A).  In designing a reduced-scale test, it is important to scale 
appropriately to capture, as nearly as practical, the conditions used for rating an assembly, namely the 
transmission of heat, the transmission of hot gasses, and the load-carrying ability of the test assembly 
during the period of fire exposure. 

Both the thermal and mechanical properties of the materials and components used in the test assembly are 
important to its performance in a standard fire test.  Likewise, the geometry of the test assembly, 
including steel member sizes, thickness of concrete slab, and overall geometric scale are determining 
factors in the thermal and structural performance of a test assembly.  Finally, the magnitude of the applied 
load that represents the maximum load condition affects the structural performance of the test assembly.  
The fire exposure must follow the prescribed time-temperature curve given in the ASTM E 119 Standard. 

4.1.2 Geometric Scaling of Floor Trusses 

The prototype truss, designated C32T5, has an overall length of 35 ft 8 in. and a distance between 
centerlines of the bolts at the end supports of 35 ft ¾ in.  The trusses for the “full-scale” test assembly had 
an overall length of 35 ft 0 in. as determined by the inside dimension of the reaction frame at the ULC fire 
test facility.  The overall length of the reduced-scale specimens is 17 ft 5½ in., also limited by the largest 
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dimension of the reaction frame used at the ULN fire test facility.  Thus, the span of the reduced-scale 
specimen was 17.46/35.00 = 0.50, or half that of the full-scale, or prototype, span. 

A structural element in flexure, such as the floor system under study, carries both shear force and bending 
moment.  The shear force, which governs the design of the truss web diagonals, is proportional to the 
magnitude of the uniform applied load on the slab multiplied by the span.  If the span is reduced by one 
half, then the maximum shear force is reduced by one half.  The bending moment controls the design of 
the truss chords and concrete slab and is proportional to the magnitude of the uniform applied load 
multiplied by the square of the span.  Thus, if the span is reduced by one half, the maximum moment 
would be one quarter that in the prototype. 

4.1.3 Concrete Slab Thickness 

The heating rate of the unexposed surface of the floor assembly depends on the thermal properties of the 
lightweight concrete, the thickness of the floor slab, and profile of the supporting metal deck.  Since the 
thermal properties of concrete are not easily changed, the slab thickness and deck must remain the same 
in the scaled specimen as in the prototype, or full-scale, specimen. 

4.1.4 Steel Truss Sections 

The structural response of a floor assembly subjected to an exposing fire depends on the rate at which the 
steel heats up since both the stiffness and strength of the steel decrease with increasing temperature.  The 
rate at which the steel heats up is, in turn, a function of the thermal properties of the SFRM which change 
with temperature, the thickness of the applied SFRM, and the thermal conductivity of the steel.  Since 
both the mechanical and thermal properties of steel and the SFRM are not easily changed, to preserve the 
rate at which the steel heats up and, therefore, the rate at which the steel loses its stiffness and strength, 
both the size of the steel sections and thickness of SFRM must be the same in the reduced-scale specimen 
as in the full-scale specimen. 

4.1.5 Applied Load 

The structural response of a floor assembly is also determined by the applied load, which the 
ASTM E 119 Standard defines as the maximum load condition allowed under nationally recognized 
structural design criteria.  For the correct structural response to be captured, the stresses in the reduced-
scale test assembly resulting from the applied load should match, as closely as practical, those of the 
prototype floor system. It is this principal upon which the loading for the reduced-scale tests was 
calculated. 

As discussed under geometric scaling, the shear force, which is a function of the applied load and the 
section properties of the members, determine the stresses in the truss web diagonals.  If the scale factor is 
one half, the applied load must be doubled to produce the same shear force.  Because the section 
properties are not scaled, doubling the magnitude of the applied load produces the same forces in the 
diagonals of the reduced-scale assembly as in the prototype.  The allowable compressive stress is 
governed by inelastic buckling and does not scale in exactly the same way, that is, the allowable 
compressive stress for the web diagonals in the reduced-scale assembly is greater than that for the web 
diagonals in the full-scale assembly.   
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The stresses in the chord members and in the concrete slab are a function of the applied load and span 
(bending moment) and the geometry of the assembly and geometric section properties of the structural 
elements.  Because the bending moment is a function of the applied load and the square of the span (see 
above), for a scale factor of 0.50 and an applied load approximately twice that of the prototype design 
load, the bending moment is half that of the prototype.  The force in the chord members is computed from 
statics and is a function of the applied load and the depth of the truss.  Since the moment is one half and 
the depth of the floor section is approximately one half, the stresses in the truss chord members of the 
reduced-scale assembly are roughly equal to those of the prototype. 

The loading was calculated to satisfy design requirements of the Specification for the Design, Fabrication 
& Erection of Structural Steel for Buildings, which were the nationally recognized structural design 
criteria under which the floor system for the WTC towers was designed (AISC 1963).  A complete 
description of the specimen loading is presented in Section 4.4 

Doubling of the applied load (expressed in force per unit length) on a composite double truss floor system 
as discussed above is achievable with the loading devices available.  However, if the distance between 
trusses is scaled by the factor of one half, then the load per unit area would be four times that applied to 
the prototype full-scale assembly.  Since this magnitude of loading would be difficult to achieve and the 
consequences of a structural failure at elevated temperatures would be catastrophic under such a load, the 
truss spacing for the reduced-scale tests was not scaled from the full-scale configuration.  Since the 
trusses are each loaded to their design capacity, the spacing would not be expected to influence the test 
results significantly. 

4.2 MATERIALS OF CONSTRUCTION 

Every attempt was made to duplicate conditions that existed at the time of construction of the WTC floor 
system, including geometry and section properties of structural components, materials of construction, 
and fabrication and construction techniques.  This chapter addresses the selection of materials and 
components and the level of care taken to insure faithful duplication of the floor system found in the 
WTC towers.  Properties of the steels, concrete, metal deck, welded wire fabric, etc. used in the 
construction of all four test assemblies are documented in this section.  Properties of concrete and sprayed 
fire-resistive material, which varied for each test specimen, are reported in the next section. 

4.2.1 Fabrication of Trusses 

As will be addressed in Section 4.2.3, resistance welding, which was used in the fabrication of the WTC 
trusses, was not employed in the fabrication of the test assembly trusses.  Consequently, the specially 
rolled angles with a convex protrusion were not necessary.  Conventional hot-rolled steel angles were 
used and, since unequal-leg angles were not available in the size required, equal-leg angles were cut 
(sheared) to the appropriate dimension.  

The main and bridging trusses were fabricated by Canam Steel Co. under subcontract to Underwriters 
Laboratories Inc. (UL).  Dimensions were taken from Laclede Steel shop drawings and scaled for the 
35 ft and 17 ft span test frames.  The 35 ft long trusses, Test Specimens 1 and 2, were scaled from 
35 ft 8 in., the total length of the C32T5 truss, to a length of 35 ft 5 in. to fit the dimensions of UL’s test 
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frame in the Toronto fire test facility.  The overall depth of the truss was scaled accordingly.  Figures 4–1 
and 4–2 show the dimensions of the full-scale test specimen main trusses. 

The 17 ft trusses, Test Specimens 3 and 4, were scaled to fit the test frame in UL’s Northbrook facility; 
that is, by the ratio of 17 ft 5½ in. to 35 ft 8 in.  The height of the knuckle was not changed since the 
depth of concrete slab was the same for both full- and reduced-scale tests.  All member sizes, both chord 
and web, were unchanged.  Figures 4–3 and 4–4 show the dimensions of the reduced-scale test specimen 
main trusses. 

The bridging trusses for the full-scale test assembly were scaled in the same manner as the main trusses.  
For the reduced-scale tests, since the truss spacing was not scaled (see Section 4.1.5) the depth of the truss 
was scaled per the main trusses but the length (i.e., spacing of knuckles) was not.  Figures 4–5 and 4–6 
show the dimensions of the full- and reduced-scale bridging trusses, respectively. 

4.2.2 Steel Grade 

The original C32T5 trusses in the WTC were fabricated from ASTM A242 grade steel according to WTC 
contract drawings and confirmed by NIST (see NIST NCSTAR 1-3D).  Since this steel is no longer 
produced, it was determined that ASTM A 572 Gr. 50 was an acceptable substitute, considering both 
chemistry and mechanical properties.  The truss fabricator was not able to obtain the steel used for the 
web members in A572 grade steel in a time frame that would not impact the project.  It was further 
decided that ASTM A529 grade steel was an acceptable substitute and would be used for the truss webs 
while, ASTM A572 grade steel would be used for the chord members.  Chemistry, mechanical properties, 
and weldability were all considered in making this determination.  Certified Mill Test Reports (CMTR) 
for the steel used to fabricate the main trusses and bridging trusses are shown in Appendix A. 

4.2.3 Truss Welds 

Most of the original WTC truss welds were made using resistance welding and the remainder using the 
submerged metal arc welding (SMAW) process (see Jefferson, 1962).  Resistance welding is no longer 
widely used in practice, and no fabricator could be located that employed this technique.  It was 
determined that metal inert gas (MIG) welding (Jefferson, 1962) could be used for all welds to fabricate 
the trusses. 

The specification for the fabrication of the floor trusses8 states, in section 105 Quality Control and 
Inspection of Resistance Welding, 

“All interior truss panel points will be connected by electronically controlled resistance 
welding designed to provide a minimum of two times the strength of the connected 
members at full design load.” 

The strength of a resistance weld is a function of the size of the pieces being joined, and parameters of the 
welding process such as heat (current), applied pressure, holding time, etc.  For the WTC contract, 
Laclede developed 29 resistance weld designations for the various combinations of double chord angle 
                                                      
8 World Trade Center Contract WTC-221.00, Fabricated Steel Floor Trusses, Bridging, Beams and Bracing for Prefabricated 

floor Units for North and South Towers, dated October, 1967 (WTCI-71-I 
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size and web rod size (see Table 4–1) Test Weld Strengths for many of the designations were found in a 
review of Laclede WTC Quality Control program documents and are also shown in Table 4–1.  Welds 
designated R-22 were used for the fabrication of the C32T5 and are reported as having a Test Weld 
Strength (design strength) of 24 kips.   Laclede WTC Quality Control Data (load test data) were found for 
20 of the 29 designations; R-22 was not among them.  The test data found showed results for ten load 
tests and the average load at failure is reported in Table 4–1.  Dividing the failure load by the design load 
one obtains, in essence, a factor of safety which is also reported in the last column of Table 4–1.  The 
average of these values was found to be 2.02.  Thus, it could be concluded that the resistance weld 
procedure used by Laclede Steel Company in the fabrication of the floor trusses, produced welds with two 
times the design strength as called for in the contract specification. 

Table 4–1.  Redistance Weld Data. 
Resistance 

Weld 
Designation 

Double ChordAngle 
Size 

Web Rod 
Size (in.) 

Test Weld 
Strength (Kip) 

Average 
Load (Kip) F.S. 

R-1 3 x 2 x 0.37 1.14 45 81 1.80 
R-2 3 x 2 x 0.37 1.09 45 82 1.82 
R-3 3 x 2 x 0.37 0.98  68  
R-4 3 x 2 x 0.37 0.92  63  

      
R-5 3 x 2 x 0.33 1.14 40 77.5 1.94 
R-6 3 x 2 x 0.33 1.09 40 73.6 1.84 
R-7 3 x 2 x 0.33 0.98 32 65.6 2.05 
R-8 3 x 2 x 0.33 0.92 28 62.4 2.23 

      
R-9 2 x 1-1/2 x 0.37 1.14 38 67.1 1.76 

R-10 2 x 1-1/2 x 0.37 1.09  65.8  
R-11 2 x 1-1/2 x 0.37 0.98  60.7  
R-12 2 x 1-1/2 x 0.37 0.92  56.9  
R-13 2 x 1-1/2 x 0.37 0.75    

      
R-14 2 x 1-1/2 x 0.31 1.14 40 66.5 1.66 
R-15 2 x 1-1/2 x 0.31 1.09 38 65.2 1.71 
R-16 2 x 1-1/2 x 0.31 0.98 30 60.1 2.00 
R-17 2 x 1-1/2 x 0.31 0.92 25 56.8 2.27 
R-18 2 x 1-1/2 x 0.31 0.75 40   

      
R-19 2 x 1-1/2 x 0.25 1.14 40 75.4 1.88 
R-20 2 x 1-1/2 x 0.25 1.09 40 73.7 1.84 
R-21 2 x 1-1/2 x 0.25 0.98 29   
R-22 2 x 1-1/2 x 0.25 0.92 25   
R-23 2 x 1-1/2 x 0.25 0.75    
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Resistance 
Weld 

Designation 

Double ChordAngle 
Size 

Web Rod 
Size (in.) 

Test Weld 
Strength (Kip) 

Average 
Load (Kip) F.S. 

R-24 1-1/2 x 1-1/4 x 0.275 0.98 18 44.8 2.49 
R-25 1-1/2 x 1-1/4 x 0.275 0.92 18 41.1 2.28 
R-26 1-1/2 x 1-1/4 x 0.275 0.75    

      
R-27 1-1/2 x 1-1/4 x 0.230 0.98 16 38.5 2.40 
R-28 1-1/2 x 1-1/4 x 0.230 0.92 16 37.9 2.37 
R-29 1-1/2 x 1-1/4 x 0.230 0.75 16   

    Average 2.02 

The inherent factor of safety of welds designed in accordance with AISC, may be estimated by dividing 
the nominal strength of a groove weld in shear (AISC 1999) by the allowable stress of a groove weld in 
shear (AISC 2001), or 0.6 Fy / 0.3 Fy = 2.0.  To reproduce, approximately, the strengths of the resistance 
welds used in the fabrication of the WTC floor trusses, NIST used metal inert gas (MIG) welds designed 
to meet the strength requirements of AISC specifications (AISC 2001). The MIG process uses small 
gauge wire, well suited for producing the flare-bevel groove welds joining the round web bars to the 
double chord angles. 

4.2.4 Metal Deck 

The non-composite deck consisted of 1½ in. No. 22 gauge galvanized sheet metal floor units.  Each full 
panel measured 35 ft 2 in. long by 3 ft 1½ in. wide for Assembly Nos. 1 and 2, and 17 ft 8 in. by 
3 ft 1½ in. wide for Assembly Nos. 3 and 4.  The original deck used for the floor system in the WTC 
towers was custom produced specifically for the WTC buildings.  The steel deck was rolled in widths that 
spanned between trusses without a longitudinal seam.  It was not possible to obtain deck in the desired 
span, and therefore, it was determined that typical Type B steel deck, seamed per the manufacturer’s 
recommendation, would be acceptable. 
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Figure 4–1.  35 ft main truss, column end. 
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Figure 4–2.  35 ft main truss, core end. 
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Figure 4–3.  17 ft main truss, column end. 
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Figure 4–5.  Bridging truss for Assemblies Nos. 1 and 2. 
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Figure 4–6.  Bridging truss for Assemblies Nos. 3 and 4.
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4.2.5 Welded Wire Fabric 

The welded wire fabric used in the concrete was 10 in. by 4 in. W4.2/W4.3 welded steel mesh.  Steel wire 
was supplied by Insteel Wire Products and its strength shown in Appendix A. 

4.2.6 Concrete 

The concrete design strength for a typical office floor of the WTC was specified to be 3,000 psi, and the 
lightweight density was specified as 100 pcf.  The concrete for the floor slab consisted of ¾ in. 
lightweight haydite aggregate, sand, Type I Portland cement and water.  No records of actual mixture 
proportions or cylinder strengths were found in NIST’s review of available documents.  The mix design 
shown in Table 4–2 was determined by the concrete supplier to produce a 3,000 psi 28-day strength using 
lightweight aggregate.   

Table 4–2.  Concrete mix design per cubic yard of concrete. 
Cement 

(lb) 
Haydite "C" 

(lb) 
Sand 
(lb) 

Entrained Air
(%) 

Water 
(lb) 

522 940 1300 6 281* 
* Includes 40 lb of water in sand 

4.2.7 Primer 

The trusses supplied by Laclede Steel were shop primed during production using an electro-deposition 
process.  The formulation for the primer was designated as Formula LREP – 10001 and was found in 
Laclede files (see Appendix B).  The exact formulation could not be reproduced due to current 
environmental considerations.  A stock structural steel primer, manufactured by Sherwin Williams and 
designated Type B50NV11 (recommended by Isolatek International, the manufacturer of the sprayed 
fire-resistive material used in these tests and in the original construction of the WTC towers) was 
determined to be an acceptable substitute.  The primer was field applied to the trusses after assembly in 
the ULN and ULC fire test facilities. 

4.2.8 Sprayed Fire-Resistive Materials 

The sprayed fire resistive material used on the test assemblies was BLAZE-SHIELD DC/F which is 
manufactured by Isolatek International, and is the same product as that applied during original 
construction. 

4.2.9 Miscellaneous Steel 

Miscellaneous steel including rebar, pourstop coverplates, and support angles used during construction 
are described in Section 4.3. 
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4.3 CONSTRUCTION OF TEST ASSEMBLIES 

The construction of each assembly was conducted by UL technical staff and under the supervision of 
NIST at Underwriters’ Laboratories of Canada (ULC), and Underwriters Laboratories Inc. in Northbrook, 
Illinois (ULN).  All welds were made by certified welders and inspected by STS Consultants Ltd. (STS) 
under sub-contract to UL.  Table 4–3 lists the construction periods and test dates for the four assemblies 
tested. 

Table 4–3.  General construction details. 
Assembly No. Description Location Construction Dates Test Date 

1 35 ft Restrained Toronto, ON, Canada 1/20/2004 - 1/27/2004 8/7/2004 

2 35 ft Unrestrained Toronto, ON, Canada 1/28/2004 - 2/04/2004 8/11/2004 

3 17 ft Restrained Northbrook, IL, U.S. 2/13/2004 - 2/22/2004 8/19/2004 

4 
17 ft Restrained w/ 

unprotected bridging 
trusses 

Northbrook, IL, U.S. 2/13/2004 - 2/22/2004 8/25/2004 

4.3.1 Construction of 35 Ft Assemblies 

Assembly No. 1 was restrained from thermal expansion.  The trusses were welded to steel support angles 
that were attached to the test frame, and the concrete was poured in contact with the frame.  Assembly 
No. 2 was unrestrained.  The trusses were bolted to steel support angles having a 2⅞ in. slot to allow for 
unrestrained thermal expansion.  The concrete was poured with a 1½ in. gap between the concrete and the 
frame.  Figure 4–7 shows the assembly of the steel support system for test Assembly No. 1.  Refer to 
Appendix C for construction drawings. 

Structural Steel Frame and Deck 

The two nominal 35 ft by 14 ft floor assemblies were constructed of the same materials and in the same 
manner, with the exception of the restraint condition, provided by the attachment of the main trusses to 
the test frame as described above.  Two main trusses were symmetrically positioned in the test frame, 
6 ft 8 in. o.c. 

The ends of the main trusses in Test Assembly No. 1 were supported by L6×4×1 structural angles 12 in. 
long welded to the test frame.  The bearing length for each main truss was 3½ in. The ends of the main 
trusses were welded with a ½ in. fillet along the entire bearing length on each side of the trusses (see 
Fig. 4–8).  Steel plates were placed between the ends of the main trusses and the test frame, filling the gap 
and, thus, preventing thermal expansion. 
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Source: NIST. 

Figure 4–7.  Structural steel frame of Assembly No. 1. 

 

 
Source: NIST. 

Figure 4–8.  Restrained end condition of Assembly No. 1 prior to shimming. 

The ends of the main trusses in Test Assembly No. 2 were supported on L7×4×1 structural angles, 14 in. 
long welded to the test frame.  Slotted holes, 2 7/8 in. long, were provided in the steel angles, and the 
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centerline of each slot was located 3 in. from the edge of the angle.  The edge distance of the slotted holes 
was 1¼ in.  The bolt holes in the truss bearing angles were 15/16 in. in diameter. The main trusses were 
bolted to the support angles using two ⅞ in. diameter by 2½ in. long ASTM A325 bolts with ASTM F436 
washers and ASTM A563 nuts as seen in Fig. 4–9.  The nuts were hand tightened to provide connection 
stability without hindering thermal expansion.  Also, the trusses and supports were designed so that the 
bolts were installed close to the inside edge of the slot, thus allowing the maximum unrestrained outward 
movement as the test specimens heated and expanded.  The slots extending beyond the edge of the truss 
support angles are just visible in Fig. 4–13. 

 
Source: NIST. 

Figure 4–9.  Unrestrained end condition of Assembly No. 2. 

Two bridging trusses, one located 9 ft 4 in. from the west test frame edge and one located 12 ft 7¼ in. 
from the east test frame edge were installed in the assembly.  The bridging trusses were welded to 6 in. 
long L2½×1½×½ angles that were welded to the bottom chord of each main truss.  The top of the bridging 
truss was welded to the top chord of the main truss.  All welds were ¼ in. fillets. 

Three L3×2×¼ in. steel deck support angles, one located 3 ft ¾ in. from the west test frame edge, one at 
16 ft 1 in. from the west test frame edge, and one at 6 ft 5 in. from the east test frame edge were welded to 
the bottom of the top chord of the main truss (see Fig. 4–10). 
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Source: NIST. 

Figure 4–10.  Intersection of deck support angle and main truss. 

At the intersection of the bridging trusses, steel deck support angles, and main trusses, a 3 in. by 3 in. by 
⅜ in. steel plate was welded to the top side of the bottom chord of the main truss with ¼ in. fillet on the 
east and west sides of the plate.  There was no steel plate welded to the bottom chord at the location of the 
center steel deck support angle. 

Cover plates made from A36 steel, 7 in. wide and 0.116 in. thick were welded to the full length of the top 
chords of the main trusses to prevent the wet concrete from passing through (Fig. 4–10).  Steel cover 
plates measuring 3½ in. by 7 in. by 0.116 in. thick were welded under each web knuckle for the same 
purpose.  A 2 in. by 7 in. by ¼ in. steel plate was welded to adjacent knuckles (Fig. 4–11) per Laclede 
shop drawings.  The plates were located at the knuckles immediately above the intersection of bridging 
trusses and deck support angles with the main trusses (see Fig. 4–12).  A 6¼ in. long piece of No. 8 
reinforcing steel bar was welded to each end stiffener at both ends of the truss (see Fig. 4–13). 
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Source: NIST. 

Figure 4–11.  Cover plates on main truss. 

 

 
Source: NIST. 

Figure 4–12.  Intersection of main and bridging truss, bottom chord. 
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Source: NIST. 

Figure 4–13.  Detail of rebar welded to end stiffener. 

The steel floor deck was placed on the assembly in 3 ft 1½ in. widths, 35 ft lengths, with the crests and 
valleys parallel to the main trusses (Fig. 4–14).  Near the east-west centerline of the assembly the deck 
was overlapped and secured with ⅝ in. long self-taping hex-head screws spaced 18 in. o.c., beginning 
16 in. from the east edge of the frame.   At the interface of the steel deck edge and the upper chords of the 
main trusses, the deck was secured to the chords with ½ in. puddle welds spaced 6 in. o.c.  Where the 
deck met the north and south test frame edges, 4¼  in. by 96 in. by 0.116 in. thick steel plate was secured 
to the top of the steel deck with 1¼ in. long by 5/32 in. shank hex-head, self-tapping screws spaced 18 in. 
o.c., located 1½ in. from the edge of the steel plate.  The steel plate was installed so that it was flush 
against the test frame surface. 
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Source: NIST. 

Figure 4–14.  Placement of steel form deck. 

Chairs, ¾ in. high measuring 60 in. long, with 12 legs per chair spaced 5 in. o.c. and 2¾ in. from each 
end, were placed and taped on alternating deck crests along the full length of the assembly (see  
Fig. 4–15).  Welded wire fabric (WWF), 10 in. by 4 in. W4.2/W4.3, supplied in 60 in. widths, was placed 
on the chairs with the 4 in. dimension running the length of the assembly (east to west).  The WWF was 
notched to fit around the knuckles and instrumentation sleeves.  Adjacent sections of WWF were 
overlapped nominally 12 in. per ACI 318-63 (ACI, 1963).  At the overlaps, the mesh was secured with 18 
gauge wire twist-ties spaced approximately 24 in. o.c. 

No. 4 (½ in. or 13 mm diameter) steel reinforcing bar was placed on top of the first layer of welded wire 
fabric, 3 in. from the east and west ends of the test frame.  A second layer of welded wire fabric was 
installed with overlaps and fastened with wire ties as described above for the first layer.  Two lengths of 
No. 5 (⅝ in. or 16 mm diameter) steel reinforcing bar were placed on both sides of each bridging truss 
over the second layer of wire fabric (Fig. 4–16).  The rebar was secured to the top layer of welded wire 
fabric with 18 gauge wire twist-tied approximately 24 in. o.c. 
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Source: NIST. 

Figure 4–15.  Chairs for welded wire fabric. 

 
Source: NIST. 

Figure 4–16.  Welded wire fabric. 
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Concrete Placement 

The ready-mixed concrete was poured to an average depth of 4 in. measured from the top plane of the 
1½ in. deep steel deck.  Details of the concrete mix and compressive strengths are given in Table 4–4.  
The concrete was finished to a flat, smooth surface with a wooden trowel.  Placement of concrete is 
shown in Fig. 4–17. 

Table 4–4.  Details of concrete placement. 

Assembly 
No. 

Concrete 
Pour Date 

Wet Unit 
Weight* 
(lb/ft3) 

Slump*
(in.) 

Air 
Content*

(%) 

Water 
Added
(gal) 

Compressive 
Strength at 28 Days 

(psi) 

Compressive 
Strength at 56 days 

(psi) 

1 1/27/2004 114.2/114.8 l 6/8  4.5/5.75 4 4177 4735 

2 2/4/2004 109.4 lb/ft3 7.5 8.75% – 2937 3893 
*Results before and after water added 
 
 

 
Source: NIST. 

Figure 4–17.  Concrete placement. 

Curing of Concrete 

The ASTM E 119 test standard requires the average relative humidity of the concrete slab to be  
70 percent +/-5 percent.  In order to accelerate the process of driving the moisture out of the concrete slab, 
the assemblies were placed in a high temperature, low humidity environment following an initial 28 day 
curing at ambient environment.  The relative humidity of each slab was monitored regularly in accordance 
with the method described in ASTM E 119-2000a, paragraph 12.1.3, Note 6. 
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Preparation of Trusses 

Prior to the application of primer to the structural steel members, the steel was sand blasted (Fig. 4–18) to 
the Society of Protective Coatings SSPC-SP6 specification in accordance with the product specification 
sheet of the primer.  Following the sand blasting, the steel was primed (Fig. 4–19) with Sherwin Williams 
Type B50NV11 at an approximate dry film thickness of 0.003 in. 

 

 
Source: NIST. 

Figure 4–18.  Sandblasted assembly. 

 
Source: NIST. 

Figure 4–19.  Primer on bridging truss. 
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Instrumentation 

Prior to the concrete pour, four 18-gauge Type K thermocouples were attached to the steel form deck at 
each of three locations, near the center point and quarter points in the east-west direction.  At each 
location, a thermocouple was placed in the valley, sidewall, crest, and next adjacent valley of the deck.  
Refer to Appendix D for locations of deck thermocouples. 

After priming of the structural steel, 18-gauge Type K thermocouples were attached to each main and 
bridging truss (see Fig. 4–20).  Eight thermocouples were peened into the steel at each cross section, 
located approximately at the quarter and center points on each main truss (see Appendix D for exact 
locations).  Additionally, 10 thermocouples were located at the intersections of each main and bridging 
truss.  In total, 44 thermocouples were attached to each main truss, for a total of 88 thermocouples. 

On each bridging truss, four thermocouples were attached at each cross section located at the center of the 
truss, at the intersections of the main and bridging trusses, and approximately halfway between the main 
truss and the end of the bridging truss (see Appendix D for exact locations).  In total, 16 thermocouples 
were attached to each bridging truss, for a total of 32 thermocouples. 

Strain gauges were attached on the bottom chords of the main trusses to measure strain as each test 
assembly was loaded.  A pre-wired 350 Ω resistance strain gauge was placed, per the manufacturer’s 
instructions, on the top surface and bottom surface of the bottom chord angle.  The strain gauges were 
symmetrically opposed, at the mid-length of the bottom chord of each main truss.  Each pair of gauges 
was wired to a half-bridge amplifier prior to loading of the assembly.  Strain gauge readings were used to 
confirm proper loading of the assemblies, and the wiring was cut and bridge circuit removed prior to the 
start of the tests. 

 
Source: NIST. 

Figure 4–20.  Peened thermocouples on truss. 
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Application of Sprayed Fire Resistive Materials 

Application of the sprayed fire resistive materials was conducted by the manufacturer of the SFRM under 
a sub-contract to UL and witnessed by representatives of UL and NIST.  On the underside of the 
assembly, the BLAZE-SHIELD DC/F sprayed fire resistive material was applied to the main and bridging 
trusses in multiple coats.  No attempt was made to control overspray of material onto the deck of the 35 ft 
test assemblies.   

Thickness and density measurements were taken in accordance with ASTM E 605 Standard Test Methods 
for Thickness and Density of Sprayed Fire-Resistive Material (SFRM) Applied to Structural Members 
(ASTM 2000a).  The average SFRM thicknesses on the trusses are shown in Table 4-5 for Test Assembly 
No. 1.  Figure 4–21 shows the SFRM on main trusses after achieving the desired thickness.  Figure 4–22 
shows SFRM thickness measurements being made on the bottom chord of a main truss. 

Table 4–5.  SFRM Thickness measurements on Assembly No. 1. 
Location Nominal 

Thickness 
(in.) 

Final Average 
Measured Thickness 

(in.) 

Basis:  No. of 
Thickness 

Measurements 
North Main Truss 3/4 0.756 254 
South Main Truss 3/4 0.750 254 

East Bridging Truss 3/8 0.385 72 
West Bridging Truss 3/8 0.385 72 

The air dry density of the Type DC/F sprayed fire resistive material was determined using 12 in. by 12 in. 
samples. The air dry densities are shown in Table 4–6 for Assembly No. 1.  The average air dry density 
was found to be 15.73 pcf. 

Table 4–6.  Air dry density of spray applied  
fire resistive material on Assembly No. 1. 

Material
Type 

Nominal 
Thickness 

(in.) 

Measured 
Density 

(pcf) 

DC/F 3/4 17.27 

DC/F 3/4 15.19 

DC/F 3/4 14.73 
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Source: NIST. 

Figure 4–21.  SFRM on main truss. 

  
Source: NIST. 

Figure 4–22.  Measurement of SFRM thickness on truss chord. 
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SFRM thickness measurements for Test Assembly No. 2 are given in Table 4–7.  Air dry density of spray 
applied fire resistive material on Assembly No. 2 is given in Table 4–8; the average air dry density was 
found to be 19.95 pcf. 

Table 4–7.  Thickness measurements on Assembly No. 2. 

Location 

Nominal 
Thickness 

(in.) 

Final Average 
Measured Thickness 

(in.) 

Basis:  No. of 
Thickness 

Measurements 
North Main Truss 3/4 0.756 254 
South Main Truss 3/4 0.755 254 

East Bridging Truss 3/8 0.393 72 
West Bridging Truss 3/8 0.391 72 

Table 4–8.  Air dry density of spray applied fire resistive material on 
Assembly No. 2. 

Material
Type 

Nominal 
Thickness, 

in. 

Measured
Density, 

pcf 

DC/F 3/4 20.98 

DC/F 3/4 24.01 

DC/F 3/4 14.87 

4.3.2 Construction of 17 Ft Assemblies 

Structural Steel Frame and Deck 

Assembly Nos. 3 and 4 were both restrained from thermal expansion by welding the trusses to the steel 
support angles that were attached to the test frame and by casting the concrete in contact with the frame.  
The sprayed fire resistive material was applied to Assembly No. 3 in the same way as for Assembly 
Nos. 1 and 2.  Assembly No. 4 was protected with ½ in. of SFRM on the main trusses, while the bridging 
trusses were left unprotected, and the deck and deck support angles were shielded from any overspray 
(see Section 1.4).  Refer to Appendix E for construction drawings. 

The two nominal 17 ft by 14 ft floor assemblies were constructed in the test frames to fill the openings.  
Both assemblies were constructed of the same materials and in the same manner.  The two main trusses 
were symmetrically positioned in the test frame 6 ft 8 in. o.c. (see Fig. 4–23). 
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Source: NIST. 

Figure 4–23.  Steel framing of 17 ft assembly. 

The ends of the main trusses were supported on structural steel support angles installed at the north and 
south walls of the test frame.  The resulting bearing length at each end of the main trusses was 3½ in.  The 
ends of the main trusses were welded with ½ in. fillets along the entire bearing length on each side of the 
truss bearing angles.  Steel plates were placed between the ends of the main trusses and the test frame, 
filling the gap and, thus, preventing thermal expansion. 

Each test assembly had two bridging trusses, one located 4 ft 9⅝ in. from the north test frame edge and 
one located 6 ft 5⅝ in. from the south test frame edge.  The bridging trusses were welded to 6 in. long by 
1½ in. by 2½ in. by ¼ in. thick angles welded to the bottom chord of each main truss.  The top of the 
bridging truss was welded to top chord of the main truss.  All welds were ¼ in. fillets. 

Three 2 in. by 3 in. steel deck support angles, one located 1 ft 8 in. from the north test frame edge, one 
at 8 ft 1⅝ in. from the north test frame edge, and one at 6 ft 5⅝ in. from the south test frame edge, were 
welded to the bottom of the top chord of the main truss (see Fig. 4–24). 

16
1
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Source: NIST. 

Figure 4–24.  Intersection of main truss and deck support angle. 

At the intersection of the bridging trusses, steel deck support angles, and main trusses, a 3 in. by 3 in. by 
⅜ in. steel plate was welded to the top side of the bottom chord of the main truss with ¼ in. fillet on the 
east and west sides of the plate (see Fig. 4–25).  There was no steel plate welded to the bottom chord at 
the location of the center steel deck support angle. 

 
Source: NIST. 

Figure 4–25.  Intersection of main and bridging truss bottom chord. 
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Cover plates made from A36 steel, 7 in. wide and 0.116 in. thick, were welded to the full length of the top 
chords of the main trusses to prevent concrete from passing through (see Fig. 4–26).  Steel cover plates 
measuring 3½ in. by 7 in. by 0.116 in. thick were welded under each web knuckle for the same purpose.  
A 6¼ in. length of No. 8 reinforcing steel rod was welded to each end stiffener at both ends of the truss. 

 
Source: NIST. 

Figure 4–26.  Cover plate detail. 

The steel floor deck was placed on the assembly in 3 ft 1½ in. widths, 18 ft lengths, with the crests and 
valleys parallel to the main trusses (Fig. 4–27).  At the interface of the steel deck edge and the upper 
chords of the main trusses, the deck was secured to the chords with ½ in. puddle welds spaced 6 in. o.c. 

 
Source: NIST. 

Figure 4–27.  Steel floor deck placement. 
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Chairs, ¾ in. high measuring 60 in. long, with 12 legs per chair spaced 5 in. o.c. and 2¾ in. from each 
end, were placed and taped on alternating deck crests along the full 17 ft length of the assembly (see  
Fig. 4–28).  Welded wire fabric, 10 in. by 4 in. W4.2/W4.3, supplied in 60 in. widths, was placed on the 
chairs, with the 4 in. dimension running the length of the assembly (north to south).  The wire fabric was 
notched to fit around the knuckles and instrumentation sleeves.  Adjacent sections of WWF were 
overlapped nominal 12 in. per ACI 318-63 (ACI 1963).  At the overlaps, the mesh was secured with 18 
gauge wire twist-ties spaced approximately 24 in. o.c. 

 
Source: NIST. 

Figure 4–28.  Chairs on steel deck. 

No. 4 steel reinforcing bar was placed on top of the first layer of welded wire fabric, 3 in. from the east 
and west ends of the test frame.  A second layer of welded wire fabric was installed with overlaps and 
fastened with wire ties as described above for the first layer.  No. 5 steel reinforcing bar was placed on 
both sides of each bridging truss over the second layer of WWF (Fig. 4–29).  The rebar was secured to the 
top layer of welded wire fabric with 18 gauge wire twist-ties approximately 24 in. o.c. 
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Source: NIST. 

Figure 4–29.  Welded wire fabric and rebar. 

Concrete Placement 

The ready-mixed concrete was poured to an average depth of 4 in. measured from the top plane of the 
1½ in. deep steel deck.  The concrete was finished to a flat, smooth surface with a wooden trowel.  Details 
of the concrete for test Assemblies 3 and 4 are shown in Table 4–9. 

Table 4–9.  Details of concrete. 

Assembly 
No. 

Concrete 
Pour Date 

Wet Unit 
Weight 
(lb/ft3) Slump(in.)

Air 
Content 

(%) 

Water 
Added 
(gal) 

Compressive 
Strength at 28 Days 

(psi) 

Compressive 
Strength at 56 Days 

(psi) 

3 2/20/2004 113.8 8 7 9 3370 3995 

4 2/20/2004 111.6 7.5 8 0 2320 3220 

Preparation of Trusses 

Prior to the application of primer to the structural steel members, the steel was sand blasted to the Society 
of Protective Coatings SSPC-SP6 specification in accordance with the product specification sheet of the 
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primer.  Following the sand blasting, the steel was primed with Sherwin Williams Type B50NV11 at an 
approximate dry film thickness of 0.003 in. 

Instrumentation 

Prior to the concrete pour, four 18-gauge Type K thermocouples were attached to the steel form deck at 
each of three locations, near the center point and quarter points in the north-south direction.  At each 
location, a thermocouple was placed in the valley, sidewall, crest, and next adjacent valley of the deck.  
Refer to Appendix F for locations of deck thermocouples. 

After priming of the structural steel, 18-gauge Type K thermocouples were installed on each main and 
bridging truss.  Eight thermocouples were peened into the steel at each cross section, located 
approximately at the quarter and center points on each main truss (see Appendix F for exact locations).  
Additionally, ten thermocouples were located at the intersections of each main and bridging truss.  In 
total, 44 thermocouples were installed on each main truss, for a total of 88 thermocouples. 

On each bridging truss, four thermocouples were peened into the steel at each cross section located at the 
center of the truss, at the intersections of the main and bridging trusses, and approximately halfway 
between the main truss and the end of the bridging truss (see Appendix F for exact locations).  In total, 
16 thermocouples were installed on each bridging truss, for a total of 32 thermocouples. 

Strain gauges were attached on the bottom chord of the main trusses to measure strain as each test 
assembly was loaded.  A pre-wired 350 Ω resistance strain gauge was placed, per the manufacturer’s 
instructions, on the top surface and bottom surface of the bottom chord angle.  The strain gauges were 
symmetrically opposed, at the mid-length of the bottom chord of each main truss.  Each pair of gauges 
would later be wired to a half-bridge amplifier prior to loading of the assembly.  Strain gauge readings 
were used to confirm proper loading of the assemblies, and the circuitry was removed prior to the start of 
the tests. 

Application of Sprayed Fire-Resistive Materials 

The application of the sprayed fire resistive materials was conducted by the manufacturer of the sprayed 
fire resistive material under a sub-contract to UL and observed by representatives of UL and NIST.  On 
the underside of the assembly, the BLAZE-SHIELD DC/F was applied to the main and bridging trusses in 
multiple coats.  For Test Assembly No. 3, which had ¾ in. thick SFRM on the steel trusses, no attempt 
was made to control overspray on the metal deck.  For Test Assembly No. 4, with ½ in. thick SFRM, the 
metal deck was masked to prevent overspray. 

Thickness and density measurements were taken in accordance with ASTM E 605 (ASTM 2000a).  The 
average SFRM thicknesses on the trusses are shown in Table 4–10 for Test Assembly No. 3.  
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Table 4–10.  SFRM Thickness measurements on Assembly No. 3. 

Location 

Nominal 
Thickness 

(in.) 

Final Average 
Measured Thickness 

(in.) 

Basis:  No. of  
Thickness 

Measurements 
East Main Truss 3/4 0.766 128 
West Main Truss 3/4 0.763 128 
North Bridging Truss 3/8 0.397 66 
South Bridging Truss 3/8 0.387 66 

The air dry density of the BLAZE-SHIELD DC/F sprayed fire resistive material was determined using 
twelve 12 in. by 12 in. samples of various thickness. The air dry densities are shown in Table 4–11 for 
Assembly No. 3.  The average air dry density was found to be 20.49 pcf. 

Table 4–11.  Air dry density of spray applied fire resistive material on 
Assembly No. 3. 

Material 
Type 

Nominal 
Thickness 

(in.) 

Measured 
Density 

(pcf) 
DC/F 3/4 21.23 
DC/F 3/4 19.76 
DC/F 3/4 20.49 

SFRM thickness measurements for Test Assembly No. 4 are given in Table 4–12.  Air dry density of 
spray applied fire resistive material on Assembly No. 4 is given in Table 4–13, and the average air dry 
density was found to be 19.10 pcf. There was no sprayed fire resistive material applied to the bridging 
trusses on Assembly No. 4 

Table 4–12.  Thickness measurements on Assembly No. 4. 

Location 

Nominal 
Thickness 

(in.) 

Final Average 
Measured  

Thickness (in.) 

Basis:  No. of  
Thickness 

Measurements 
East Main Truss 1/2 0.514 128 
West Main Truss 1/2 0.512 128 

 

Table 4–13.  Air dry density of spray applied  
fire resistive material on Assembly No. 4. 

Material 
Type 

Nominal 
Thickness (in.) 

Measured 
Density (pcf) 

DC/F 1/2 20.57 
DC/F 1/2 18.90 
DC/F 1/2 17.83 
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4.4 LOADING OF TEST ASSEMBLIES 

The test assemblies were loaded in accordance with ASTM E 119.  That is, a superimposed load was 
applied “to simulate a maximum load condition,” which was determined as “the maximum load condition 
allowed under nationally recognized structural design criteria” (ASTM 2000).  In this section, the analysis 
for this maximum load condition is given, and the procedures used to apply the computed loads are 
explained for both the full- and reduced-scale test assemblies.  The structural analysis and test loading 
procedure was performed by Wiss Janey Elstner & Associates (WJE) under sub-contract to Underwriters 
Laboratories Inc. 

4.4.1 Loading of 35 Ft Assemblies 

Table 4–14 details the demand-to-capacity ratio of key elements of the trusses for Assembly Nos. 1 and 2.  
Demand-to-capacity ratios for the original C32-T5 truss design are given in the last column and were 
computed from Laclede design calculation sheets (see Appendix G).   The compression web diagonal at 
the vertical strut was the limiting member with a demand-to-capacity ratio of 1.01.  The calculations 
indicate that the maximum load condition is achieved with a uniform load of 104 psf. 

The test load was applied to the assembly in a sequence that generally proceeded outwards from the 
center.  Concrete blocks, which had first been weighed, were placed between the truss lines starting at the 
midspan and working symmetrically to the east and west ends of the test assembly.  Next, empty water 
tubs were placed symmetrically outward to the ends of the span, alternating between the truss lines from 
the midspan.  Finally, concrete blocks were placed between the water tubs and the longitudinal edges of 
the assembly, again alternating along both edges, working symmetrically from midspan to the ends of the 
assembly.  The last set of blocks was placed as close as practicable to the water tubs to minimize bending 
of the cantilevered deck slab.  The water tubs were filled from the center of the assembly outward toward 
the edges.  The amount of water was calculated for each location to insure the same load was applied at 
each section since the weight of the concrete blocks varied slightly. 
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Table 4–14.  Summary of analysis for maximum load condition for 35 ft assembly. 

 Test Assembly 
35 Foot 

  
Laclede WTC 

Design 

Load Case Uniform Load   Calculations 

Uniform Self Weight Construction Load (psf) 48  46 

Additional Superimposed Load (psf) 104*  108 

Top Chord Panel Point Truss Member Member DCR  Member DCR 

A: Short End of truss         

B: Bearing point         

  #5: End Diagonal at short end 0.50  0.58** 

  #2A: Vertical at short end 0.85  NA*** 

C: At vertical strut     0.97 

  #4:Compression web diagonal 1.01   

D:      NA*** 

  #4A: Compression web diagonal 0.76   

E: At bridging Truss      

F:      

G: Near midspan      

H:      

J: At bridging Truss      

  #3A: Compression web diagonal 0.65  NA*** 

K:      

  #3: Compression web diagonal 0.97  0.99 

L: At vertical strut      

  #2: Vertical at long end 0.87  1.00 

  #1: End diagonal at long end 0.88  0.99 

M: Bearing point      

N: Long end of truss      

       

Bottom Chord #7: Tension chord near midspan 0.63  0.81 
* Includes 2 psf representing weight of SFRM 
** The original Laclede calculations use a slope factor of 1.90, whereas the slope factor for Member 5 should be 

on the order of 1.45 according to truss geometry.  The original Laclede DCR of 0.76 has been adjusted as 
follows:0.76*1.45/1.90=0.58 

*** Not Applicable: The Laclede calculations do not include a design for this member. 

4.4.2 Loading of 17 Ft Assemblies 

Table 4–15 details the demand-to-capacity ratio of key elements of the trusses for Assembly Nos. 3 and 4.  
The long end web diagonal at the vertical strut was the limiting member with a demand-to-capacity ratio 
of 1.00.  The calculations indicate that the maximum load condition is achieved with a uniform load of 
293 psf and concentrated loads applied at the truss panel points averaging to 86 psf. 
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Table 4–15.  Summary of analysis for maximum load condition for 17 ft assembly. 

Test Assembly   
17 Foot 

  
Laclede WTC 

Design 

Load Case   Uniform Load Concentrated Load  Calculations 

Uniform Self Weight Construction Load (psf)   48 48  46 

Additional Superimposed Load (psf)   293 86*  108 

Top Chord Panel 
Point Truss Member    Member DCR Load(lbs) 

Member 
DCR   Member DCR 

A: Short End of 
truss              

B: Bearing point               

  
#5: End Diagonal at 
short end   0.58  0.58  0.58** 

  
#2A: Vertical at short 
end   0.60  0.60  NA*** 

C: At vertical strut      4100   0.97 

  
#4:Compression web 
diagonal   0.46  0.38   

D:       0   NA*** 

  
#4A: Compression web 
diagonal   0.34  0.34   

E: At bridging Truss      4100    

F:      0    

G: Near midspan      4100    

H:      0    

J: At bridging Truss      3800    

  
#3A: Compression web 
diagonal   0.35  0.37  NA*** 

K:      0    

  
#3: Compression web 
diagonal   0.53  0.43  0.99 

L: At vertical strut      3800    

  #2: Vertical at long end   0.55  0.55  1.00 

  
#1: End diagonal at long 
end   1.00  1.00  0.99 

M: Bearing point               

N: Long end of truss               

Bottom Chord 
#7: Tension chord near 
midspan   0.70  0.64  0.81 

* Includes 2 psf representing weight of SFRM 
** The original Laclede calculations use a slope factor of 1.90, whereas the slope factor for Member 5 should be on the order 

of 1.45 according to truss geometry.  The original Laclede DCR of 0.76 has been adjusted as follows:0.76*1.45/1.90=0.58 
*** Not Applicable: The Laclede calculations do not include a design for this member. 
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The test load was applied to the assembly in a sequence that generally proceeded outward from the center 
of the deck.  First, empty water tubs were placed between the truss lines, starting at midspan and working 
symmetrically to the ends of the span.  Next concrete blocks were placed, working both truss lines 
simultaneously from mid-span symmetrically outward to the ends of the span.  After the concrete blocks 
were placed, the water tubs were filled to calculated depth. The hydraulic ram loads were applied last 
using four electric driven hydraulic pumps with pressure gauges. 

4.5 INSTRUMENTATION 

Prior to testing of each assembly, instrumentation was installed to measure vertical deflections of the 
unexposed surface and the bottom chords of the main trusses.  Instruments were also added to 
characterize the furnace environment as well as to measure temperature on the unexposed surface of the 
test assembly. 

4.5.1 Deflection Instrumentation 

The deflection on the unexposed surface was measured using nine transducers, located approximately at 
the center and quarter points in the long span direction and center and quarter points in the short span 
direction.  The locations of the deflection transducers are given in Appendix D for the 35 ft test 
assemblies and Appendix F for the 17 ft test assemblies. 

The deflection of the bottom chord of the main truss was measured at six locations by means of thin 
round bars, welded at one end to the bottom chord of the main truss and protruding through sleeves in the 
concrete slab.  Displacement transducers were attached to the rods and to a stationary frame.   To account 
for any thermal expansion of the round bar, 20 gauge Inconel thermocouples were attached approximately 
at the midpoint of the depth of the main truss to measure temperatures throughout the duration of the test. 

4.5.2 Furnace Thermocouples 

The furnace temperature at UL’s Toronto fire test facility was measured by means of twenty-four, 16 
gauge Type K thermocouples, sheathed in Inconel pipe symmetrically located in the furnace chamber.  
Sixteen furnace thermocouples, made from similar materials, were used at UL’s Northbrook furnace.  In 
addition to the furnace thermocouples required by the ASTM E 119 Standard, Wickstrom plate 
thermocouples and aspirated thermocouples were located at the level of the bottom chord of the main 
truss and at the valley of the steel form deck.  The locations of the aspirated and plate thermocouples are 
given in Appendix D for the 35 ft test assemblies and Appendix F for the 17 ft test assemblies.. 

The Wickstrom plate thermocouples were made of a stainless steel sheet, on which an 18 gauge Type K, 
Inconel sheathed thermocouple was attached to the back side.  An insulating pad, approximately 4 in. by 
4 in. by ¼ in. was placed over the thermocouple.  The non-insulated stainless steel side was positioned 
horizontally, receiving a furnace exposure similar to the tested assembly. 

The double walled aspirated thermocouple consisted of two concentric stainless steel tubes, 
approximately 0.435 in. ID and 0.1875 in. ID, with an 18 gauge Type K thermocouple bead located 
approximately ⅛ in. inside the end of the center tube.  Furnace gasses were drawn through both tubes past 
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the thermocouple bead using a Venturi air amplifier.  At room temperature, air was measured at 
approximately 30 ft/s at the tip of the concentric tubes. 

4.5.3 Radiometers 

To also characterize the furnace environment, both Gardon Gauge and Schmidt-Boelter types of heat flux 
gauges were mounted to the assembly (see Fig. 4–30).  Table 4–16 summarizes the type of radiometer 
gauges used for each test. 

Table 4–16.  Summary of radiometers. 

Assembly No. Location 

Type: Gardon 
Gauge (GG) or 

Schmidt-Boelter 
(SB) 

Bottom Chord SB 
1 

Deck SB 

Bottom Chord – * 
2 

Deck – * 

Bottom Chord GG 
3 

Deck GG 

Bottom Chord GG 
4 

Deck SB 
* Due to significant damage to the heat flux probes 

during testing of Assembly 1, no heat flux probes were 
available at the time when testing Assembly 2 

Similar to the plate and aspirated thermocouples, the heat flux probes were placed at two locations in the 
furnace: at the bottom chord level of the main trusses and at the valley of the steel deck.  The locations of 
the sensors are given in Appendix D for the 35 ft test assemblies and Appendix F for the 17 ft test 
assemblies. 

The Schmidt-Boelter radiometers were 1 in. diameter, 4 ft long, water and air cooled furnace probes with 
Schmidt-Boelter heat flux sensors.  The sensors were capable of measuring heat fluxes up to 25 BTU/ft2-s 
(284 kW/m2) and had a view angle of 150 degrees.  An air purged zinc selenide window was attached to 
the sensor, blocking convective flux, thus the sensor measured only radiative flux. 

Gardon Gauge sensors, used in two of the tests, were 1 in. diameter, internally water cooled, with the wire 
leads air purged and insulated.  The sensors were capable of measuring heat fluxes up to 15 BTU/ft2-s 
(170 kW/m2) and had a view angle of 180 degrees.  No window was attached to the sensor, thus total 
(radiative and convective) heat flux was measured. 
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Source: NIST. 

Figure 4–30.  View of radiometer and plate thermocouple. 
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Chapter 5 
TEST RESULTS 

The tests described herein were conducted in accordance with the Standard Test Methods for Fire Tests of 
Building Construction and Materials, ASTM E 119-2000a.  Results of all four fire resistance tests are 
presented in this chapter; each test is discussed separately. 

5.1 FIRE TEST OF ASSEMBLY NO. 1 

The fire resistance test of Assembly No. 1 was conducted at Underwriter Laboratories Toronto, Canada 
facility (ULC) on August 7, 2004 under the observation of representatives of Underwriters Laboratories 
Inc., Underwriters’ Laboratories of Canada, and NIST. 

The relative humidity of the concrete slab met the requirements prescribed in ASTM E 119. 

5.1.1 Test Observations 

Table 5–1 presents observations that were recorded during the conduct of the test.  All dimensions given 
are approximate since they were estimated by making observations through furnace viewports.  Times 
were generally recorded to the nearest minute.  The term “report” is used to describe a loud sound, which 
might be described as a “bang” or a “pop.”  Because these loud reports were often accompanied by 
observed movement of the metal deck and the dislodging of SFRM, it is asumed that the reports signaled 
explosive spalling of the concrete.  It was not possible to ascertain the exact location and extent of any 
spalling. 

Table 5–1.  Test observations – Assembly 1. 
Test 

Time, 
Min 

Exposed (E) or 
Unexposed (U) 

Surface Observations 
0.5 E There was slight discoloration of the SFRM on the west side of the assembly. 
7 E The east center steel deck seam began to separate. 

11 E The deck buckled west of the west bridging truss running in a north-south 
direction. 

14 E The east steel deck seam had a 3/8 in. opening 
16  The vertical member on the east bridging truss where it intersects the south 

main truss had buckled. 
17 E/U Reports heard with the SFRM deck over-spray falling simultaneously. 
19 E/U Same observation as 17 minutes. 
19 E The east steel deck seam had a 5/8 in. opening 
20 E/U Same observation as 17 minutes and could visually see deck moving 

simultaneously. 
21 E/U Reports becoming louder and more frequent. 
21 U The concrete was spalling near the west end of the assembly. 
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Test 
Time, 
Min 

Exposed (E) or 
Unexposed (U) 

Surface Observations 
23 E/U Same observation as 21 minutes. 
24 U The concrete continued to spall. 
25 E Visual deflection was observed in the bottom chords of the bridging trusses. 
26 E/U Same observation as 21 minutes. 
26 E Visual deflection was observed on the deck spans between the trusses. 

Separation was observed in the deck seam above the center deck support 
angle. 

27 E The southeast metal deck seams began to separate. 
29 E Visual deflection was observed in the center deck support angle. The SFRM 

was turning brown in color. 
33 E The bridging trusses became more deformed. The vertical member on the west 

bridging truss where it intersects the south main truss was heavily deformed. 
37 E The deflection in the center deck support angle was more pronounced. 
38 E/U Reports heard. 
44 E The vertical members on all of the bridging trusses where they intersect the 

main trusses were deformed. 
45 E Large reports heard. 
49 E/U A loud report was heard near the center of assembly and a visible drop was 

observed. 
53 E One-half of the SFRM on the vertical member noted at 33 min. had fallen.  
60 E No additional fall off of SFRM on the bridging trusses. 
63 E The steel deck between west bridging truss and the deck support angle was 1/2 

in. from the furnace thermocouple. The long diagonal web member on the 
south main truss was slightly bent. 

68 E/U Large report heard. 
78 E/U Large report heard. 
78 E The bottom chord of the north main truss, approximately 36 in. west of the 

assembly centerline, was deformed. 
87 E A 10 in. long piece of SFRM on the inner most angle of the lower chord on the 

north truss, 36 in west of the north-south centerline of the assembly fell. 
88 E A  7 to 10 in. long piece of SFRM on the inner most angle of the lower chord 

on the north truss, 36 in east of the north-south centerline of the assembly fell. 
90 E Additional SFRM at the area described at 87 min. peeling away but has not 

fallen. 
92 E A 12 in. long piece of SFRM on the inner most angle of the lower chord on the 

south truss, 36 in west of the north-south centerline of the assembly fell. 
93 E The area of fall off described at 87 min. had expanded to the three inner most 

angles. 
109 E/U A very large report was heard. 
111 E/U A very large report was heard. 
116 E/U Gas off, furnace fire extinguished. 
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5.1.2 Data 

All data shown in the following figures (Figures 5–1 through 5–12) are unedited for the entire duration of 
the test.  However, not all data shown is reliable due to the limitations of the instrumentation, i.e. 
thermocouples, radiometers, and calorimeters.  Data may become unreliable past the rating period when 
structural events occur that can dislodge the instrumentation.  Also, protective insulation of the 
thermocouple wire may burn away, and the individual wires can make contact with themselves and/or 
neighboring wires rendering the data unreliable.  Appendix H gives a listing of the times that various 
instrumentation failed to give reliable data, as determined by UL. 

 

 

 
Figure 5–1.  Assembly No. 1 – average and maximum individual 

temperatures on north main truss. 
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Figure 5–2.  Assembly No. 1 – average and maximum individual 

temperatures on south main truss. 
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Figure 5–3.  Assembly No. 1 – overall average and maximum individual 

temperatures on north and south main trusses. 
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Figure 5–4.  Assembly No. 1 – average and maximum individual 

temperatures on west bridging truss. 
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Figure 5–5.  Assembly No. 1 – average and maximum individual 

temperatures on east bridging truss. 
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Figure 5–6.  Assembly No. 1 – average and maximum individual 

temperatures on unexposed surface. 
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Figure 5–7.  Assembly No. 1 – average temperatures on steel deck. 
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Figure 5–8.  Assembly No. 1 – bottom chord deflection measurements. 
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Figure 5–9.  Assembly No. 1 – temperatures of bottom chord deflection rods. 
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Figure 5–10.  Assembly No. 1 – unexposed surface deflection measurements. 
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Figure 5–11.  Assembly No. 1 – additional instrumentation through west opening. 
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Figure 5–12.  Assembly No. 1 – additional instrumentation through east opening. 

5.1.3 Post-Test Observations 

Figure 5–13 shows the unexposed surface of the assembly after all loading equipment had been removed 
(view looking east).  Numbers shown at the centerline and quarter points are vertical deflections after 
cooling.  All other numbers are reference dimensions as measured from the edge of the slab.   
Figures 5–14 through 5–19 are additional views of the top of the specimen, showing the cracked and 
spalled concrete, and of the underside, showing bulging of the metal deck and deformations of the steel 
trusses after the test specimen had cooled and had been removed from the furnace.  To confirm the 
spalling of the bottom side of the concrete slab and to quantify the depth of spalling, sections of the slab 
were cut using a diamond concrete wet saw (see Fig. 5–20).  The depth of the delamination spalling 
varied but was on the order of 2 in. as seen in Fig. 5–21. 
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Source: NIST. 

Figure 5–13.  Unexposed surface of Assembly No. 1 after loading 
equipment was removed. 
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Source: NIST. 

Figure 5–14.  Detail of spalling concrete at west end of Assembly No. 1. 

 

 

 
Source: NIST. 

Figure 5–15.  Detail of spalling concrete at east end of Assembly No. 1. 
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Source: NIST. 

Figure 5–16.  Close-up of spalling concrete at east end of Assembly No. 1. 

 

 
Source: NIST. 

Figure 5–17.  View looking east of the exposed side of Assembly No. 1– 
south main truss seen at right side. 
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Source: NIST. 

Figure 5–18.  Intersection of north main and east bridging trusses on 
Assembly No. 1. 

 
Source: NIST. 

Figure 5–19.   View of core-end diagonal strut of  
south main truss on Assembly No. 1. 
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Source: NIST. 

Figure 5–20.  Sections cut through concrete slab to confirm delamination spalling. 

 
Source: NIST. 

Figure 5–21.  Measurement of depth of delamination spalling. 
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5.2 FIRE TEST OF ASSEMBLY NO. 2 

The fire resistance test of Assembly No. 2 was conducted at the (ULC) facility on August 11, 2004 under 
the observation of representatives of Underwriters Laboratories Inc., Underwriters Laboratories of 
Canada, NIST, and a member of the National Construction Safety Team Advisory Committee. 

The relative humidity of the concrete slab met the requirements prescribed in ASTM E 119. 

5.2.1 Test Observations 

Table 5–2 presents observations that were recorded during the conduct of the test.  All dimensions given 
are approximate since they were estimated by making observations through furnace viewports.  Times 
were generally recorded to the nearest one half minute.  The term “report” is used to describe a loud 
sound, which might be described as a “bang” or a “pop.”  Because these loud reports were often 
accompanied by observed movement of the metal deck and the dislodging of SFRM, it is assumed that 
the reports signaled explosive spalling of the concrete.  It was not possible to ascertain the exact location 
and extent of any spalling.  The reports heard during the test of Assembly No. 2 were generally not as 
loud as those heard during the test of Assembly No. 1. 

Table 5–2.  Test observations – Assembly No. 2. 
Test 

Time, 
min 

Exposed (E) or 
Unexposed (U) 

Surface Observations 
1 E & U Faint reports heard. 
1 E The SFRM began to discolor. 
3 E & U A faint report was heard.  
3 E SFRM over-spray on the steel deck began to fall when report was heard. 
5 E The steel deck began to deform east of the east bridging truss and west of the 

west bridging truss. 
10 E A buckle in the steel deck was observed. The buckle was located 1 ft west of 

the center deck support angle and ran in a north–south direction. The length 
of the buckle spanned from the north truss to the south truss. 

12 E The steel deck was bowing downward between the bridging trusses and the 
center deck support angle. 

15 E & U A faint report was heard.  
16 E & U A faint report was heard.  
18 E & U Reports became slightly louder. There were three reports in a row, approx. 5 

seconds apart. 
22 E & U Reports continued and became slightly louder.  
22 E There was minor fall off of the SFRM on the top angle of the east bridging 

truss. The fall off was partial and did not result in bare steel being exposed. 
23 E & U Reports continued. 
30 E & U Reports continued. 
34 E Visual deformation of the top angles of bridging trusses was observed. 
36 E There was no visual buckling of the bridging truss web members. 
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Test 
Time, 
min 

Exposed (E) or 
Unexposed (U) 

Surface Observations 
40 E & U A large report was heard. Pronounced deck bow at the area noted in the 10 

min. observation. 
43 E The web members of the bridging trusses began to deform. 
46 E The steel deck continued to deform. 
48 E & U Reports continued. 

48.5 E & U A report was heard. 
50 E & U A report was heard. 

51.5 E & U A report was heard. 
53 E Visual deflection of the center deck support angle was observed. 
54 E & U A report was heard. 

56.5 E & U A report was heard. 
57 E & U Three reports in a row were heard, approx. 1 second apart. 

59.5 E & U A report was heard. 
60 E All SFRM remained in place besides what was previously noted on the 

bridging trusses. 
61 E & U A report was heard. 
63 E & U A report was heard. 
64 E & U A report was heard. 
72 E & U A report was heard. 
74 E 2 1/2 ft length of SFRM fell from the top angle of the east bridging truss. 
75 E & U A report was heard. 
78 E & U A report was heard. 
84 E & U A report was heard. 
108 E All SFRM remained on the main trusses. 
120 E All SFRM remained on the main trusses. 
130 E & U All observations were terminated due to safety precautions. 
146 E & U Gas off, fire test terminated. 

5.2.2 Data 

All data shown in the following figures (Figures 5–22 through 5–33) are unedited for the entire duration 
of the test.  However, not all of the data shown is reliable due to the limitations of the instrumentation, i.e. 
thermocouples, radiometers, and calorimeters.  Data may become unreliable past the rating period when 
structural events occur that can dislodge the instrumentation.  Also, protective insulation of the 
thermocouple wire may burn away, and the individual wires make contact with themselves and/or 
neighboring wires rendering the data unreliable. Appendix H gives a listing of the times that 
instrumentation failed to give reliable data, as determined by UL. 
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Figure 5–22.  Assembly No. 2 – average and maximum individual 
temperatures on north main truss. 
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Figure 5–26.  Assembly No. 2 – average and maximum individual 

temperatures on east bridging truss. 
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Figure 5–27.  Assembly No. 2 – average and maximum individual 

temperatures on unexposed surface. 
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Figure 5–28.  Assembly No. 2 – average temperatures on steel deck. 
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Figure 5–29.  Assembly No. 2 – bottom chord deflection measurements. 
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Figure 5–30.  Assembly No. 2 – temperatures of bottom chord deflection rods. 
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Figure 5–32.  Assembly No. 2 – additional instrumentation through west opening. 

 
Fire Resistance Testing of WTC Floor System

Assembly No. 2 
8/11/2004

East Plate TC and Aspirated TC

0

200

400

600

800

1000

1200

1400

1600

1800

2000

20 40 60 80 100 120 140 160

Time (Minutes)

Te
m

pe
ra

tu
re

 (d
eg

. F
)

E ASP TC 149

E PLATE TC 156

North

 
Figure 5–33.  Assembly No. 2 – additional instrumentation through east opening. 
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5.2.3 Post-Test Observations. 

Figure 5–34 shows the unexposed side of the floor assembly after all loading equipment had been 
removed (view looking east).  Numbers shown at the centerline and quarter points are vertical deflections 
after cooling.  All other numbers are reference dimensions as measured from the edge of the slab.  
Figures 5–35 through 5–37 are views of the underside of the test specimen, showing bulging of the metal 
deck, and deformations of the steel trusses after the test specimen had cooled and had been removed from 
the furnace. 

 
Source: NIST. 

Figure 5–34.  Unexposed surface of Assembly No. 2 after loading 
equipment was removed. 
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Source: NIST. 

Figure 5–35.  View of core end diagonal strut of north main truss 
on Assembly No. 2. 

 

 
Source: NIST. 

Figure 5–36.  South main truss of Assembly No. 2, looking east. 
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Source: NIST. 

Figure 5–37.  Intersection of east bridging and north main trusses on 
Assembly No. 2. 

5.3 FIRE TEST OF ASSEMBLY NO. 3 

The fire resistance test of Assembly No. 3 was conducted at the (ULC) facility on August 19, 2004 under 
the observation of representatives of Underwriters Laboratories Inc. and NIST. 

The relative humidity of the concrete slab met the requirements prescribed in ASTM E 119. 

5.3.1 Test Observations 

Table 5–3 presents observations that were recorded during the conduct of the tests.  All dimensions given 
are approximate since they were estimated by making observations through furnace viewports.  Times 
were generally recorded to the nearest one half minute.  The term “report” is used to describe a loud 
sound, which might be described as a “bang” or a “pop.”  Because these loud reports were often 
accompanied by observed movement of the metal deck and the dislodging of SFRM, it is assumed that 
the reports signaled explosive spalling of the concrete.  It was not possible to ascertain the exact location 
and extent of any spalling. 
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Table 5–3.  Test observations – Assembly No. 3. 
Test 

Time, 
Min 

Exposed (E) or 
Unexposed (U) 

Surface Observations 
5.5 E The steel desk buckled between the south bridging truss and the center deck 

support angle. 
8.5 E The steel desk buckled between the north bridging truss and the center deck 

support angle. 
10 E The north-south deck seam between the south bridging truss and the center 

deck support angle began to separate. 
14 E & U A minor report was hear and there was visual movement of the steel deck 

with fall off of the SFRM over-spray from the steel deck. 
16 E The center deck support angle was twisting. 
19 E & U A minor report was heard. 
21 E & U A minor report was heard. 

22.5 E & U Two minor reports were heard. 
23 E & U A minor report was heard. 
26 E & U Three minor reports were heard. 
27 E & U Two minor reports were heard. 
27 E The steel deck was becoming more deformed. 
31 E The third and forth vertical members north of center deck support angle on 

the west main truss appear to be bent. 
35 E & U A minor report was heard. 
55 U Hairline cracks were observed in the concrete surface on both the east and 

west sides of the assembly between the edges of the loading blocks and the 
edges of the test frame. The cracks were more pronounced on the east side. 

59 E Visual deflection was observed on the bridging trusses. 
60 E All of the SFRM remained in place. 
82 E & U A very large report was heard. Pieces on concrete fell to the lower part of the 

furnace area were observations were being observed. 
90 E All of the SFRM remained in place. 
92 E The bridging trusses were becoming deformed. The deformation of the steel 

deck was more pronounced. 
120 E No significant changes were observed besides increased deflection. All of the 

SFRM remained in place. 
140 E The SFRM had separated from the bottom chord of the north bridging truss 

but had not fallen to the furnace floor. 
152 E The area, approximately 8 inched long, described in the 140 min. observation 

fell to the furnace floor. 
180 E No significant changes were observed besides increased deflection. 
210 E No significant changes were observed. 

210.75 E & U Furnace fire extinguished. Fire test terminated. 
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5.3.2 Data 

All data shown in the following figures (Figures 5–38 through 5–49) are unedited for the entire duration 
of the test.  However, not all data shown is reliable due to the limitations of the instrumentation, i.e. 
thermocouples, radiometers, and calorimeters.  Data may become unreliable past the rating period when 
structural events occur that can dislodge the instrumentation.  Also, protective insulation of the 
thermocouple wire may burn away, and the individual wires make contact with themselves and/or 
neighboring wires rendering the data unreliable.  Appendix H gives a listing of the times that 
instrumentation failed to give reliable data, as determined by UL. 
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Figure 5–39.  Assembly No. 3 – average and maximum individual 

temperatures on east main truss. 
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Figure 5–40.  Assembly No. 3 – overall average and maximum individual 

temperatures on west and east main trusses. 
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Figure 5–41.  Assembly No. 3 – average and maximum individual 

temperatures on south bridging truss. 
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Figure 5–42.  Assembly No. 3 – average and maximum individual 

temperatures on north bridging truss. 
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Figure 5–43.  Assembly No. 3 – average and maximum individual 

temperatures on unexposed surface. 
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Figure 5–44.  Assembly No. 3 – average temperatures on steel deck. 
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Fire Resistance Testing of WTC Floor System
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Figure 5–47.  Assembly No. 3 – unexposed surface deflection measurements. 
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Figure 5–48.  Assembly No. 3 – additional instrumentation through south opening. 
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Fire Resistance Testing of WTC Floor System
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Figure 5–49.  Assembly No. 3 – additional instrumentation through north opening. 

5.3.3 Post-Test Observations 

Figure 5–50 shows the unexposed side of floor assembly No. 3 after all loading equipment had been 
removed (view looking north).  Numbers shown at the centerline and quarter points are vertical 
deflections after cooling.  All other numbers are reference dimensions as measured from the edge of the 
slab.  Figures 5–51 through 5–53 are additional views of the post-test condition of the test specimen. 

 

 
Source: NIST. 

Figure 5–50.  Unexposed surface of Assembly No. 3 after loading 
equipment was removed. 
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Source: NIST. 

Figure 5–51.  Detail of spalling concrete at north end of 
Assembly No. 3. 

 
Source: NIST. 

Figure 5–52.  View of column-end diagonal strut of west main truss 
on Assembly No. 3. 
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Source: NIST. 

Figure 5–53.  Intersection of north bridging and west main truss 
on Assembly 3. 

5.4 FIRE TEST OF ASSEMBLY NO. 4 

The fire resistance test of Assembly No. 4 was conducted at the UL Northbrook facility (ULN) on August 
25, 2004 under the observation of representatives of Underwriters Laboratories Inc., and NIST. 

The relative humidity of the concrete slab met the requirements prescribed in ASTM E 119. 

5.4.1 Test Observations 

Table 5–4 presents observations that were recorded during the conduct of the test.  All dimensions given 
are approximate since they were estimated by making observations through furnace viewports.  Times 
were generally recorded to the nearest one quarter minute.  The term “report” is used to describe a loud 
sound, which might be described as a “bang” or a “pop.”  Because these loud reports were often 
accompanied by observed movement of the metal deck and the dislodging of SFRM, it is assumed that 
the reports signaled explosive spalling of the concrete.  It was not possible to ascertain the exact location 
and extent of any spalling.  After the concrete spalling at approximately 55 minutes, ceramic fiber 
insulation was placed over the opening in the concrete to protect the hydraulic loading equipment from 
the heat escaping the furnace, thereby, allowing the test to continue. 
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Table 5–4.  Test observations – Assembly No. 4. 
Test 

Time, 
Min 

Exposed (E) or 
Unexposed (U) 

Surface Observations 
4.25 E Slight buckling of the steel deck was observed near the bridging trusses. The 

buckling was more pronounced near the north bridging truss. 
7 E There was heavy deck buckling in a east-west direction 1 ft south of the 

center deck support angle. 
8 E The center deck support angle was bowing towards the north. 

9.5 E The finish on the bridging trusses was peeling away. 
14 E/U A minor report was heard. 

14.75 E/U Two minor reports were heard approximately 1 second apart. 
15.5 E/U Two minor reports were heard approximately 1 second apart. 

15.75 E/U A report was heard. 
16 E The reports were becoming louder and more frequent. 

17.5 E Over spray of the SFRM on the steel deck was falling from the assembly. 
18.25 E The top chord of the south bridging truss was becoming deformed. 

20 E/U The reports were becoming less frequent and louder.  
20.5 E The steel deck became heavily deformed south of the center deck support 

angle. 
22 E/U The reports were more frequent. 
23 E/U A loud report was heard. 

24.75 E The top chord of the north bridging truss was becoming deformed. 
31.5 E The reports were becoming less frequent. 

35.75 E The SFRM became darker in color. 
41 E/U A report was heard. It was the first one since the 31.5 minute observation. 
42 E/U A loud report was heard. 

44.75 E/U Three reports were heard approximately 1 second apart. 
48.5 E/U A loud report was heard. 
51 E/U A very loud report was heard. 
51 E Visible steel deck deflection between the center deck support angles and the 

bridging trusses. 
54 E The bridging trusses were bowing downward near their centers. 

55.25 E/U A very loud report was heard. Pieces on concrete fell to the lower part of the 
furnace area were observations were being observed. 

56 E The center deck span west of the west main truss was bowing downward past 
the lower chord of the main truss.  

60 E All of the SFRM on the main trusses remained in place. 
60.25 E The center deck support angle was twisting where it interfaced with the main 

trusses. 
73 E Visual deck deflection near the center of the assembly continued. 
88 E/U No reports were heard since the 55.25 minute observation. 
90 E All of the SFRM on the main trusses remained in place. 
110 E A minor report was heard. 
120 E All of the SFRM on the main trusses remained in place. 
120 E/U Furnace Fire extinguished at the request of the submitter. 
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5.4.2 Data 

All data shown in the following figures (Figures 5–54 through 5–65) are unedited for the entire duration 
of the test.  However, not all data shown is reliable due to the limitations of the instrumentation, i.e. 
thermocouples, radiometers, and calorimeters.  Data may become unreliable past the rating period when 
structural events occur that can dislodge the instrumentation.  Also, protective insulation of the 
thermocouple wire may burn away, and the individual wires make contact with themselves and/or 
neighboring wires rendering the data unreliable.  Appendix H gives a listing of the times that 
instrumentation failed to give reliable data, as determined by UL. 
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Figure 5–54.  Assembly No. 4 – average and maximum individual 

temperatures on west main truss. 
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Fire Resistance Testing of WTC Floor System
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Figure 5–55.  Assembly No. 4 – average and maximum individual 

temperatures on east main truss. 
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Figure 5–56.  Assembly No. 4 – overall average and maximum individual 

temperatures on west and east main trusses. 
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Fire Resistance Testing of WTC Floor System
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Figure 5–57.  Assembly No. 4 – average and maximum individual 

temperatures on south bridging truss. 
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Figure 5–58.  Assembly No. 4 – average and maximum individual 

temperatures on south bridging truss. 
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Fire Resistance Testing of WTC Floor System
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Figure 5–59.  Assembly No. 4 – average and maximum individual 

temperatures on unexposed surface. 
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Figure 5–60.  Assembly No. 4 – average temperatures on steel deck. 
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Fire Resistance Testing of WTC Floor System
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Figure 5–61.  Assembly No. 4 – bottom chord deflection measurements. 
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Figure 5–62.  Assembly No. 4 – temperatures of bottom chord deflection rods. 
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Fire Resistance Testing of WTC Floor System
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Figure 5–63.  Assembly No. 4 – unexposed surface deflection 

measurements. 
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Figure 5–64.  Assembly No. 4 – additional instrumentation through south 

opening. 
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Fire Resistance Testing of WTC Floor System
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Figure 5–65.  Assembly No. 4 – additional instrumentation through north opening. 

5.4.3  Post-Test Observations 

Figure 5–66 shows the unexposed side of the assembly after all loading equipment was removed (view 
looking north).  Numbers shown at the centerline and quarter points are vertical deflections after cooling.  
All other numbers are reference dimensions as measured from the edge of the slab.  Figures 5–67 through 
5–70 are additional views of the post-test condition of the test specimen. 

 
Source: NIST. 

Figure 5–66.  Unexposed surface of Assembly No. 4 after loading 
equipment was removed. 
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Source: NIST. 

Figure 5–67.  Unexposed surface of Assembly No. 4, view of concrete 
spalling on west side of assembly. 

 
Source: NIST. 

Figure 5–68.  Unexposed surface of Assembly No. 4, close-up of 
concrete spalling on west side of assembly. 
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Source: NIST. 

Figure 5–69.  Intersection of north bridging and west main truss 
on Assembly 4. 

 
Source: NIST. 

Figure 5–70.  View looking north of south bridging truss at location  
where concrete spalling occurred on Assembly 4. 
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5.5 FIRE RESISTANCE RATINGS 

All four fire resistance tests were conducted for as long as practical to obtain as much information as 
possible.  As such, the tests were not stopped when the first end-point criteria was reached.  Rather, the 
tests were continued until it was determined that collapse of the test specimen was imminent or until 
instrumentation critical to the determination of safe continuation of the test had failed to provide reliable 
readings.  Additionally, excessive deflection of the floor system would sometimes contact and damage 
furnace instrumentation making it impractical to continue the test. 

5.5.1 Test Assembly No. 1  

Assembly No. 1 was fire tested on August 7, 2004 in accordance with ASTM E 119-61 and ASTM 
E 119-00a.  The test was continued for 116 minutes and terminated when collapse of the assembly was 
imminent.  The main trusses reached a maximum individual temperature of 1,300 oF (704 oC) (at 
thermocouple No. 18), as defined in Paragraph 32.1.3 of ASTM E 119-00a, at 62 min.  The average 
limiting temperature of 1,100 oF (593 oC), as defined in Paragraph 32.1.3 of ASTM E 119, was reached at 
66 minutes at section E.  The unexposed surface temperatures exceeded the maximum individual 
requirement of 325 oF (163 oC) rise over ambient temperatures as defined in Paragraphs 7.4 and 32.1.2 of 
ASTM E 119-00a at 111 minutes.  For safety reasons, access to the top of the floor assembly was not 
permitted during the test and, consequently, testing for unexposed surface conditions that would ignite 
cotton waste was not done. 

5.5.2 Test Assembly No. 2  

Assembly No. 2 was fire tested on August 11, 2004 in accordance with ASTM E 119-61 and ASTM 
E 119-00a.  The test was continued for 146 minutes and terminated when the vertical deflection of the 
assembly exceeded the capability of the instrumentation to accurately measure the deflection at the center 
of the test assembly.  The main trusses reached maximum individual temperature of 1,300 oF (704 oC) at 
62 minutes.  The average limiting temperature of 1,100 oF (593 oC) was reached at 76 minutes at 
Section C.  Neither the maximum or average unexposed surface temperatures were exceeded throughout 
the duration of the fire test. As described for the test of Assembly No. 1, testing for unexposed surface 
conditions that would ignite cotton waste was not done. 

5.5.3 Test Assembly No. 3  

Assembly No. 3 was fire tested on August 19, 2004 in accordance with ASTM E 119-61 and 
ASTM E 119-00a.  The test was continued for 210 minutes and terminated when the vertical deflection of 
the assembly exceeded the capability of the instrumentation to accurately measure the deflection at the 
center of the test assembly.  The main trusses reached a maximum individual temperature of 1,300 oF 
(704 oC) at 80 minutes.  The average limiting temperature of 1,100 oF (593 oC) was reached at 86 minutes 
at Section F.  The unexposed surface temperatures exceeded the maximum individual temperature 
requirement of 325 oF (163 oC) rise over ambient temperature at 157 min.  The average temperature of the 
unexposed surface limit was reached at 180 minutes.  Since the top of the floor assembly was loaded with 
concrete block , water containers, and hydraulic actuators, access to most of the concrete surface was 
limited and testing for unexposed surface conditions that would ignite cotton waste was not done. 
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5.5.4 Test Assembly No. 4  

Assembly No. 4 was fire tested on August 25, 2004 in accordance with ASTM E 119-61 and 
ASTM E 119-00a.  The test was continued for 120 minutes and terminated when collapse of the assembly 
was imminent.  The main trusses reached a maximum individual temperature of 1,300 oF (704 oC) at 
58 minutes.  The average limiting temperature of 1,100 oF (593 oC) was reached at 66 minutes at 
Section B.  The unexposed surface temperatures exceeded the maximum individual requirement of 325 oF 
(163 oC) rise over ambient temperatures at 58 minutes.  As described for the test of Assembly No. 3, 
testing for unexposed surface conditions that would ignite cotton waste was not done. 

5.5.5 Summary Table  

Based on the results of the fire tests, assemblies 1 through 4 achieved the hourly ratings shown in 
Table 5–5. 
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Table 5–5.  Times to reach ASTM E 119 end-point criteria and ASTM E 119 hourly ratings. 
 

Times to Reach End-Point Criteria (min) 

 

Standard Fire Test Rating  
(hr) 

Temperature on 
Unexposed Surface Steel Temperatures ASTM 

E 119-61 ASTM E 119-00 

Test Description 

Average 
(Ambient 
+250ºF) 

Maximum 
(Ambient 
+325ºF) 

Average 
(1100ºF) 

Maximum 
(1300ºF) 

Failure to 
Support 

Load 

Test 
Terminated 

(min) 

Rating Restrained 
Rating 

Unrestrained 
Rating 

1 
35 ft 
restrained 
¾ in SFRM 

--- 
111 

(see Fig. 5-6) 

66 

(see Fig. 5-1) 

62 

(see Fig. 5-1) 
(3) 116(1) 1½ 1½ 1 

2 35 ft unrestrained 
¾ in SFRM --- --- 

76 

(Fig. 5-20) 

62 

(Fig. 5-20) 
(3) 146(2) 2 --- 2 

3 
17 ft 
restrained 
¾ in SFRM 

180 

(see Fig. 5-41) 

157 

(Fig. 5-41) 

86 

(Fig. 5-36) 

76 

(Fig. 5-36) 
(3) 210(2) 2 2 1 

4 
17 ft 
restrained 
½  in SFRM 

--- 
58 

(Fig. 5-57) 

66 

(Fig. 5-52) 

58 

(Fig. 5-52) 
(3) 120(1) ¾ ¾ ¾ 

 
Notes: (1)  Test terminated due to imminent collapse 
  (2)  Test terminated when vertical displacement exceeded capability to measure accurately 
  (3) Did not occur 
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Chapter 6 
DISCUSSION OF RESULTS 

6.1 COMPARISON OF RESULTS 

Results of the four fire resistance tests are compared in this section.  First, it is useful to compare the fire 
environment for all four tests.  The ASTM E 119 Standard requires that the prescribed time-temperature 
relationship be followed as determined by the average of individual temperature measurements within the 
furnace.  For the tests conducted here, additional instrumentation was installed to characterize the thermal 
environment and, in particular, the exposure at different locations relative to the floor assembly.  Lastly, 
the performance of the floor assembly, as evidenced by temperatures on the unexposed side of the floor 
slab, temperatures of the steel trusses, and by the deflections of the slabs and supporting steel members, is 
presented. 

6.1.1 Furnace Control Temperatures 

The average furnace temperatures during all four tests and the target time-temperature relationship 
prescribed by ASTM E 119 are shown in Fig. 6–1.  It is seen that the average furnace control 
temperatures were very similar and indeed met the requirements of ASTM E 119.   
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Figure 6–1.  Comparison of average furnace control temperatures. 
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6.1.2 Furnace Thermal Environment 

Additional instrumentation was included in all four tests to further characterize the thermal environment 
of the exposing fire.  Aspirated thermocouples, plate thermocouples and radiometers were located at the 
underside of the metal deck and at the elevation of the bottom chord and recordings were made 
throughout the duration of the tests. 

Plate Thermocouple Measurements 

Figures 6–2 and 6–3 show temperatures recorded by the plate thermocouples for Test No. 2 (ULC 
furnace) and Test No. 4 (ULN furnace).  Temperatures recorded at the bottom chord are presented in 
Fig. 6–2, and those recorded at the underside of the metal deck are shown in Fig. 6–3.  These two plots 
show that temperatures measured at two locations are very similar between the two furnaces.  Note that 
the plate TC at the metal deck in Test 4 (ULN) gave unreliable data after approximately 50 min.  This 
time is consistent with observations of very loud report and visible steel deck deflection recorded at 51 
min (see Table 5–4).  This plate TC was dislodged from its initial position, relative to the metal deck, and 
readings beyond 50 min cannot be interpreted. 

 

Fire Resistance Testing of WTC Floor System
Plate Thermocouple Comparison

UL Restrained Assembly (Test 4) and ULC Unrestrained Assembly (Test 2)

200

400

600

800

1000

1200

1400

1600

1800

2000

0 20 40 60 80 100 120 140 160

Time (minutes)

Te
m

pe
ra

tu
re

 (d
eg

. F
)

Test 4 Plate TC at Bottom Chord
Test 2 Plate TC at Bottom Chord

 
Figure 6–2.  Temperatures measured at the bottom chord by the plate thermocouple 

in the ULC furnace (Test No. 2) and ULN furnace (Test No. 4). 

 

 



Discussion of Results 

NIST NCSTAR 1-6B, WTC Investigation  99 

Fire Resistance Testing of WTC Floor System
Plate Thermocouple Comparison
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Figure 6–3.  Temperatures measured at the underside of the metal deck by the plate 

thermocouple at the ULC furnace (Test No. 2) and ULN furnace (Test No. 4). 

Radiometer Measurements 

Thermal radiation is the dominant mode of heat transfer from the furnace to the test specimen.  Hence, 
heat flux measured by radiometers should provide a better indication of how quickly a specimen will heat 
up than temperature of the surrounding gas as measured by furnace control thermocouples.  Comparing 
the radiant flux measured in the larger (ULC) furnace (see Figs. 5–11 and 5–12) to the radiant heat flux 
measured in the smaller (ULN) furnace (see Figs. 5–48, 5–49, and 5–65), one observes that smaller 
furnace produced a radiant heat flux somewhat higher than the larger furnace, in spite of the fact that the 
temperatures used to control both furnaces followed the ASTM E 119 time-temperature curve (Fig. 6–1).  
Comparison of overall average temperatures of the main trusses, protected with 3/4 in. fireproofing (see 
Figs. 5–3, 5–24, and 5–40) indicates that, at 60 minutes, average steel temperatures are on the order of 
700 oF to 800 oF for all three test specimens (furnace temperature at 60 min is prescribed to be 1700 oF). 

The above observations are based on a limited number of measurements, and, for Test No. 2, there were 
no radiometer readings due to damage to the radiometers in Test No. 1.  In addition, factors such as heat 
loss must also be taken into account when comparing differences in furnace exposures to assess 
reproducibility of test results. 
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6.1.3 Steel Temperatures 

Steel temperatures were recorded at several locations on the main and bridging trusses.  Average 
temperatures of the bottom chord, web diagonal, and top chord are presented here. 

Figure 6–4 shows a comparison of the average temperature of the bottom chord for the three tests in 
which the thickness of the SFRM was ¾ in.  Temperatures are seen to be very comparable up to about 
75 min, which is around the time when SFRM began to dislodge.   
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Figure 6–4.  Average temperatures of the bottom chord for Test Nos. 1, 2, and 3 

(3/4 in. thick SFRM). 
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Figure 6–5 presents a comparison of temperatures of the truss web diagonals for the three tests in which 
the thickness of the SFRM was ¾ in.   The web temperatures for the two full-scale tests (35 ft span 
assemblies) were greater than those for the reduced-scale test (17 ft span assembly) after about 15 min.  
The reason for this difference is not clear but is possibly due to the relationship between the SFRM 
thickness and scale of the steel trusses.  Comparison of Figs. 5–35 and 5–53 illustrates the difference in 
the buildup of SFRM at the intersections of the webs and chord members between the full- and reduced-
scale test specimens, which may affect the rate of heating of the truss web diagonals.  These results 
illustrate that thermal scaling is an issue that needs to be addressed. 
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Figure 6–5.  Average temperature of web diagonals for Test Nos. 1, 2, and 3 

(3/4 in. thick SFRM). 
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The average temperature of the top chord is plotted in Figure 6–6 for the three test assemblies with ¾ in. 
of SFRM.  The average top chord temperature for the two full-scale tests (35 ft span test assemblies) was 
greater than the average temperature recorded for the reduced-scale test (17 ft span assembly) after about 
50 min.  Because of the comparatively abrupt changes in average temperature beginning around 50 min, 
the difference may be explained by sudden changes such as the onset of spalling of concrete and attendant 
loss of fire protection.  However, since the steel temperatures in the reduced-scale test generally tend to 
be lower than in the full-scale test, this trend may be explained by a scale-related factor such as the 
difference in the buildup of SFRM affecting the rate of heating of the steel as noted above.  Further, it is 
possible that the overspray on the metal deck was greater for test Specimen No. 3 than for the other two 
tests since the lower chord is closer to the metal deck.  This, too, would be a geometrical scaling effect. 
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Figure 6–6.  Average temperature of the top chord for Test Nos. 1, 2, and 3 

(3/4 in. thick SFRM). 
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Average temperature of the bottom chord at Section C (center of west truss) for Test No. 3 (¾ in. thick 
SFRM) and Test No. 4 (½ in. thick SFRM) is plotted in Fig. 6–7.  As expected, the steel temperatures for 
the specimen with ½ in. of SFRM were higher than those for the specimen with ¾ in. of SFRM.  Here, the 
same furnace (ULN) was used for the comparison.  
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Figure 6–7.  Average temperature of the bottom chord for Test No. 3 (3/4 in. 

thick SFRM) and No. 4 (1/2 in. thick SFRM). 
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6.1.4 Unexposed Surface Temperatures 

The temperature of the unexposed surface of the floor assemblies is plotted in Fig 6–8.  It is observed that 
the unexposed surface temperatures of all four test assemblies were similar prior to the onset of 
significant concrete spalling at around 50 min.  In Test 4, the surface-mounted TC on the west edge near 
the center of the span was affected by the explosive failure of the slab and recorded hot gas temperatures. 
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Figure 6–8.  Average temperature of the unexposed surface for all four tests. 

6.1.5 Deflections of Floor Assembly 

The following plots show the vertical deflection measured at the center of each assembly.  Figure 6–9 
shows the deflection, while Fig. 6–10 shows a plot of the deflection normalized by the span. It is seen that 
test Assembly No. 1 experienced a significant increase in vertical deflection at 49 min, which corresponds 
directly to a loud report and visible deflection noted in the test observations.  Figure 5–13 shows the 
damage to the top side of the concrete slab that occurred with the sudden increases in deflection.  The 
normalized curves show good agreement throughout the duration of the tests. 
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Figure 6–9.  Deflection measured at the center of each assembly. 
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Figure 6–10.  Deflection measured at the center of each assembly 

divided by the span. 

6.2 OBSERVATIONS 

Several observations can be made from the results presented in Chapter 5 for each test, the summary table 
of hourly ratings (Table 5–5), and the comparisons discussed above. 

• The test assemblies were able to withstand standard fire conditions for between ¾ h and 2 h 
without exceeding the limits prescribed by ASTM E 119. 
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• Test specimens protected with ¾ in. thick sprayed fire-resistive material were able to sustain 
the maximum design load for approximately 2 hours (the minimum was 116 min) without 
collapsing; in the reduced-scale restrained test, the load was maintained for 3½ h (210 min) 
without collapsing.   

• The restrained full-scale floor system obtained a fire resistance rating of 1½ h while the 
unrestrained floor system achieved a 2 h rating.  Past experience with the ASTM E 119 test 
method would lead investigators to expect that the unrestrained floor assembly would not 
perform as well as the restrained assembly, and therefore, would receive a lower fire rating. 

• A fire rating of 2 h was determined from the reduced-scale restrained test with the average 
applied SFRM thickness of ¾ in., while a fire rating of 1½ h was determined from the full-
scale restrained test with the same SFRM thickness. 

• The result stated above raises the question of whether or not a fire rating based on the 
ASTM E 119 performance of a 17 ft span floor assembly is scalable to a larger floor system 
such as that found in the WTC towers where spans ranged from 35 ft to 60 ft. 

• A fire rating of ¾ h was determined from the reduced-scale restrained test with the specified 
SFRM thickness of ½ in. 

6.3 AREAS OF FURTHER STUDY 

The NIST tests have identified areas where further study related to the Standard Fire Resistance Test 
method may be warranted.  The issues related to the test method that NIST considered in formulating its 
recommendations include:  

• Criteria for determining structural limit states, including failure, and means for measurement 

• Scale of test assembly versus prototype application 

• Effect of end restraint conditions (restrained and unrestrained) on test results, including the 
influence of stiffness 

• Structural connections (not currently addressed in ASTM E 119) 

• Combination of loading and exposure (temperature profile) adequately represent expected 
conditions 

• Procedures to analyze and evaluate data from fire resistance tests of other building 
components and assemblies to qualify an untested building element 

• Repeatability of test results (single test currently defines rating for system) 

• Reproducibility of heat flux environment between different furnaces and laboratories. 

• Relationships between prescriptive ratings and performance of the assembly in realistic 
building fires. 
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Test 1

Test Time 
(min) Location Unreliable Data

0 Unexposed Surface Thermocouple 133
1 Bottom Chord Deflection Deflection 11
1 West Instrumentation Plate Thermocouple
15 Steel Deck Thermocouple 123
18 Steel Deck Thermocouple 126
20 Steel Deck Thermocouple 122
21 West Instrumentation Radiometer Thermocouple
23 West Instrumentation Radiometer
27 East Instrumentation Radiometer Thermocouple
28 Steel Deck Section C-C
32 Steel Deck Section A-A
39 East Instrumentation Radiometer
50 Unexposed Surface Thermocouple 145
52 West Instrumentation Aspirated Thermocouple
68 North Main Truss Thermocouple 40
68 North Main Truss Thermocouple 18
68 North Main Truss Thermocouple 19
68 North Main Truss Thermocouple 2
68 North Main Truss Thermocouple 32
68 North Main Truss Thermocouple 8
69 North Main Truss Thermocouple 3
69 North Main Truss Thermocouple 72
70 North Main Truss Section A-A
70 Unexposed Surface Thermocouple 139
72 North Main Truss Thermocouple 33
73 North Main Truss Thermocouple 17
73 East Bridging Truss Thermocouple 95
74 North Main Truss Thermocouple 36
76 North Main Truss Section E-E
78 Bottom Chord Deflection Deflection 14
78 Steel Deck Thermocouple 131
79 South Main Truss Section B-B
82 North Main Truss Thermocouple 35
83 West Bridging Truss Thermocouple 90
84 South Main Truss Thermocouple 13
86 South Main Truss Thermocouple 11
86 South Main Truss Thermocouple 14
87 South Main Truss Thermocouple 15
87 South Main Truss Thermocouple 12
87 South Main Truss Thermocouple 16
87 South Main Truss Thermocouple 10
89 Unexposed Surface Deflection Deflection 1
89 Unexposed Surface Deflection Deflection 3
90 South Main Truss Thermocouple 9
90 East Bridging Truss Thermocouple 94
90 Steel Deck Thermocouple 132
93 Bottom Chord Deflection Deflection 15



Test Time 
(min) Location Unreliable Data

94 North Main Truss Thermocouple 22
94 North Main Truss Thermocouple 20
95 North Main Truss Section C-C
96 Unexposed Surface Deflection Deflection 4
96 Unexposed Surface Deflection Deflection 6
100 Bottom Chord Deflection Deflection 13
102 Steel Deck Thermocouple 121
103 North Main Truss Thermocouple 6
108 Unexposed Surface Deflection Deflection 5
108 Unexposed Surface Deflection Deflection 2
111 South Main Truss Thermocouple 84
111 Bottom Chord Deflection Deflection 10
111 Bottom Chord Deflection Deflection 12
111 Steel Deck Thermocouple 125
111 Unexposed Surface Thermocouple 144
111 Unexposed Surface Thermocouple 140
111 Unexposed Surface Thermocouple 141
112 Unexposed Surface Thermocouple 138
114 Unexposed Surface Thermocouple 134



Test 2

Test Time 
(min) Location Unreliable Data

0 Steel Deck Thermocouple 129
0 Steel Deck Thermocouple 123
0 Steel Deck Thermocouple 124
0 Steel Deck Thermocouple 131
4 Steel Deck Thermocouple 121
18 Steel Deck Thermocouple 127
21 Steel Deck Thermocouple 125
32 South Main Truss Thermocouple 31
40 North Main Truss Thermocouple 17
43 West Bridging Truss Thermocouple 99
43 West Bridging Truss Section C-C
43 West Instrumentation Aspirated Thermocouple
46 South Main Truss Thermocouple 30
46 Bottom Chord Deflection Deflection 15
49 Steel Deck Thermocouple 132
65 Steel Deck Thermocouple 122
73 Steel Deck Thermocouple 130
74 Unexposed Surface Deflection Deflection 6
77 Steel Deck Thermocouple 128
82 Unexposed Surface Deflection Deflection 1
82 Unexposed Surface Deflection Deflection 2
83 Bottom Chord Deflection Deflection 11
84 Unexposed Surface Deflection Deflection 5
87 North Main Truss Thermocouple 18
87 North Main Truss Thermocouple 23
88 North Main Truss Thermocouple 20
88 North Main Truss Thermocouple 24
93 East Instrumentation Aspirated Thermocouple
96 West Bridging Truss Thermocouple 92
105 Bottom Chord Deflection Deflection 14
107 Unexposed Surface Thermocouple 137
109 South Main Truss Thermocouple 62
110 North Main Truss Thermocouple 21
110 Unexposed Surface Deflection Deflection 7
110 Unexposed Surface Deflection Deflection 3
110 Unexposed Surface Deflection Deflection 4
112 West Bridging Truss Thermocouple 120
113 East Bridging Truss Thermocouple 96
113 East Bridging Truss Section A-A
114 Bottom Chord Deflection Deflection 13
116 East Bridging Truss Thermocouple 116
119 East Bridging Truss Thermocouple 95
121 Steel Deck Thermocouple 126
122 East Bridging Truss Thermocouple 93
124 East Bridging Truss Thermocouple 103
128 North Main Truss Thermocouple 7
128 North Main Truss Thermocouple 39



Test Time 
(min) Location Unreliable Data

128 North Main Truss Thermocouple 34
128 North Main Truss Thermocouple 38
128 West Bridging Truss Thermocouple 112
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Test Time 
(min) Location Unreliable Data

0 East Main Truss Thermocouple 58
1 Steel Deck Thermocouple 126
1 Steel Deck Thermocouple 127
1 North Instrumentation Aspirated Thermocouple
2 Steel Deck Thermocouple 128
2 Steel Deck Thermocouple 125
8 Steel Deck Thermocouple 129
19 Steel Deck Thermocouple 132
71 East Main Truss Thermocouple 37
72 North Instrumentation Calorimeter
83 Unexposed Surface Deflection Deflection 7
83 Bottom Chord Deflection Deflection 14
84 Unexposed Surface Thermocouple 142
85 Steel Deck Thermocouple 121
87 Unexposed Surface Thermocouple 143
90 West Main Truss Thermocouple 13
95 West Main Truss Thermocouple 46
95 West Main Truss Thermocouple 48
96 West Main Truss Thermocouple 44
96 West Main Truss Thermocouple 42
100 West Main Truss Thermocouple45
100 West Main Truss Thermocouple 47
100 East Main Truss Thermocouple 17
101 North Bridging Truss Thermocouple 93
101 North Bridging Truss Section B-B
101 North Bridging Truss Thermocouple 96
101 North Bridging Truss Thermocouple 95
105 Unexposed Surface Thermocouple 134
107 North Bridging Truss Thermocouple 116
111 East Main Truss Thermocouple 33
111 East Main Truss Thermocouple 36
115 West Main Truss Thermocouple 59
115 East Main Truss Thermocouple 76
115 East Main Truss Section E-E
116 Unexposed Surface Thermocouple 140
132 Unexposed Surface Thermocouple 139
140 North Bridging Truss Thermocouple 104
141 North Bridging Truss Thermocouple 103
141 North Bridging Truss Section D-D
165 South Bridging Truss Thermocouple 91
165 South Bridging Truss Section A-A
167 South Bridging Truss Thermocouple 92
171 South Bridging Truss Thermocouple 99
171 South Bridging Truss Section C-C
175 South Bridging Truss Thermocouple 100
175 South Bridging Truss Thermocouple 119
181 South Bridging Truss Thermocouple 120



Test Time 
(min) Location Unreliable Data

182 North Bridging Truss Thermocouple 115
191 North Bridging Truss Thermocouple 94
193 South Bridging Truss Thermocouple 112
193 South Bridging Truss Section F-F
194 South Bridging Truss Thermocouple 110
195 West Main Truss Thermocouple 43
196 West Main Truss Thermocouple 67
202 North Bridging Truss Section E-E
202 North Bridging Truss Thermocouple 108
206 South Bridging Truss Thermocouple 90



Test 4

Test Time 
(min) Location Unreliable Data

0 East Main Truss TC 58
0 East Main Truss TC 40
0 East Main Truss TC 39
0 East Main Truss TC 38
0 East Main Truss TC 37
1 East Main Truss TC 6
1 Unexposed Surface TC 143
10 South Instrumentation Radiometer
22 East Main Truss TC 51
51 Steel Deck TC 121
51 Steel Deck TC 122
51 Steel Deck TC 123
51 Steel Deck TC 124
51 Steel Deck TC 125
51 Steel Deck TC 126
51 Steel Deck TC 127
51 Steel Deck TC 128
51 Steel Deck TC 129
51 Steel Deck TC 130
51 Steel Deck TC 131
51 Steel Deck TC 132
51 South Instrumentation Aspirated Thermocouple
51 South Instrumentation Plate Thermocouple
52 Bottom Chord Deflection Deflection 12
52 Bottom Chord Deflection Deflection 11
52 Unexposed Surface Deflection Deflection 5
63 Unexposed Surface TC 144
88 East Main Truss TC 70
89 East Main Truss TC 1
97 East Main Truss TC 5
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Appendix I 
UNITS CONVERSIONS 

U.S. Customary Units to S. I. units 

°F = °C ×(9/5)+32 

1 in. = 25.4 mm 

1 in.2  = 645.2 mm2 

1 ft = 0.3048 m 

1 ft2  = 0.0929 m2 

1 lb = 4.448 N 

1 kip = 4.448 kN 

1 fb/ft = 14.59 kN/m 

1 psi  =  0.006895 N/mm2 or 0.006895 MPa 

1 ksi = 6.895 MPa 

1 psf =  0.04788 kN/m2 

1 pcf = 0.1571 kN/m3 

1 BTU/s = 1.055 kW 

1 BTU/s/ft2 = 11.357 kW/m2 
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S. I. Units to U. S. Customary Units 

°C = (°F-32) × (5/9) 

1 mm = 0.0394 in. 

1 m = 3.281 ft 

1 MPa  =  145.0 psi 

1 kN/m2 = 20.88 lb/ft2 (psf) 

1 kW = 0.948 BTU/s 

1 kW/m2 = 0.088 BTU/s/ft2 

  

Table I–1. Temperature conversions. 
°F °C 
70 21 

100 38 
200 93 
300 149 
400 204 
500 260 
600 316 
700 371 
800 427 
900 482 
1000 538 
1100 593 
1200 649 
1300 704 
1400 760 
1500 816 
1600 871 
1700 927 
1800 982 
1900 1038 
2000 1093 
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ABSTRACT 

Simpson Gumpertz & Heger, Inc. (SGH) developed finite element models of the components, 
connections and subsystems of the World Trade Center (WTC) towers to study their structural 
performance in the fire environment that followed the aircraft impact to the towers.  The results of this 
study were used to develop global models that captured with numerical efficiency the important failure 
modes and sequential failures of components and subsystems and to determine the probable sequence of 
structural responses that let to the global collapse initiation.  The study was conducted as part of the 
investigation on the WTC disaster by the National Institute of Standards and Technology (NIST). 

The structural response to the fire environment was established by hand calculations and finite element 
analyses (FEA) for: connections including interior and exterior truss seats, knuckles, column splices, and 
spandrel splices; components including a section of the floor system, including concrete slab and a single 
truss and a single column, and subsystems including full floors and a section exterior wall.  The key 
structural responses, failure modes, and failure loads were identified.   

The finite element models, developed in ANSYS, captured the nonlinear responses of the connections, 
components, and subsystems, including temperature-dependent material properties such as thermal 
expansion, plasticity and creep of metals, large deflection and the resulting instability, and failure modes 
of members and connections, modeled by break elements developed for this purpose.  The models were 
subjected to gravity and thermal loads.  Construction sequence was included in component models.  NIST 
provided temperature-dependent nonlinear material properties, aircraft impact damage to structural 
members, and temperature time histories of structural elements for subsystems, which were used as input 
in this study.  

The nonlinear analysis of a section of floor system, including break elements that represented the 
structural performance of interior and exterior truss seats and knuckles, showed that the floor sagged 
when subjected to high temperatures beyond 600 ˚C; the main cause of the floor sagging was buckling of 
truss web diagonals.  The sagging floors pulled in the exterior walls.  Floor/wall disconnections occurred 
by the truss walking off their seats after failure of all horizontal connections between the floor and the 
exterior wall, or by the vertical shear failure of the truss seat, as its capacity was reduced by heat.   

The column analysis showed that exterior columns spanning a single floor at low temperatures were 
susceptible to premature buckling initiated by local buckling of plates with rapid reduction of load 
carrying capacity in the post-buckling regime.  This failure mode did not exist when the column was 
spanning more than one floor or was at high temperatures.  

The nonlinear model of the full floor system was developed in ANSYS by converting the existing linear 
SAP2000 model and by modifying the model to capture the failure modes and the failure loads calculated 
in the study of components in the fire environment and to enhance computational efficiency.  The 
enhancement was achieved for example by combining double trusses into a single truss to enhance 
computational efficiency.  The model was subjected to the gravity loads and the temperature time 
histories provided by NIST.  The results of analyses performed for all floors with thermal loads showed 
that the key structural responses of the floors under fire were 1) floor sagging resulting in pull-in forces 
between the floor and the exterior wall, and 2) disconnections of the floors from the exterior walls. 
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A nonlinear model of a section of the exterior wall subsystem consisting of nine floors in height and nine 
columns in width was developed, including large deflection and inelastic buckling of columns and 
spandrels and failure of their splices.  The model was subjected to gravity loads, including the column 
loads and NIST provided temperature time histories.  The results of the analyses showed that instability of 
the wall system did not occur when the wall was braced at every floor or when the floor did not restrain 
the out-of-plane motion of the exterior wall for up to three floors.  Bowing and buckling occurred when 
the wall was subjected to increased column loads or to floor/wall pull-in forces.  Furthermore, the exterior 
column splice failure was rare and occurred by opening of the splices in bending; only in one case was 
sliding experienced without bolt failure at high temperatures and high vertical loads.  Large deformation 
and buckling of spandrels and partial separations of the spandrel splices were also found in the analysis, 
but they did not significantly affect the stability of the exterior columns. 

Keywords: Collapse, creep, large deflection, nonlinear finite element analysis, plasticity, structural 
response to damage, structural response to fire, stability, World Trade Center. 
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PREFACE 

Genesis of This Investigation 

Immediately following the terrorist attack on the World Trade Center (WTC) on September 11, 2001, the 
Federal Emergency Management Agency (FEMA) and the American Society of Civil Engineers began 
planning a building performance study of the disaster.  The week of October 7, as soon as the rescue and 
search efforts ceased, the Building Performance Study Team went to the site and began its assessment.  
This was to be a brief effort, as the study team consisted of experts who largely volunteered their time 
away from their other professional commitments.  The Building Performance Study Team issued its 
report in May 2002, fulfilling its goal “to determine probable failure mechanisms and to identify areas of 
future investigation that could lead to practical measures for improving the damage resistance of buildings 
against such unforeseen events.” 

On August 21, 2002, with funding from the U.S. Congress through FEMA, the National Institute of 
Standards and Technology (NIST) announced its building and fire safety investigation of the WTC 
disaster.  On October 1, 2002, the National Construction Safety Team Act (Public Law 107-231), was 
signed into law.  The NIST WTC Investigation was conducted under the authority of the National 
Construction Safety Team Act. 

The goals of the investigation of the WTC disaster were: 

• To investigate the building construction, the materials used, and the technical conditions that 
contributed to the outcome of the WTC disaster. 

• To serve as the basis for: 

− Improvements in the way buildings are designed, constructed, maintained, and used; 

− Improved tools and guidance for industry and safety officials; 

− Recommended revisions to current codes, standards, and practices; and 

− Improved public safety. 

The specific objectives were: 

1. Determine why and how WTC 1 and WTC 2 collapsed following the initial impacts of the 
aircraft and why and how WTC 7 collapsed; 

2. Determine why the injuries and fatalities were so high or low depending on location, 
including all technical aspects of fire protection, occupant behavior, evacuation, and 
emergency response;  

3. Determine what procedures and practices were used in the design, construction, operation, 
and maintenance of WTC 1, 2, and 7; and 

4. Identify, as specifically as possible, areas in current building and fire codes, standards, and 
practices that warrant revision. 
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NIST is a nonregulatory agency of the U.S. Department of Commerce’s Technology Administration.  The 
purpose of NIST investigations is to improve the safety and structural integrity of buildings in the United 
States, and the focus is on fact finding.  NIST investigative teams are authorized to assess building 
performance and emergency response and evacuation procedures in the wake of any building failure that 
has resulted in substantial loss of life or that posed significant potential of substantial loss of life.  NIST 
does not have the statutory authority to make findings of fault nor negligence by individuals or 
organizations.  Further, no part of any report resulting from a NIST investigation into a building failure or 
from an investigation under the National Construction Safety Team Act may be used in any suit or action 
for damages arising out of any matter mentioned in such report (15 USC 281a, as amended by Public 
Law 107-231). 

Organization of the Investigation 

The National Construction Safety Team for this Investigation, appointed by the then NIST Director, 
Dr. Arden L. Bement, Jr., was led by Dr. S. Shyam Sunder.  Dr. William L. Grosshandler served as 
Associate Lead Investigator, Mr. Stephen A. Cauffman served as Program Manager for Administration, 
and Mr. Harold E. Nelson served on the team as a private sector expert.  The Investigation included eight 
interdependent projects whose leaders comprised the remainder of the team.  A detailed description of 
each of these eight projects is available at http://wtc.nist.gov.  The purpose of each project is summarized 
in Table P–1, and the key interdependencies among the projects are illustrated in Fig. P–1.   

Table P–1.  Federal building and fire safety investigation of the WTC disaster. 
Technical Area and Project Leader Project Purpose 

Analysis of Building and Fire Codes and 
Practices; Project Leaders: Dr. H. S. Lew 
and Mr. Richard W. Bukowski 

Document and analyze the code provisions, procedures, and 
practices used in the design, construction, operation, and 
maintenance of the structural, passive fire protection, and 
emergency access and evacuation systems of WTC 1, 2, and 7. 

Baseline Structural Performance and 
Aircraft Impact Damage Analysis; Project 
Leader: Dr. Fahim H. Sadek 

Analyze the baseline performance of WTC 1 and WTC 2 under 
design, service, and abnormal loads, and aircraft impact damage on 
the structural, fire protection, and egress systems. 

Mechanical and Metallurgical Analysis of 
Structural Steel; Project Leader: Dr. Frank 
W. Gayle 

Determine and analyze the mechanical and metallurgical properties 
and quality of steel, weldments, and connections from steel 
recovered from WTC 1, 2, and 7. 

Investigation of Active Fire Protection 
Systems; Project Leader: Dr. David 
D. Evans; Dr. William Grosshandler 

Investigate the performance of the active fire protection systems in 
WTC 1, 2, and 7 and their role in fire control, emergency response, 
and fate of occupants and responders. 

Reconstruction of Thermal and Tenability 
Environment; Project Leader: Dr. Richard 
G. Gann 

Reconstruct the time-evolving temperature, thermal environment, 
and smoke movement in WTC 1, 2, and 7 for use in evaluating the 
structural performance of the buildings and behavior and fate of 
occupants and responders. 

Structural Fire Response and Collapse 
Analysis; Project Leaders: Dr. John 
L. Gross and Dr. Therese P. McAllister 

Analyze the response of the WTC towers to fires with and without 
aircraft damage, the response of WTC 7 in fires, the performance 
of composite steel-trussed floor systems, and determine the most 
probable structural collapse sequence for WTC 1, 2, and 7. 

Occupant Behavior, Egress, and Emergency 
Communications; Project Leader: Mr. Jason 
D. Averill 

Analyze the behavior and fate of occupants and responders, both 
those who survived and those who did not, and the performance of 
the evacuation system. 

Emergency Response Technologies and 
Guidelines; Project Leader: Mr. J. Randall 
Lawson 

Document the activities of the emergency responders from the time 
of the terrorist attacks on WTC 1 and WTC 2 until the collapse of 
WTC 7, including practices followed and technologies used.  
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Figure P–1.  The eight projects in the federal building and fire safety 

investigation of the WTC disaster. 

National Construction Safety Team Advisory Committee 

The NIST Director also established an advisory committee as mandated under the National Construction 
Safety Team Act.  The initial members of the committee were appointed following a public solicitation.  
These were: 

• Paul Fitzgerald, Executive Vice President (retired) FM Global, National Construction Safety 
Team Advisory Committee Chair 

• John Barsom, President, Barsom Consulting, Ltd. 

• John Bryan, Professor Emeritus, University of Maryland 

• David Collins, President, The Preview Group, Inc. 

• Glenn Corbett, Professor, John Jay College of Criminal Justice 

• Philip DiNenno, President, Hughes Associates, Inc. 
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• Robert Hanson, Professor Emeritus, University of Michigan 

• Charles Thornton, Co-Chairman and Managing Principal, The Thornton-Tomasetti Group, 
Inc. 

• Kathleen Tierney, Director, Natural Hazards Research and Applications Information Center, 
University of Colorado at Boulder 

• Forman Williams, Director, Center for Energy Research, University of California at San 
Diego 

This National Construction Safety Team Advisory Committee provided technical advice during the 
Investigation and commentary on drafts of the Investigation reports prior to their public release.  NIST 
has benefited from the work of many people in the preparation of these reports, including the National 
Construction Safety Team Advisory Committee.  The content of the reports and recommendations, 
however, are solely the responsibility of NIST. 

Public Outreach 

During the course of this Investigation, NIST held public briefings and meetings (listed in Table P–2) to 
solicit input from the public, present preliminary findings, and obtain comments on the direction and 
progress of the Investigation from the public and the Advisory Committee. 

NIST maintained a publicly accessible Web site during this Investigation at http://wtc.nist.gov.  The site 
contained extensive information on the background and progress of the Investigation. 

NIST’s WTC Public-Private Response Plan 

The collapse of the WTC buildings has led to broad reexamination of how tall buildings are designed, 
constructed, maintained, and used, especially with regard to major events such as fires, natural disasters, 
and terrorist attacks.  Reflecting the enhanced interest in effecting necessary change, NIST, with support 
from Congress and the Administration, has put in place a program, the goal of which is to develop and 
implement the standards, technology, and practices needed for cost-effective improvements to the safety 
and security of buildings and building occupants, including evacuation, emergency response procedures, 
and threat mitigation. 

The strategy to meet this goal is a three-part NIST-led public-private response program that includes: 

• A federal building and fire safety investigation to study the most probable factors that 
contributed to post-aircraft impact collapse of the WTC towers and the 47-story WTC 7 
building, and the associated evacuation and emergency response experience. 

• A research and development (R&D) program to (a) facilitate the implementation of 
recommendations resulting from the WTC Investigation, and (b) provide the technical basis 
for cost-effective improvements to national building and fire codes, standards, and practices 
that enhance the safety of buildings, their occupants, and emergency responders. 
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Table P–2.  Public meetings and briefings of the WTC Investigation. 
Date Location Principal Agenda 

June 24, 2002 New York City, NY Public meeting: Public comments on the Draft Plan for the 
pending WTC Investigation. 

August 21, 2002 Gaithersburg, MD Media briefing announcing the formal start of the Investigation. 
December 9, 2002 Washington, DC Media briefing on release of the Public Update and NIST request 

for photographs and videos. 
April 8, 2003 
 

New York City, NY Joint public forum with Columbia University on first-person 
interviews. 

April 29–30, 2003 Gaithersburg, MD NCST Advisory Committee meeting on plan for and progress on 
WTC Investigation with a public comment session. 

May 7, 2003 New York City, NY Media briefing on release of May 2003 Progress Report. 
August 26–27, 2003 Gaithersburg, MD NCST Advisory Committee meeting on status of the WTC 

investigation with a public comment session. 
September 17, 2003 New York City, NY Media and public briefing on initiation of first-person data 

collection projects. 
December 2–3, 2003 Gaithersburg, MD NCST Advisory Committee meeting on status and initial results 

and release of the Public Update with a public comment session. 
February 12, 2004 New York City, NY Public meeting on progress and preliminary findings with public 

comments on issues to be considered in formulating final 
recommendations. 

June 18, 2004 New York City, NY Media/public briefing on release of June 2004 Progress Report. 
June 22–23, 2004 Gaithersburg, MD NCST Advisory Committee meeting on the status of and 

preliminary findings from the WTC Investigation with a public 
comment session. 

August 24, 2004 Northbrook, IL Public viewing of standard fire resistance test of WTC floor 
system at Underwriters Laboratories, Inc. 

October 19–20, 2004 Gaithersburg, MD NCST Advisory Committee meeting on status and near complete 
set of preliminary findings with a public comment session. 

November 22, 2004 Gaithersburg, MD NCST Advisory Committee discussion on draft annual report to 
Congress, a public comment session, and a closed session to 
discuss pre-draft recommendations for WTC Investigation. 

April 5, 2005 New York City, NY Media and public briefing on release of the probable collapse 
sequence for the WTC towers and draft reports for the projects on 
codes and practices, evacuation, and emergency response. 

June 23, 2005 New York City, NY Media and public briefing on release of all draft reports for the 
WTC towers and draft recommendations for public comment. 

September 12–13, 
2005 

Gaithersburg, MD NCST Advisory Committee meeting on disposition of public 
comments and update to draft reports for the WTC towers. 

September 13–15, 
2005 

Gaithersburg, MD WTC Technical Conference for stakeholders and technical 
community for dissemination of findings and recommendations 
and opportunity for public to make technical comments. 

• A dissemination and technical assistance program (DTAP) to (a) engage leaders of the 
construction and building community in ensuring timely adoption and widespread use of 
proposed changes to practices, standards, and codes resulting from the WTC Investigation 
and the R&D program, and (b) provide practical guidance and tools to better prepare facility 
owners, contractors, architects, engineers, emergency responders, and regulatory authorities 
to respond to future disasters. 

The desired outcomes are to make buildings, occupants, and first responders safer in future disaster 
events. 
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National Construction Safety Team Reports on the WTC Investigation 

A final report on the collapse of the WTC towers is being issued as NIST NCSTAR 1.  A companion 
report on the collapse of WTC 7 is being issued as NIST NCSTAR 1A.  The present report is one of a set 
that provides more detailed documentation of the Investigation findings and the means by which these 
technical results were achieved.  As such, it is part of the archival record of this Investigation.  The titles 
of the full set of Investigation publications are: 

NIST (National Institute of Standards and Technology).  2005.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Final Report on the Collapse of the World Trade 
Center Towers.  NIST NCSTAR 1.  Gaithersburg, MD, September. 

NIST (National Institute of Standards and Technology).  2006.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Final Report on the Collapse of World Trade Center 7.  
NIST NCSTAR 1A.  Gaithersburg, MD. 

Lew, H. S., R. W. Bukowski, and N. J. Carino.  2005.  Federal Building and Fire Safety Investigation of 
the World Trade Center Disaster: Design, Construction, and Maintenance of Structural and Life Safety 
Systems.  NIST NCSTAR 1-1.  National Institute of Standards and Technology.  Gaithersburg, MD, 
September. 

Fanella, D. A., A. T. Derecho, and S. K. Ghosh.  2005. Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Design and Construction of Structural Systems.  
NIST NCSTAR 1-1A.  National Institute of Standards and Technology.  Gaithersburg, MD, 
September.  

Ghosh, S. K., and X. Liang.  2005.  Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Comparison of Building Code Structural Requirements.  NIST 
NCSTAR 1-1B.  National Institute of Standards and Technology.  Gaithersburg, MD, September. 

Fanella, D. A., A. T. Derecho, and S. K. Ghosh.  2005.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Maintenance and Modifications to Structural 
Systems.  NIST NCSTAR 1-1C.  National Institute of Standards and Technology.  Gaithersburg, 
MD, September. 

Grill, R. A., and D. A. Johnson.  2005.  Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Fire Protection and Life Safety Provisions Applied to the Design and 
Construction of World Trade Center 1, 2, and 7 and Post-Construction Provisions Applied after 
Occupancy.  NIST NCSTAR 1-1D.  National Institute of Standards and Technology.  Gaithersburg, 
MD, September.  

Razza, J. C., and R. A. Grill.  2005.  Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Comparison of Codes, Standards, and Practices in Use at the Time of the 
Design and Construction of World Trade Center 1, 2, and 7.  NIST NCSTAR 1-1E.  National 
Institute of Standards and Technology.  Gaithersburg, MD, September. 

Grill, R. A., D. A. Johnson, and D. A. Fanella.  2005.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Comparison of the 1968 and Current (2003) New 
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York City Building Code Provisions.  NIST NCSTAR 1-1F.  National Institute of Standards and 
Technology.  Gaithersburg, MD, September. 

Grill, R. A., and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Amendments to the Fire Protection and Life Safety Provisions of the New 
York City Building Code by Local Laws Adopted While World Trade Center 1, 2, and 7 Were in 
Use.  NIST NCSTAR 1-1G.  National Institute of Standards and Technology.  Gaithersburg, MD, 
September. 

Grill, R. A., and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Post-Construction Modifications to Fire Protection and Life Safety Systems 
of World Trade Center 1 and 2.  NIST NCSTAR 1-1H.  National Institute of Standards and 
Technology.  Gaithersburg, MD, September. 

Grill, R. A., D. A. Johnson, and D. A. Fanella. 2005. Federal Building and Fire Safety Investigation 
of the World Trade Center Disaster: Post-Construction Modifications to Fire Protection, Life 
Safety, and Structural Systems of World Trade Center 7.  NIST NCSTAR 1-1I.  National Institute of 
Standards and Technology.  Gaithersburg, MD, September. 

Grill, R. A., and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World 
Trade Center Disaster: Design, Installation, and Operation of Fuel System for Emergency Power in 
World Trade Center 7.  NIST NCSTAR 1-1J.  National Institute of Standards and Technology.  
Gaithersburg, MD, September. 

Sadek, F.  2005.  Federal Building and Fire Safety Investigation of the World Trade Center Disaster: 
Baseline Structural Performance and Aircraft Impact Damage Analysis of the World Trade Center 
Towers.  NIST NCSTAR 1-2.  National Institute of Standards and Technology.  Gaithersburg, MD, 
September.  

Faschan, W. J., and R. B. Garlock.  2005.  Federal Building and Fire Safety Investigation of the 
World Trade Center Disaster: Reference Structural Models and Baseline Performance Analysis of 
the World Trade Center Towers.  NIST NCSTAR 1-2A.  National Institute of Standards and 
Technology.  Gaithersburg, MD, September. 

Kirkpatrick, S. W., R. T. Bocchieri, F. Sadek, R. A. MacNeill, S. Holmes, B. D. Peterson, 
R. W. Cilke, C. Navarro.  2005.  Federal Building and Fire Safety Investigation of the World Trade 
Center Disaster: Analysis of Aircraft Impacts into the World Trade Center Towers, NIST 
NCSTAR 1-2B.  National Institute of Standards and Technology.  Gaithersburg, MD, September. 

Gayle, F. W., R. J. Fields, W. E. Luecke, S. W. Banovic, T. Foecke, C. N. McCowan, T. A. Siewert, and 
J. D. McColskey.  2005.  Federal Building and Fire Safety Investigation of the World Trade Center 
Disaster: Mechanical and Metallurgical Analysis of Structural Steel.  NIST NCSTAR 1-3.  National 
Institute of Standards and Technology.  Gaithersburg, MD, September. 

Luecke, W. E., T. A. Siewert, and F. W. Gayle.  2005.  Federal Building and Fire Safety 
Investigation of the World Trade Center Disaster: Contemporaneous Structural Steel 
Specifications.  NIST Special Publication 1-3A.  National Institute of Standards and Technology.  
Gaithersburg, MD, September. 
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EXECUTIVE SUMMARY 

E.1 INTRODUCTION 

Simpson Gumpertz & Heger Inc. (SGH) developed finite-element models of the components, connections 
and subsystems of the World Trade Center (WTC) towers to study their structural performance in the fire 
environment that followed the aircraft impact to the towers.  The results of this study were used to 
develop global models that ran efficiently and captured the important failure modes and sequential 
failures of components and subsystems and to determine the probable sequence of structural responses 
that let to the global collapse initiation. 

SGH performed this study under a NIST contract as part of Project 6 of the investigation on the WTC 
disaster by the National Institute of Standards and Technology (NIST).  This report constitutes SGH 
report on Task 1 of the SGH contract with NIST and Part 1 of the SGH two-part report. 

This study completed the following: 

• Developed and validated ANSYS models of the full floor and exterior wall subsystems. 

• Evaluated structural responses of components, connections, and subsystems to service loads 
due to gravity (dead and live loads) and elevated temperatures. 

• Identified the likely failure modes and failure sequences of components, connections, and 
subsystems. 

• Identified modeling details of the floor and exterior wall subsystems for the global models of 
the WTC towers. 

All analyses used the nominal dimensions and design details shown on the WTC design and construction 
drawings.  Material properties were based on information provided from NIST Project 3 study. 

E.2 FULL FLOOR SUBSYSTEM 

Floor 96 of WTC 1 was identified as an office floor with typical floor construction and loading; therefore, 
it was selected as the basis for modeling floor response.  Figure E–1 shows a floor plan of Floor 96 of 
WTC 1.  The full floor subsystem included office area and core area floor framing, as well as core and 
exterior columns extending to floors immediately above and below this floor. 

The floor system in the office area consisted of lightweight concrete slab supported by steel floor trusses.  
The steel trusses for the floor system were manufactured by Laclede Steel Co. in Saint Louis, Missouri. 
Steel trusses spanned nominally 60 ft in the long-span area and 36 ft in the short-span area between 
exterior walls and the central core.  Typically, a pair of primary trusses was supported at odd-numbered 
columns at 6 ft 8 in. on center.  Each of these primary trusses consisted of top and bottom chords 
fabricated from double steel angles and web diagonals fabricated from round bars (see Fig. E–2).  Web 
diagonals extended 3 in. above the top chord at the panel points into the concrete slab to form a knuckle 
and to provide shear transfer between the truss and the concrete slab (see Fig. E–2). 

 



Executive Summary   

xxxiv NIST NCSTAR 1-6C, WTC Investigation 

 
Figure E–1.  Floor plan of Floor 96 of WTC 1. 
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Figure E–2.  Mock up of office floor framing system (Photograph from about 1967 

provided by Laclede Steel Co.). 

The top chords of a pair of trusses (double truss) were supported at the central core by an interior truss 
seat (Fig. E–3) welded to steel channels that ran continuously around the core floor area.  Each pair of 
trusses was fastened to a horizontal plate of the interior truss seat by two 5/8 in. bolts (one bolt in each 
truss) in 1 3/4 in. long slotted holes.  At the exterior wall, each pair of trusses was supported by an 
exterior truss seat (Fig. E–4), which fastened to a seat angle with two 5/8 in. diameter bolts in 2 in. long 
slotted holes.  A pair of stand-off plates welded the seat angle to the spandrel.  In addition, a gusset plate 
welded to the spandrel and to the truss top chord tied the truss to the supporting column, and a pair of 
diagonal strap anchors, welded to the top chords and to the adjacent columns, tied these columns to the 
primary trusses.  Diagonal strap anchors will be referred to as “strap anchors” hereafter. 

Primary trusses were interconnected by a transverse system of bridging trusses and deck support angles.  
These bridging trusses were of similar construction to the primary trusses, except the knuckles did not 
project above the top chords.  The top chord of the bridging trusses sat 1 1/2 in. below the top chord of 
the primary trusses and provided support for the 4 in. thick lightweight concrete slab on the 1 1/2 in., 22 
gauge steel deck with 2 in. wide at the top, 1.25 in. wide at the bottom, and 1.5 in. high flutes at 6.8 in. on 
center running parallel to the primary trusses.  At each corner of the building core, a 36 ft long transfer 
truss extended out from the corner core column to the exterior wall and supported the 60 ft long primary 
trusses.  The floor in the core consisted of a 4.5 in. thick lightweight concrete slab supported by wide 
flange girders and beams connected to the core columns with bolted connections.  Reinforcement between 
the core area floor and the office area floor (#3 bars at 10 in. at the top and #4 bars at 12 in. at the bottom, 
respectively) provided continuity between the two areas and restrained the truss from walking off the 
interior seat.  
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Figure E–3.  Interior truss seat. 

 
Figure E–4.  Exterior truss seat. 

E.2.1 Truss Seat Analysis 

Failure Modes: The failure modes for truss seats were identified for vertical force, horizontal tensile 
force, horizontal compressive force, and combined vertical and horizontal force, and the corresponding 
capacities were calculated for different temperatures as follows: 

• Vertical Force:  The failure mode of exterior truss seats for vertical force was identified as 
fracture of the fillet welds between the stand-off plates and spandrel, which resulted in loss of 
truss vertical support.  The failure mode of interior truss seats for vertical force was fracture 
of the fillet welds at the vertical plate to the channel beam.  This failure mode results in loss 
of truss vertical support. 

• Horizontal Tensile Force:  The failure sequence of the exterior truss seats for horizontal 
tensile force differed for different seat details at different temperatures although the final 
failure mode was truss walk-off for all details.  The typical failure sequence of the exterior 
truss seat was as follows: the gusset plate yielded, the groove weld yielded, the groove weld 
fractured, the truss bearing angle slid, seat bolts came to bear against the slotted hole, the 
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bolts sheared off, and finally the truss walked off the seat angle.  The failure sequence of the 
interior truss seats for horizontal tensile force was bolt shear-off, resulting in truss walk-off. 

• Horizontal Compressive Force:  Even after the concrete slab failed in compression, additional 
resistance was developed from the spandrel at the exterior seat or from the channel beam at 
the interior seat after contact.  Under compressive force, the truss did not lose its vertical 
support. 

• Combined Vertical and Horizontal Forces:  Under combined vertical and horizontal forces, 
the failure modes were a combination of the failure modes for vertical and horizontal forces.  
The vertical shear strength of the truss seats was reduced due to the additional horizontal 
tensile force.  The horizontal tensile strength was not reduced by the additional vertical force 
on the seat. 

Truss Seat Model for Truss Model: Truss seat capacities corresponding to the failure modes were 
computed for the different types of the truss seats at different temperatures.  Finite element models of the 
exterior and interior truss seats were developed for incorporation in the floor truss analysis using “break 
elements.”  Break elements are unidirectional linear springs that were turned off and did not resist any 
force after the connection forces reached predefined temperature-dependent capacities. 

E.2.2 Knuckle Analysis 

Failure Modes:  The failure modes of knuckles are: 

• Horizontal shear failure due to shear crack or crushing of concrete 

• Pullout failure due to vertical tension 

The capacities of knuckles were determined based on shear test results conducted by Laclede Steel Co., 
the results of finite element analysis simulating the shear tests, and hand calculations.  Knuckle shear and 
pullout capacity at room temperature were determined as 30 kip and 15 kip, respectively.  Capacities at 
elevated temperatures were calculated based on knock-down factor on concrete strength at given 
temperatures. 

Knuckle Model for Truss Model: A model of knuckle was also developed for the truss model, using break 
elements. 

E.2.3 Truss Analysis 

A finite element model of a section of a floor system, which consisted of a single floor truss and a section 
of concrete slab with a tributary width, was developed in ANSYS to capture the potential failure modes 
and failure sequence of the truss under gravity load and thermal load.  The model is referred to as “truss 
model” in this report. 

Failure Modes: Two possible failure modes were identified for the truss model: 1) softening and sagging 
of the truss caused by plasticity, creep, and buckling of web diagonal members at high temperatures; and 
2) loss of truss vertical support resulting either from seat failure caused by loss of vertical shear capacity 
at high temperatures or from truss walking-off truss seat due to large sagging. 

Model Description: The truss model included the following: 
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• A single typical long-span truss (C32T1) of the primary double truss at Column 143 at 
Floor 96 of WTC 1.  All steel truss members were modeled by 3-D quadratic finite strain 
beam elements. 

• Two exterior columns (Columns 143 and 144) with half the area and bending properties, and 
a length of 24 ft (12 ft above and below the floor level), using elastic beam elements.  

• The portion of the spandrel between the two exterior columns, using elastic shell elements.  

• The portion of the slab (40 in. wide) between the two exterior columns.  The concrete slab 
was modeled with 4 layers of 3-D, 8-node structural solid elements for an equivalent 
thickness of 4.35 in. 

• One strap anchor connected to the truss top chord, concrete slab, and the adjacent exterior 
column (Column 144).  3-D quadratic finite strain beam elements were used. 

• Exterior and interior truss seats and the gusset plate at the exterior end.  Break elements were 
used to model failures of these connections. 

• Spandrel studs, studs on the strap anchor, and knuckles.  Break elements were used to model 
failures of these connections. 

Materials: Temperature-dependent elastic, plastic, and creep properties were included in steel members 
except for columns and spandrels.  The Hjelm plasticity model was used for the solid elements of the 
concrete slab that allowed different “yield strengths” in tension and compression. 

Boundary Conditions: The entire top chord of the truss was restrained against the movement transverse to 
the truss axis.  The bottom chord was restrained against the movement transverse to the truss axis at four 
bridging truss locations.  The two edges of the concrete slab parallel to the truss were restrained against 
rotations about the truss axis and the vertical axis, but were free in the translation along the truss axis.  
The interior truss seat was fixed in all directions.  The exterior truss seat was attached to the spandrel.  
The truss was pinned at both exterior and interior truss seats.  The interior end of the slab was fixed in the 
vertical direction.  In the truss axis direction at the interior end of slab, break elements were implemented 
to represent temperature-dependent tensile capacities of steel reinforcement. 

Loads: The loading on the truss model consisted of dead load and 13.75 psf of live load (equal to 
25 percent of design live load for the WTC towers) and temperature time-histories for all truss 
components including the truss seats and concrete slab.  Thermal loads were assumed for exercising the 
truss model.  The temperature was ramped from 20 ˚C to 700 ˚C in steel members, from 20 ˚C to 700 ˚C 
at the bottom of the slab, and from 20 ˚C to 300 ˚C at the top of the slab for the period from 0 min to 
30 min; thereafter, the temperatures were linearly increased by an additional 200 ˚C at 40 min.  A linear 
temperature gradient through the thickness of the slab was assumed.  Temperature was not applied to the 
columns and spandrel. 

Summary of Results: Key structural response of the truss model to “assumed temperature conditions” can 
be summarized as follows: 

• The stud on the spandrel and studs on the strap anchor failed in shear below 275 ˚C. 

• The first knuckle from the interior end failed in vertical tension at around 100 ˚C. 

• Top chords yielded above 300 ˚C due to the difference in coefficients of thermal expansion of 
steel and concrete. 
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• The floor sagged into a catenary shape as four compression diagonals buckled due to high 
axial compressive force at 565 ˚C. 

• The interior truss seat bolts sheared off, and the second and third knuckles from the interior 
end failed in the horizontal shear at 566 ˚C. 

• The gusset plate fractured, and the exterior truss seat bolts sheared off at around 680 ˚C. 

• The truss walked off the exterior truss seat at 730 ˚C. 

Simplified Truss Model: The truss model was modified for use in the full floor subsystem model to 
enhance computational efficiency.  Characteristics captured by the simplified truss model were: (1) total 
horizontal reaction force under the thermal loading and (2) vertical deflection under the thermal loading.  
The simplified truss model had the following features: 

• Double primary truss was combined into a single truss.  Areas of truss members were 
doubled. 

• The top and bottom chords and diagonals were modeled by 3-D linear finite strain beam 
elements.  Only one element was used for a member between two panel points. 

• Break elements were used to model the following failure modes: (a) seat bolt shear-off, (b) 
gusset plate fracture, (c) truss walk-off, (d) web diagonal buckling/resistance weld failure, (e) 
failure of spandrel studs and studs on strap anchors, and (f) weld failure between strap 
anchors and top chords.  Knuckles were not modeled by break elements. 

• Temperature-dependent elastic and plastic material properties of steel were used. 

• Creep in steel was included in the simplified truss model; however, it was not included when 
the simplified truss model was incorporated in the full floor model because of convergence 
problems inherent to 3-D linear finite strain beam elements. 

• The concrete slab was modeled by 4-node finite strain shell elements with a temperature-
dependent bilinear material model that had the same yield strength in both tension and 
compression.  The yield strength was set to the compressive strength. 

E.2.4 Full Floor Analysis 

The full floor models were developed and analyzed using ANSYS to identify the most likely failure 
modes and the fire-induced damage to be incorporated in the global model along with impact damage and 
to modify the floors in the global models to enhance computational efficiency. 

Failure Modes: Possible failure modes of the floor subsystem were identified as follows: 

• Sagging of the Floor System:  Floor sagging caused by loss of stiffness, plastic bending, or 
buckling of web diagonal members resulted in tension in the floor subsystem, tension in the 
connections to the exterior walls, and lateral forces (pull-in forces) on columns. 

• Loss of Support:  Loss of a truss support could be caused by (1) vertical shear load due to 
debris and/or impact load of the dropping floor above, (2) reduced resistance of truss seats 
under elevated temperatures, (3) tension acting on truss seats caused by floor sagging, 
(4) cooling of a truss already shortened due to plastic deformation resulting from thermal 
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loading, and (5) aircraft impact.  Loss of support will reduce buckling strength of exterior 
columns. 

Model Description: The base floor model developed was for Floor 96 of WTC 1 with columns extending 
from Floor 95 to Floor 97.  The full floor model included the following structural members: 

• Both exterior and core columns extending from one floor below to one floor above, modeled 
by 3-D quadratic finite strain beam elements. 

• Spandrels of the floor of interest, modeled by four-node finite strain shell elements (eight 
elements between two columns and four elements along the height), which were tied to 
exterior columns by rigid beam elements. 

• Floor slab was modeled by four-node finite strain shell elements with four layers through the 
thickness. 

• Floor trusses including primary and bridging trusses.  Two primary trusses supported by the 
same column were combined into a single truss.  Truss members (top and bottom chords and 
web diagonals) were modeled by 3-D linear finite strain beam elements. 

• Strap anchors, modeled by 3-D linear finite strain beam elements. 

• Core beams, modeled by 3-D linear finite strain beam elements.  They were placed at their 
centroids and were connected to the slab by rigid beam elements. 

• Deck support angles, modeled by 3-D linear finite strain beam elements. 

Break elements were incorporated into the model to represent: 1) buckling of web diagonals, 2) gusset 
plate fracture, 3) truss seat bolt shear-off, 4) truss seat failure, 5) failure of connections between primary 
and bridging trusses, 6) failure of connections between primary long-span and transfer trusses, 7) failure 
of studs connecting the slab and the spandrel, and 8) failure of welds between strap anchors and top 
chords of primary trusses.  Break elements were not used for representing knuckle failure as the truss 
analysis found that buckling of web diagonal members preceded knuckle failures.  The concrete slab was 
always attached to primary trusses at knuckle locations in the full floor model. 

Subsequent to the initial thermal response analysis, the following members were removed from the model 
to enhance computational efficiency: 1) deck support angles, 2) bridging trusses outside of the two-way 
zones, 3) spandrel studs connecting the slab and the spandrel, and 4) strap anchors.  These members were 
found to fail in the early stage of thermal loading, caused the analysis to slow down due to the large 
residual nonlinearities in the subsequent stages of analysis.  Deck support angles and bridging trusses 
buckled between primary trusses due to thermal expansion.  Most spandrel studs and welds between strap 
anchors and truss top chords failed due to lateral shear force in the plane of slab caused by the difference 
in the thermal expansion between the floor and the exterior wall in the direction transverse to the truss 
axis.  As a result of the removal of strap anchors and spandrel studs, the only connections between the 
exterior wall and the floor were gusset plates and exterior truss seats in the full floor models. 

Materials: Temperature-dependent elastic and plastic material properties of steel provided by NIST were 
assigned to each structural member according to the PANYNJ drawings.  It was found that creep in 3-D 
linear/quadratic finite strain beam elements would cause convergence problems when those elements 
experience thermally-induced buckling.  Therefore, creep could not be included in the full floor models.  
For the concrete slab, a bilinear stress-strain relationship with a yield point at its compressive strength 
was used, where the yield strength was the same in both tension and compression. 
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Impact Damage: Elements corresponding to structural members that sustained severe structural damage 
were removed from the model.  Based on the aircraft impact analysis, NIST identified two sets of 
structural and thermal insulation impact damage for each floor.  These impact cases were designated as 
“Case Ai impact damage condition” and “Case Bi impact damage condition” for WTC 1, and “Case Ci 
impact damage condition” and “Case Di impact damage condition” for WTC 2. 

Boundary Conditions: Both core and exterior columns were fixed in the vertical direction at the bottom.  
When the column below the floor was severed by aircraft impact, the top of the column above the floor 
was supported in the vertical direction.  Core columns were free in the horizontal directions and fixed for 
all rotations at the top and bottom ends.  Exterior columns were fixed for translation perpendicular to the 
face of building and from rotating about the axis parallel to the face of the building at the top and bottom.  
They were also fixed in torsion at the top and bottom. 

Loads: The full floor model was first analyzed for dead load and 25 percent of design live load of the 
WTC towers, and then temperature time histories representative of the WTC fire conditions were applied.  
Vertical loads to columns were not applied.  NIST provided temperatures of structural components from 
reconstructed fires in the WTC towers based on the impact damage conditions; therefore, the impact 
damage condition and the temperature condition had one-to-one correspondence.  Temperature cases 
provided were “Case Ai temperature condition” and “Case Bi temperature condition” for WTC 1, and 
“Case Ci temperature condition” and “Case Di temperature condition” for WTC 2.  Temperature data sets 
were provided at 10 min time intervals up to 100 min for WTC 1 and up to 60 min for WTC 2 for each 
temperature condition. 

Summary of Results: The behaviors of the floor subsystem found in the full floor models subjected to 
impact damage and fire conditions can be summarized as follows: 

• Bridging trusses subjected to elevated temperatures buckled between primary trusses. 

• When significant differences in the thermal expansion occurred between the floors and the 
exterior wall in the direction transverse to the primary trusses, spandrel studs, strap anchors, 
gusset plates, and seat bolts failed due to lateral shear force. 

• Floor sagged as the web diagonals of floor trusses buckled in the heated area where the 
thermal insulation was damaged. 

• The floors were disconnected from the exterior wall in some areas due to failure of exterior 
truss seats. 

Pull-in forces were expected to develop whenever the floor sagged.  Although the floor sagging was 
captured by the full floor models, the pull-in force was not captured in most of the full floor model 
analyses.  To accurately calculate pull-in forces between the floor and the exterior columns in the full 
floor model, much more detailed modeling was required.  Such modeling included accurate boundary 
conditions on columns, creep in steel, friction at the truss seats, and accurate evaluation of failure of strap 
anchors and stud, and concrete cracking and spalling.  In addition, temperatures of structural members 
might be low due to conservative assumption of limiting the insulation damage to debris abrasion and 
neglecting the effect of aircraft shock and vibration.  

Floor Subsystem in Global Models: To enhance computational efficiency, floors in the global models 
were modeled by shell elements to have the following functions: 1) diaphragm action and 2) transfer of 
the load from the core to the exterior wall system by a membrane action.  Since the floors modeled by 
shell elements cannot capture key failure modes under elevated temperatures, including sagging of floors 
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and disconnection of floors from the exterior wall, their effects need to be implemented in the global 
model as fire-induced damage at appropriate points in time.   

E.3 EXTERIOR WALL SUBSYSTEM 

The exterior wall subsystem was a nine-column (three-panel) wide by nine-story (three-panel) high 
section of WTC 1 between Floor 91 and Floor 100 and Column 150 and Column 158 as shown Fig. E–5.  
This area, typical of the exterior walls of the towers, connected to a part of the floor system near the 
corner. 

Each face of the towers’ exterior wall consisted of fifty-nine 14 in. square box columns spaced at 3 ft 4 in. 
on center, with 52 in. deep spandrel plates at each floor level.  The exterior wall was constructed with 
shop-welded prefabricated panels, each consisting of three columns and three spandrel beams, 13 ft 4 in. 
wide by 36 ft high.  Except at mechanical floors and the base and top of the structure, vertical splices 
(column splices) in prefabricated panels were staggered such that within any story, every third 
prefabricated panel had a column splice (see Fig. E–5).  Exterior column splices at the upper stories 
typically consisted of four 7/8 in. diameter ASTM A325 bolts fastened through the welded butt plates at 
the tops and bottoms of adjoining columns.  Special prefabricated panels existed for the mechanical floors 
where no stagger existed at Floors 7, 41, 75, and 108.  At these mechanical floors, the column splice 
detail included supplemental field welding in addition to the bolted connection.  Horizontal (spandrel-to-
spandrel) connections between prefabricated panels were all field-bolted using splice plates.  Corner 
panels that connected the orthogonal walls at corners were two-story tall (24 ft) and consisted of two 
columns, two spandrel plates, and a third column midway between the two columns on alternate floors. 

Various grades of steel, having yield strengths ranging between 42 ksi and 100 ksi, were specified for the 
exterior column and spandrel plates.  Column plate thickness also varied, both vertically and around the 
building perimeter.  Column plate thickness was as thin as 1/4 in. at the upper stories and increased 
toward the base of the building. 

E.3.1 Single Column Analysis 

A single exterior column model was developed to examine column behavior under compression at 
different temperatures.  The model included a one story high portion of Column 151 extending from 
Floor 95 to Floor 96 and portions of spandrels at Floor 95 and Floor 96.  Four-node finite strain shell 
elements were used to model the plates of the column and the spandrels.  Nodes of column plates at the 
top and the bottom of the model were rigidly tied to the center of gravity of the column cross section.  The 
column was pinned at the bottom and fixed in the two horizontal directions at the top.  Increments of axial 
displacement were applied at the top of the model at room temperature and 700 ˚C. 

The calculated capacity of the columns spanning a single floor occurred after local buckling of plates and 
the subsequent kinking of the cross section at 1,030 kip at room temperature, well below the inelastic 
buckling strength of the column, and 270 kip for 700 ˚C.  Since the compressive force demand on this 
particular column was estimated at 175 kip, the compressive strength of the column is greater than the 
demand even at 700 ˚C.  The column underwent kink-type buckling at room temperature, and the load-
carrying capacity in the post-buckling regime decreased rapidly; however, it decreased much more 
gradually at 700 ˚C. 
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Axial load-displacement behaviors of two and three-story single column models were also examined.  As 
the unsupported length became longer and temperature increased, local buckling of plates and the 
resulting kinking of the cross section did not occur, and the negative slope of the axial load-deflection 
curve in the post-buckling regime became less steep. 

E.3.2 Column Splices 

Failure Modes: Failure modes identified for column splices were: (1) failure of bolts in tension, (2) failure 
of bolts in shear, (3) bending failure controlled by tension in bolts.  Tension capacity was calculated as the 
ultimate tension capacity of four bolts.  Shear capacity was calculated as the addition of bolt shear 
capacity and splice friction.  The ultimate moment capacity was obtained prior to failure of two bolts with 
some capacity remaining on other two bolts. 

Column Splice Model for Exterior Wall Model: Two 3-D quadratic finite strain beam elements for each 
of the four bolts, four pairs of 3-D node-to-node contact elements at the faying (contact) surfaces, and 
rigid beam elements, modeled by 3-D elastic beam elements, connecting the tops of the bolts to the 
contact elements, were used to model the column splice.  Break elements were used to model the fracture 
of the column splice bolts based on data from bolt tests provided by NIST and on shear failure of the 
splice.  A coefficient of friction of 0.35 was used for the contact elements.  The 7/8 in. diameter column 
splice bolts were preloaded to 36.05 kip at 20ºC. 

E.3.3 Spandrel Splices 

Failure Modes: Failure modes identified for spandrel splices were: (1) bolt shear, (2) tearing of the 
spandrel plate, and (3) tearing of the splice plates at the bolt holes.  Capacities of these failure modes at 
different temperatures were estimated by hand calculations. 

Spandrel Splice Model for Exterior Wall Model: Break elements were used to model the spandrel splice 
connections in the model.  At each splice location, eleven break elements were used.  Nodal couples were 
used to model the spandrel splice connections on the boundaries of the model. 
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Figure E–5.  Exterior wall subsystem. 

E.3.4 Exterior Wall Analysis 

Failure Modes: The exterior wall subsystem model captured the following failure modes: 

• Inelastic buckling of columns from large lateral deformations, 

• Inelastic buckling of columns from loss of support at floor truss seats and diagonal straps, 

• Failure of column splice bolts, and 

• Failure of spandrel splice bolts or tearing of spandrel or splice plates at bolt holes. 
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The model did not capture the local buckling of the column plates and the resulting kinking of the cross 
section. This was justified because the exterior walls were observed to have bowed inward over more than 
three floors prior to the collapse, and temperatures of the columns of these walls were high.  In these 
cases, the kink-type buckling of columns did not occur.  

Model Description: BEAM189 elements modeled the columns.  Above and below spandrels, 3-D 
quadratic finite strain beam elements modeled the complete cross sections of the columns.  Four-node 
finite strain shell elements modeled the spandrels.  Rigid beam elements connected nodes on the axis of 
the columns to nodes located in the mid-plane of the spandrels. 

Materials: Temperature-dependent elastic and plastic material properties of steel provided by NIST were 
assigned to each structural member according to the drawings.  Creep in steel was included unless the 
analysis was a displacement-controlled analysis. 

Boundary Conditions: The bottoms of all columns in the model were restrained in the vertical direction.  
The top and the bottom of all columns in the model were restrained in the direction normal to the wall.  In 
addition, the bottom of central column was restrained in the plane of the wall.  Symmetry boundary 
conditions were imposed on the spandrels at the boundaries of the model, except that the spandrels were 
free to expand in the plane of the wall.  Motion out of the plane of the wall was restrained at all floor truss 
seats and straps.  In several analyses, such restraints were removed at two or three floors (either Floors 95 
and 96 or Floors 95, 96, and 97) to investigate the effect of floor sagging and floor/wall disconnection on 
stability of the exterior wall system. 

Loads: The loads on the model were applied sequentially in the following order: 

• Self weight of the exterior wall components, 

• Column splice bolt preload, 

• Dead load of the floor system, including 8 psf superimposed dead load, 

• 25 percent of WTC floor design live loads,  

• Temperatures of fire scenarios provided by NIST, and 

• Transverse pull loading from sagging trusses or additional vertical deflection from a potential 
redistribution of forces to this portion of the exterior wall.  

To represent a range of thermal conditions expected in the WTC towers, NIST provided five thermal load 
conditions:  D, DBARE, E, E119, and F.  These load conditions differed in fire behavior, intensity, 
location in the towers, and time.  Thermal load DBARE assumed steel without insulation.  Thermal load 
E119 corresponded to the standard ASTM E119 fire load. 

Summary of Results: The response of the exterior wall model subjected to thermal loads can be 
summarized as follows: 

• Large inelastic buckling of spandrels occurred at elevated temperatures. 

• Although partial separations of the spandrel splices occurred at elevated temperatures, 
complete separation did not occur. 

• Instability of the exterior wall subsystem did not occur at elevated temperatures when the 
wall was supported laterally at every floor.  Instability of the exterior wall subsystem 
occurred when at least three floors were unbraced and the exterior wall subsystem was 
subjected to additional vertical load or pull-in force. 
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• All column splices remained closed, except near the points of instability of the exterior wall 
with three floors unbraced and subjected to additional vertical load or pull-in force where 
calculations showed opening and sliding of the splice with no bolt fracture.    

Exterior Wall Subsystem in Global Models: The analyses of the exterior wall model support the following 
conclusions for modeling the towers: 

1. Large inelastic deformations and buckling of the spandrels do not significantly affect the 
stability of the exterior columns and need not be accurately modeled in the global models. 

2. Partial separations of the spandrel splices do not significantly affect the stability of the 
exterior columns and need not be accurately modeled in the global models. 

3. Exterior column splices can be expected to fail by sliding or opening at elevated temperatures 
when subjected to increased vertical loading or pull-in forces.  Since complete failure was not 
found before the exterior wall became unstable, column splice failure may not be modeled in 
the global models to enhance computational efficiency. 

E.4 RECOMMENDED MODELING DETAILS FOR SUBSYSTEMS IN GLOBAL 
MODELS 

Based on the results of finite-element analyses performed on components, connections, and subsystems, 
the following recommendations can be made for modeling of the subsystems in the global models to 
enhance numerical efficiency. 

Floor Subsystem 

Floors in the global model may be modeled by shell elements, which have their membrane stiffness equal 
to that of the full floor system.  Floors in the global model function as diaphragms and transfer load 
between the exterior wall system and the core. 

The global model cannot be constructed with the same level of detail in all floors subjected to thermal 
loading as the full floor model developed here.  To enhance computational efficiency, the pull-in forces 
and disconnections of floors from the exterior walls may be implemented in the global models as “fire-
induced damage” at appropriate times.  Since the full floor models could not be used to calculate 
accurately the pull-in forces at floor/wall connections, the fire-induced damage obtained from the full 
floor model analyses needs to be modified by the results of “actual observations” obtained from the 
examination of photographs and videos performed by NIST (NIST NCSTAR 1-5A). 

Exterior Wall Subsystem 

The exterior and interior columns must be modeled with fidelity of their inelastic buckling behavior.  To 
capture the premature buckling of the single span exterior columns at low temperatures, which occurs at 
the onset of plate buckling and results in kinking of the cross section, a fine mesh is needed.  However, 
observations of photographs and videos show that bowing is extended over several floors and column 
temperatures are not low.  Therefore, kink-type buckling of the exterior columns may be neglected. 

Exterior column splices need not be modeled in the global models. 

Spandrels can be modeled by beam elements capable of resisting shear and bending moment.  The 
spandrel splices need not be modeled in the global analyses. 
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Chapter 1 
INTRODUCTION 

1.1 PURPOSE 
Simpson Gumpertz & Heger Inc. (SGH) developed finite-element models of the components, 
connections, and subsystems of the World Trade Center (WTC) towers to study their structural 
performance in the fire environment that followed the aircraft impact to the towers.  The results of this 
study were used to develop global models that ran efficiently and captured the important failure modes 
and sequential failures of components and subsystems and to determine the probable sequence of 
structural responses that let to the global collapse initiation. 

SGH performed this study as part of Project 6 of the investigation on the WTC disaster by the National 
Institute of Standards and Technology (NIST).  This report constitutes the SGH’s report on Task 1 of the 
SGH contract with NIST and Part 1 of the SGH two-part report.  The Task 2 and 3 report deals with the 
global analysis of the WTC towers (NIST NCSTAR 1-6D1). 

1.2 SCOPE OF WORK 
SGH in Task 1 performed the following: 

• Developed and validated ANSYS models of the full floor and exterior wall subsystems. 

• Evaluated structural responses of components, connections, and subsystems to service loads 
due to gravity (dead and live loads) and elevated temperatures. 

• Identified the likely failure modes and failure sequences of components, connections, and 
subsystems. 

• Identified modeling details of the floor and exterior wall subsystems in the global models of 
the WTC towers. 

The analyses performed as part of this Task 1 report used the nominal dimensions and design details 
shown on the PANYNJ drawings2.  Material properties were based on information provided from the 
NIST Project 3 study (NIST NCSTAR 1-3, NIST NCSTAR 1-3D). 

1.3 REPORT ORGANIZATION 
This report consists of eight chapters: 

• Chapter 1 serves as an introduction to this report and describes purpose and scope of this 
study. 

                                                      
1 This reference is to one of the companion documents from this Investigation.  A list of these documents appears in the Preface 

to this report. 
2 The technical data required to conduct the analyses of the WTC towers reported herein were obtained from drawings that were 

provided by the Port Authority of New York and New Jersey (PANYNJ) and their contractors. 
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• Chapter 2 introduces a floor subsystem and an exterior wall subsystem of the WTC towers 
and provides descriptions of their structural details. 

• Chapter 3 summarizes temperature-dependent material properties of steel and concrete used 
in this study. 

• Chapter 4 describes a conversion process from SAP2000 reference models to ANSYS models 
and presents validation studies of the converted ANSYS models. 

• Chapter 5 presents results from a study on the full floor subsystem. 

• Chapter 6 presents results from a study on the exterior wall subsystem. 

• Chapter 7 summarizes recommendations for modeling details of the full floor subsystem and 
the exterior wall subsystem in the global models. 

• Chapter 8 provides a list of references. 
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Chapter 2 
DESCRIPTION OF SUBSYSTEM STRUCTURES  

The finite-element models of the full floor subsystem and the exterior wall subsystem of the World Trade 
Center (WTC) towers were developed to calculate the structural response of these subsystems to impact 
damage and to the fire environments that followed the aircraft impact.  The full floor subsystem is a 
model of Floor 96 of WTC 1.  The model is believed to be typical of the upper floors in both towers.  The 
exterior wall subsystem is a nine-column (three-panel) wide by nine-story (three-panel) high section of 
WTC 1 between Floor 91 and Floor 100 and Column 150 and Column 158.  This area is typical of the 
exterior walls of the towers and connects to a part of the floor system near the corner with different types 
of trusses. 

2.1 FULL FLOOR SUBSYSTEM DESCRIPTION 
Floor 96 of WTC 1 was identified as an office floor with typical floor construction and loading; therefore, 
it was selected as the basis for modeling floor response.  The full floor subsystem included office area and 
core area floor framing, as well as core and exterior columns extending to floors immediately above and 
below this floor.  The floor system in the office area consisted of lightweight concrete slab supported by 
steel floor trusses.  Steel trusses spanned nominally 60 ft in the long-span area and 36 ft in the short-span 
area between exterior walls and the central core.  Typically, a pair of primary trusses (double truss) was 
supported at odd-numbered columns at 6 ft 8 in. on center.   

Each of these primary trusses consisted of top and bottom chords fabricated from double steel angles and 
web diagonals fabricated from round bars (see Fig. 2–1).  Web diagonals extended 3 in. above the top 
chord at the panel points into the concrete slab to form a knuckle and to provide shear transfer between 
the truss and the concrete slab (see Fig. 2–1). 

Hand calculations and finite-element analyses of components of the full floor subsystem and their 
connections were performed under gravity loads and fire-induced temperature time-histories to capture 
the different failure modes and loads at failure.  Then the results of these calculations and analyses were 
used to develop the full floor subsystem model.   

The top chords of a pair of trusses were supported at the central core by an interior truss seat (Fig. 2–1) 
welded to steel channels that ran continuously around the core floor area.  Each pair of trusses was 
fastened to a horizontal plate of the interior truss seat by two 5/8 in. bolts (one bolt in each truss) in 
1 3/4 in. long slotted holes.  At the exterior wall, each pair of trusses was supported by an exterior truss 
seat (Fig. 2–1), which fastened to a seat angle with two 5/8 in. diameter bolts in 2 in. long slotted holes.  
A pair of stand-off plates welded the seat angle to the spandrel.  In addition, a gusset plate welded to the 
spandrel and to the truss top chord tied the truss to the supporting column, and a pair of diagonal strap 
anchors, welded to the top chords and to the adjacent columns, tied these columns to the primary trusses.   

Figure 2–2 shows a floor plan of Floor 96 of WTC 1.  Primary trusses were interconnected by a transverse 
system of bridging trusses and deck support angles.  These bridging trusses were of similar construction 
to the primary trusses, except the knuckles did not project above the top chords.  The top chord of the 
bridging trusses sat 1 1/2 in. below the top chord of the primary trusses and provided support for the 4 in. 
thick lightweight concrete slab on the 1 1/2 in., 22 gauge steel deck with 2 in. wide at the top, 1.25 in. 
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wide at the bottom, and 1.5 in. high flutes at 6.8 in. on center running parallel to the primary trusses.  At 
each corner of the building core, a 36 ft long transfer truss extended out from the corner core column to 
the exterior wall and supported the 60 ft long primary trusses.  The floor in the core consisted of a 4.5 in. 
thick lightweight concrete slab supported by wide flange girders and beams connected to the core 
columns with bolted connections.  Reinforcement between the core area floor and the office area floor 
(#3 bars at 10 in. at the top and #4 bars at 12 in. at the bottom) provided continuity between the two areas 
and restrained the truss from walking off the interior seat.  

 

 
Figure 2–1.  Mock up of office floor framing system (Photograph from about 1967 

provided by Laclede Steel Co.). 
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Figure 2–2.  Floor plan of Floor 96 of WTC 1. 
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2.2 EXTERIOR WALL SUBSYSTEM DESCRIPTION 
Each exterior wall of the towers consisted of fifty-nine 14 in. square box columns spaced at 3 ft 4 in. on 
center, with 52 in. deep spandrel plates at each floor level.  The exterior wall was constructed with shop-
welded prefabricated panels, each consisting of three columns and three spandrel beams, 13 ft 4 in. wide 
by 36 ft high.  Except at mechanical floors and the base and top of the structure, vertical splices (column 
splices) in prefabricated panels were staggered such that within any story, every third prefabricated panel 
had a column splice (see Fig. 2–3).  Exterior column splices at the upper stories typically consisted of four 
7/8 in. diameter ASTM A325 bolts fastened through the welded butt plates at the tops and bottoms of 
adjoining columns.  Special prefabricated panels existed for the mechanical floors where no stagger 
existed at Floors 7, 41, 75, and 108.  At these mechanical floors, the column splice detail included 
supplemental field welding in addition to the bolted connection.  Horizontal (spandrel-to-spandrel) 
connections between prefabricated panels were all field-bolted using splice plates.  Corner panels that 
connected the orthogonal walls at corners were two-story tall (24 ft) and consisted of two columns, two 
spandrel plates, and a third column midway between the two columns on alternate floors. 

Various grades of steel, having yield strengths ranging between 42 ksi and 100 ksi, were specified for the 
exterior column and spandrel plates.  However, fewer grades were actually used than specified by 
supplying a single grade steel for the 3 highest specified yield strengths.  Column plate thickness also 
varied, both vertically and around the building perimeter.  Column plate thickness was as thin as 1/4 in. at 
the upper stories and increased toward the base of the building.  The specified plate thickness and material 
yield strength for each column differed between the two towers primarily due to the 90-degree change in 
the building orientation between the two towers and computed wind loads (NIST NCSTAR 1-2). 

The model of the exterior wall subsystem was a nine-column (three-panel) wide by nine-story (three-
panel) high section of WTC 1 between Floor 91 and Floor 100 and Column 150 and Column 158 as 
shown Fig. 2–3.  This area, typical of the exterior walls of the towers, connected to a part of the floor 
system near the corner.  (Column 159 is at the corner of the north face of WTC 1, see Fig. 2–3).  Using 
this model, the structural behavior and failure modes of the exterior wall system were evaluated in the fire 
environment.   
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Figure 2–3. Exterior wall construction with prefabricated wall panels. 
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passive fire protection (also referred to as thermal insulation or fireproofing), and floor finish, and were 
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with 55 psf design live load.)  The service dead and live loads were applied first, followed by the thermal 
loads. 

The dead and live loads were defined as weights, so that during the collapse process, the gravity loads 
remained acting on the structure.  The weight of debris from the plane provided by Project 2 (NIST 
NCSTAR 1-2) was found to be negligible relative to the dead and service live loads and was not included 
in the analysis. 

The thermal loads, Ta, were temperature time histories for all structural members provided by Project 5 
(NIST NCSTAR 1-5, NIST NCSTAR 1-5G). 

For analysis of some of the components, discrete values of temperature or temperature distributions were 
linearly ramped from 20 °C to 700 °C (or to a temperature below 700 °C that results in the failure of the 
component) over 30 min.  Failure modes of the components were evaluated at room temperature and at 
different elevated temperatures, as failure modes and failure loads may change with increasing 
temperature. 

Although wind may have had a minor role in the collapse of the towers, all analyses performed in this 
study did not include wind load effects. 
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Chapter 3 
MATERIALS 

The mechanical properties of both steel and concrete are affected significantly by temperature.  In the 
following sections, the material properties used in this study are specified as a function of temperature.  
For finite element analysis (FEA) of components, subsystems, and global models of the World Trade 
Center (WTC) towers, a material properties catalog was developed.  Each material model was identified 
with a number in ANSYS; steels were Material ID 1 through Material ID 29, and concretes were Material 
ID 51 through Material ID 83.  The details of different materials are discussed for concrete and steel 
separately in this chapter. 

3.1 CONCRETE 
Two types of concrete were generally used for the flooring inside the towers: lightweight concrete and 
normal weight concrete.  Thermal properties of normal weight concrete depend on the type of aggregate.  
Petrographic inspection by Simpson Gumpertz & Heger Inc. of two samples of concrete taken from the 
debris at NIST showed siliceous sand.  Because the source of coarse and fine aggregates for a 
construction site is usually the same, available data for siliceous aggregates were used. 

3.1.1 Concrete Properties 

The unit weight of the lightweight concrete was specified at 100 pcf by the WTC Design Criteria (LERA 
2003); however, 110 pcf was used in the analysis based on the density of the two concrete samples 
examined by SGH.  The unit weight of the normal weight concrete was specified at 150 pcf by the 
WTC Design Criteria (LERA 2003). 

Poisson’s ratio, cν , of 0.17 was used for both normal weight and lightweight concrete at all temperatures. 

The specified concrete strength was 3,000 psi for the lightweight concrete, and either 3,000 psi or 
4,000 psi for the normal weight concrete, as shown on Drawing Book 8, Sheet AB1–2.1 (SHCR 1973).  
The actual strength, af , of in-place concrete at room temperature was calculated from the specified 
strength, cf ′ , as follows: 

 
321 FFFff ca ⋅⋅⋅′=  (1)

where the factor F1 = the ratio of the average strength of 28-day cylinders to specified strength, F2 = the 
ratio of in-situ 28-day strength to 28-day cylinder strength, and F3  = factor that accounts for the change in 
concrete strength with age. 

By using F1 = 1.25 and  F2 = 0.95 (Bartlett and MacGregor 1996) and F3 = 1.16, based on the formula 
specified in Section 2.2.1 of American Concrete Institute (ACI) 209 for the change of concrete strength 
with age, the mean of the ratio of actual strength of in-place concrete to the specified concrete strength 
was determined to be ca ff ′/  = 1.38.  Based on this mean value, the actual strengths of in-place concretes 
are af  = 5,500 psi for the specified 4,000 psi normal weight concrete, 4,100 psi for the specified 
3,000 psi normal weight concrete, and 4,100 psi for the specified 3,000 psi lightweight concrete. 
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Temperature-dependent properties of concrete used in this study were modulus of elasticity, instantaneous 
coefficient of thermal expansion, compressive strength, and tensile strength. 

Modulus of elasticity at room temperature was evaluated by the following formula: 

 
acc fRTE 5.133)( γ=  (2)

For the compressive strength, the actual strength, af , was used as the compressive strength at room 
temperature.  The tensile strength at room temperature was evaluated by: 

 
at fRTf 5)( =  (3)

The effects of elevated temperature on concrete properties are based on the work of Phan (1996) as shown 
in Fig. 3–1. 

3.1.2 Concrete Stress-Strain Relationships 

The compressive stress-strain relationship for concrete, formulas expressed by Seanz (1964), is given by 
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In tension, stress increases linearly up to the tensile strength.  When concrete is strained in tension beyond 
its strength, it softens, and the stress drops.  However, the descending branch of stress-strain relationship 
caused significant numerical problems which were avoided by assuming, with little error, that concrete 
becomes plastic in tension.  The assumption of concrete plasticity after the onset of micro-cracking is 
valid for reinforced concrete with a reinforcement ratio of about a ratio of the tensile strength of concrete 
to the yield strength of reinforcement, which is 0.46 percent.  The reinforcement ratio in the typical 
concrete slab in the WTC towers was 0.21 percent in the primary truss direction and 0.74 percent in the 
direction transverse to the primary trusses.  Although the reinforcement ration in the truss direction was 
smaller than 0.46 percent, the resulting error was not significant.  Figure 3–2 shows stress-strain curves of 
concrete with 3,000 psi specified compressive strength at room and elevated temperatures. 
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Figure 3–1.  Properties of concrete that vary with temperature. 
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Figure 3–2.  Concrete stress-strain relationships at different temperatures. 

For the knuckle model in LS-DYNA, solid concrete elements were used with Pseudo Tensor material 
model (Livermore Software Technology Corporation 2003).  The response mode II default concrete 
option was used.  Properties of welded wire fabric were smeared into the concrete material properties, 
assuming a steel reinforcement of 0.47 percent and a yield strength of wire of 70 ksi, where 0.47 percent 
steel reinforcement was the average of the reinforcement in the two horizontal directions.  Since material 
properties cannot be defined as temperature-dependent properties in this model, different material types 
were specified for the lightweight concrete at 20 ˚C, 150 ˚C, 300 ˚C, 450 ˚C, 600 ˚C, and 750 ˚C (Material 
IDs 51 through 56) with different stress-strain relationships. 

The concrete floor slab in the truss model was modeled with eight-node solid elements (SOLID185) with 
a material model that accounts for different behaviors in tension and compression.  One such material 
model in ANSYS is the Hjelm plasticity model with different yield properties in tension and compression.  
A low “yield stress in tension” was used to simulate cracking of concrete.  The Hjelm model uses the 
Rankine maximum stress criterion in tension and the von Mises yield criterion in compression (ANSYS, 
Inc. 2004).  Concrete material models with the Hjelm model for the specified 3,000 psi normal weight 
concrete, the specified 4,000 psi normal weight concrete, and the specified 3,000 psi lightweight concrete 
were assigned to Material ID 81, 82, and 83, respectively.  To improve convergence in analysis, the 
negative slope in the stress-strain relationship after cracking or crushing in compression was removed, 
and the concrete was assumed to be plastic after cracking or crushing. 

Isotropic hardening von Mises plasticity with a bilinear stress-strain relationship was used for the shell 
element modeling of the concrete slab in the full floor model.  The model was elastic until the stress 
reached the compressive strength.  It has the same yield strength in both tension and compression and, 
thus, did not accurately represent the tensile softening of concrete.  This model did have temperature-
dependent material properties. 
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3.1.3 Concrete Failure Criteria 

The Mohr-Coulomb failure surface with end caps (a tensile cut-off stress and a compressive failure end 
cap) was used in the Pseudo Tensor material model in the knuckle analysis (Livermore Software 
Technology Corporation 2003).  The cut-off stress for tensile failure was set as 

 3/2)(7.1 acut f=σ  (5)

3.2 STEEL 
Steel types used in WTC 1 and WTC 2 are listed in Table 3–1 along with the actual yield and tensile 
strengths used in analysis.  NIST examined the WTC steels in Project 3 and determined their material 
properties (NIST NCSTAR 1-3).  There were a number of steel suppliers and the multiple sources for 
steel components of the same grade resulted in different strengths. 

3.2.1 Steel Properties 

Figure 3–3 shows mechanical properties of steel that are affected by elevated temperatures: (a) modulus 
of elasticity, (b) Poisson’s ratio, (c) yield strength reduction factor, (d) tensile strength reduction factor, 
and (e) instantaneous coefficient of thermal expansion.  All steel properties, except yield and tensile 
strength reduction factors for bolt steels, are the same for all steels shown in Table 3–1. 

3.2.2 Stress-Strain Relationship 

Plasticity: Stress-strain relationships at room temperature were provided by Project 3.  They were 
constructed from mill reports, actual test data, and literature information using the Voce hardening law. 

Stress-strain relationships at elevated temperatures, without consideration of creep, were obtained from 
the power law: 
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The steel stress-strain relationships at different temperatures varied depending on the type of steel used in 
the construction of the towers.  Values for TSR  and CR  are given in Table 3–1, and parameters of 
functions )(TK  and )(Tn , which were provided by Project 3, are given in Table 3–2.  The stress-strain 
curve is linear with Young’s modulus up to the “linearity limit.”  At the linearity limit, the linear stress-
strain curve intersects the power law stress strain curve.  (Stress at the linearity limit at elevated 
temperature was not necessarily equal to the yield stress at the given temperature.  The linearity limit was 
required for ANSYS input.) 
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Figure 3–3.  Properties for all steel types that vary with temperature. 
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Table 3–1.  Steel types used in WTC 1 and WTC 2. 

Material ID Description 
σyRT 
(psi) 

σuRT 

(psi) RTS RC 

1 All 36 ksi core box columns, plates, strapsa 36,720 64,470 1.086 0.857 

2 All 36 ksi core WF, channels, and tubes 36 ksi large area 
and large inertia “rigid” beams in SAP2000 modela 

37,000 63,450 1.069 0.954 

3 All 42 ksi box columns (1<=0.75 in.) 51,400 79,200 1.070 0.884 

4 All 42 ksi box columns (0.75 in. < t <= 1.5 in.) 47,000 74,800 1.010 0.884 

5 All 42 ksi box columns (t > 1.5 in.) 42,600 70,400 0.951 0.880 

6 42 ksi or 45 ksi Group 3 WF core columns 53,800 74,400 1.005 0.977 

7 42 ksi or 45 ksi Group 3 WF core columns 49,000 71,040 0.960 0.954 

8 42 ksi Group 4&5 WF core columns 44,200 66,640 0.900 0.948 

9 45 ksi Group 4&5 WF core columns 47,800 71,074 0.960 0.939 

10 All 36 ksi Plates 1, 2, and 4 in perimeter columns 35,630 61,170 1.031 0.875 

11 All (42, 45, or 46) ksi Plates 1, 2, and 4 in. perimeter 
columns 

53,051 74,864 1.011 0.948 

12 All 50 ksi Plates 1, 2, and 4 in. perimeter columns.  All 
50 ksi channels and platesa 

53,991 75,618 1.021 0.978 

13 All 55 ksi Plates 1, 2, and 4 with t<=1.5 in. in perimeter 
columns 

60,817 82,558 1.115 0.903 

14 All 60 ksi Plates 1, 2, and 4 with t<=1.25 in. in perimeter 
columns 

62,027 87,250 1.178 0.894 

15 All 65 ksi Plates 1, 2, and 4 with t<=0.5 in. in perimeter 
columnsb 

69,642 90,442 1.221 0.979 

16 All 70 ksi Plates 1, 2, and 4 in. perimeter columns 76,735 91,951 1.242 0.955 

17 All 75 ksi Plates 1, 2, and 4 in perimeter columns 82,469 96,821 1.308 0.936 

18 All 80 ksi perimeter columns steels, regardless of plate 91,517 99,442 1.343 0.987 

19 All (85, 90, 100) ksi perimeter column steels, regardless 
of plate 

104,783 115,983 1.566 0.976 

20 Laclede truss web bar rounds specified as A36 38,067 59,567 1.004 0.935 

21 Laclede truss chord angels (regardless of ASTM Spec) 
and all rounds specified as A242 

55,332 74,050 1.000 0.959 

22 A325 boltsc 104,783 115,983 1.566 0.976 

23 All 42 ksi Plate 3 in perimeter columns 42,600 67,216 0.900 0.912 

24 All 45 ksi Plate 3 in perimeter columns 45,900 69,831 0.940 0.921 

25 All 50 ksi Plate 3 in perimeter columns 51,400 74,188 1.000 0.935 

26 All 55 ksi Plate 3 in perimeter columns 56,900 78,546 1.070 0.906 

27 All 60 ksi Plate 3 in perimeter columns 62,400 83,903 1.130 0.949 

28 All 65 ksi Plate 3 in perimeter columns 67,900 87,261 1.190 0.975 

29 All 70 ksi and 75 ksi Plate 3 in perimeter columns 78,900 95,976 1.310 0.997 
a. Steels in the following members are assumed to have the properties shown in the table: 
 36 ksi plates and straps (Material 1). 
 36 ksi channels, tubes, and “rigid” beams (Material 2). 
 50 ksi channels and plates (Material 12). 
b. 65 ksi steels in perimeter columns with t>0.5 in. are assumed to have the same properties as those in Material 15. 
c. In the column model, stress-strain relationships of bolts are used. 
Note: Bolt properties are assumed to be the same as those in Material 19. 
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Table 3–2.  Parameters for K(T) and n(T). 
 σyRT = 36,000 psi σyRT > 36,000 psi 

tk1, ˚C 524.1812 511.8266 
tk2, ˚C 523.6799 511.8938 
k0, psi 29049.2 26472.1 
k1 9.4346 6.5764 
k2 9.3532 6.5971 
k4, psi 121605.6 122516.7 
tn1, ˚C 524.4304 519.634 
tn2, ˚C 521.241 499.6031 
n0, psi 0.1235 0.0342 
n1 19.0000 10.0000 
n2 19.0000 10.0000 
n4, psi 0.2168 0.1511 

 

Figure 3–4 shows stress-strain curves of Material ID 1 (see Table 3–1 for the material description) at 
room and elevated temperatures.  Figure 3–4 (a) is a close-up view of the lower strain range, while  
Fig. 3–4 (b) shows strain levels up to 0.3. 

The elastic-plastic behavior of steels was modeled with ANSYS material model “Multi-linear isotropic 
hardening von Mises plasticity.” 

 

 
Figure 3–4.  Steel (Material ID 1) stress-strain relationships at different temperatures. 
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Creep: Steel creeps at elevated temperatures (T ≥ 350 ˚C).  The creep behavior of the steels in the WTC 
towers was expressed by NIST as follows: 
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The creep model was validated against experimental data by NIST (NIST NCSTAR 1-3D).  The creep 
model was derived by modifying the creep model already developed by Fields and Fields (1991).  In this 
original model, the stress was scaled by yield strength at room temperature.  The original model was used 
in the truss model and the exterior wall model. 

The function, )(Ta , is not smooth at T = 500 °C.  To enhance numerical efficiency, )(Ta  was modified 
by smoothing it as follows: 
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A comparison of creep strains calculated from Eq. (7) with )(Ta  given by Eqs. (7-a) and (7-d) is shown 
in Fig. 3–5.  For 350 °C ≤  T ≤  500 °C, creep strain is underestimated with )(Ta  by Eq. (7-d).  
However, the difference is small, and creep strains for temperatures below 500 ˚C are usually negligible.  
Figure 3–6 illustrates creep behavior of steel at elevated temperatures for Material ID 1.  Figure 3–6 (a) 
shows creep strain rate at different stress levels and different temperatures, and Fig. 3–6 (b) compares 
elastic, plastic, creep, elastic plus plastic, and total strains at T = 600 °C and after loading at a constant 
stress level for 1,800 s.  The creep model expressed by Eq. (7) with )(Ta  given by Eq. (7-d) was used in 
the global models. 

In ANSYS analysis, the “time hardening” implicit creep model was used for BEAM188 and BEAM189 
elements, where creep strain rate was given by: 

 )()(
1

32)( TCTCcr tTC
dt

d
σ

ε
=  (8)

and )(1 TC , )(2 TC , and )(3 TC  are temperature-dependent parameters derived from the creep model 
expressed by Eq. (7) with the following relationships: 
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For BEAM24 elements in ANSYS, the primary explicit creep model was used.  Creep strain rate was 
specified by 
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The truss model and the exterior wall subsystem model included creep with BEAM188 and 189 elements.  
The global model included creep with BEAM24 elements, as they were more numerically stable for creep 
and post-buckling behaviors.   
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Figure 3–5.  Comparison of creep strains with )(Ta  given by (7-a) and (7-d) for 

Material ID 1 steel subject to 15 ksi for 1,800 s at a given temperature. 
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Figure 3–6.  Creep behavior at elevated temperatures for Material ID 1 steel. 

3.2.3 Steel Failure Criteria 

The tensile failure criteria for steel were defined in terms of plastic strains.  The multi-axial fracture strain 
criterion for different steels and temperatures in terms of true stress and true strain (NIST NCSTAR 1-3D) 
can be expressed as follows: 
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)(Tα  is a temperature dependent material property, values of which can be calculated from Table 3–3 by 
using Eq. (11).  For the uniaxial stress condition, where σσ =  and 3/σσ =m , the plastic strain at 
fracture reduces to: 

 )5.0exp()(_ −= Tunif αε  (11)

Table 3–3 shows the uniaxial plastic strain at fracture, unif _ε , calculated by Eq. (11) for different 
temperatures.  This criterion is valid for a finite element analysis (FEA) with a very fine mesh.  For a 
coarser mesh, the equivalent steel fracture criterion was determined numerically as follows.  A standard 
tension test specimen was modeled in ANSYS.  The gauge length, width, and thickness of the specimen 
were 8 in, 1.5 in, and 1 in., respectively, and steel properties of Material ID 1 were used.  Six different 
models (Model 0 to 5) were created, each having a different mesh size.  Element sizes of Models 0 to 5 
were 0.025 in., 0.050 in., 0.0125 in., 0.250 in., 0.375 in., and 0.75 in.  It was assumed that Model 0 was a 
fine mesh that was able to capture tensile fracture in uniaxial tension. 

Model 0 was subjected to tension until the maximum plastic strain in the direction of applied 
displacement reached the uniaxial fracture strain determined by Eq. (11) for uniaxial stress condition, and 
the corresponding elongation of the specimen, ∆0, was obtained.  Models 1 to 5 were then subjected to the 
same elongation, ∆0, and the maximum plastic strain in the direction of applied displacement was 
measured for each model.  The maximum plastic strain due to the elongation of ∆0 was defined as the 
limiting plastic strain (equivalent fracture plastic strain) for the corresponding element size. 
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From these six cases, a relationship between element size and equivalent uniaxial fracture plastic strain 
was established.  This process was repeated for temperatures 20 °C, 100 °C, 300 °C, 500 °C, and 700 °C.  
Figure 3–7 (a) shows the ratio of the maximum plastic strain in the direction of applied displacement due 
to displacement ∆0 to uniaxial plastic strain by Eq. (11) vs. element size at different temperatures.  The 
FEA results were extrapolated up to the element size of 50 in.  Plastic strain shown in Fig. 3–7 (b) was 
used as the failure criterion for the corresponding element size in the FEA.  Note that Fig. 3–7 (b) shows 
the failure criterion for element size larger than 0.375 in. 

The compressive failure criteria for steel were not specified explicitly in terms of plastic strains because 
the information was not available.  However, failure of compressive members was expressed by elastic 
buckling and plastic kink-type buckling (see Chapter 6) of compression members. 

Table 3–3.  Uniaxial plastic strain at fracture by Eq. (11). 
Plastic Strain at Fracture in the Uniaxial Test, unif _ε  

Material ID 20 ˚C 100 ˚C 300 ˚C 500 ˚C 700 ˚C 1000 ˚C 

1 0.8411 0.6989 0.6610 1.0446 1.8100 3.5862 
2 0.8411 0.6989 0.6610 1.0446 1.8100 3.5862 
3 0.4908 0.4078 0.3857 0.6095 1.0561 2.0924 
4 0.4908 0.4078 0.3857 0.6095 1.0561 2.0924 
5 0.4908 0.4078 0.3857 0.6095 1.0561 2.0924 
6 0.4908 0.4078 0.3857 0.6095 1.0561 2.0924 
7 0.4908 0.4078 0.3857 0.6095 1.0561 2.0924 
8 0.4908 0.4078 0.3857 0.6095 1.0561 2.0924 
9 0.4908 0.4078 0.3857 0.6095 1.0561 2.0924 

10 0.8891 0.7388 0.6987 1.1042 1.9142 3.7907 
11 0.4908 0.4078 0.3857 0.6095 1.0561 2.0924 
12 0.4908 0.4078 0.3857 0.6095 1.0561 2.0924 
13 0.2846 0.2364 0.2236 0.3534 0.6123 1.2132 
14 0.3774 0.3136 0.2965 0.4686 0.8120 1.6088 
15 0.5338 0.4436 0.4195 0.6629 1.1486 2.2758 
16 0.5623 0.4672 0.4418 0.6983 1.2099 2.3972 
17 0.7752 0.6442 0.6092 0.9628 1.6681 3.3051 
18 0.6545 0.5439 0.5143 0.8129 1.4084 2.7906 
19 0.4254 0.3535 0.3343 0.5283 0.9154 1.8137 
20 0.8411 0.6989 0.6610 1.0446 1.8100 3.5862 
21 0.4908 0.4078 0.3857 0.6095 1.0561 2.0924 
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Figure 3–7.  Maximum plastic strain from the finite element analysis 

and limiting plastic strain. 

3.3 WELDS 
The weld properties at all temperatures were assumed to be the same as those of the base metal of the 
same ultimate tensile strength as determined by Project 3.  High temperature properties of the weld metals 
were not found in the literature.  Susceptibility of existing cracks in the welds to growth (fracture 
toughness) does not increase with temperature (Stevick 1994).  This assumption was supported by the 
following observations in the recovered WTC steel: the exterior column welds were strong enough to fail 
the base metal, the observed fractures in the exterior columns were mostly through the base metal, and the 
welds in trusses were resistance welds with no filler added.  For the core columns, the area of the welds 
was significantly less than that of the base metal, and several fractures through the welds were observed.  
Fractures in the truss seats and truss connections were also observed.   

3.4 BOLTS 
A load-elongation relationship for a 7/8 in. A325 bolt with 4 in. length at room temperature was provided 
by Project 3.  Load-elongation relationships at elevated temperatures are constructed by scaling the loads 
by the yield and ultimate tensile strength reduction factors for bolt steels shown in Fig. 3–3 (c) and (d).  
Figure 3–8 shows the load-elongation relationships of a 7/8 in. bolt at different temperatures.  Load-
elongation relationships of A325 bolts of different size were created by proportioning the load by the net 
area. 

The load-elongation relationship for bolts with a different length than 4.0 in. is expected to be very 
similar to the load-elongation relationship for 4.0 in. length since bolt deformations are localized. 

Based on the AISC formulas (AISC 2003), C-J3–2 to C-J3–4, the shear strength for a single shear plane is 
calculated as 0.67 of the tensile strength given in Fig. 3–8 when threads are excluded from the shear 
plane.  When threads are not excluded from the shear plane, the nominal shear strength for a single shear 
plane is 0.53 of the tensile strength given in Fig. 3–8.  These factors were obtained by a ratio between the 
shear strength and the tensile strength evaluated by the AISC formulas.  No shear ductility was assumed 
at failure. 
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Figure 3–8.  7/8 in. A325 bolt load-elongation curves at elevated temperatures. 

3.5 COEFFICIENT OF FRICTION  
The coefficient of friction of 0.33 for calculation of shear in friction-type connections was used.  This 
value was taken from the AISC LRFD (2003) friction coefficient for uncoated clean mill scale steel 
surfaces, or surfaces with Class A coatings on blast-cleaned steel surfaces. 

3.6 SYMBOLS 
)(Tα  = temperature-dependent material property that defines fracture criterion 

)(Tcα  = instantaneous coefficient of thermal expansion of concrete 

)(Tsα  = instantaneous coefficient of thermal expansion of steel 

)(Tyβ  = steel yield strength reduction factor due to elevated temperature 

)(Tuβ  = steel ultimate strength reduction factor due to elevated temperature 

cγ  = unit weight of concrete (110 pcf and 150 pcf for lightweight and normal weight concrete, 
respectively) 

sγ  = unit weight of steel (490 pcf = 0.284 pci for all steel types at any temperature) 

1cε  = concrete strain at maximum compressive stress 

crε  = creep strain of steel 

eε  = elastic strain 

epε  = elastic plus plastic strain 

fε  = effective plastic strain at fracture 

unif _ε  = uniaxial plastic strain at fracture 

pε  = plastic strain 

tε  = concrete strain at maximum tensile stress 

tuε  = concrete strain at full crack formation (separation) in tension 
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cν  = Poisson’s ratio of concrete 

sν  = Poisson’s ratio of steel 

σ  = effective von Mises stress 

mσ  = mean stress 

yRTσ  = room temperature yield strength of steel 

uRTσ  = room temperature tensile strength of steel 

)(TEs  = modulus of elasticity of steel 

)(TEc  = modulus of elasticity of concrete 

1F  = mix design factor = ratio of the actual 28 day cylinder strength to cf ′  

2F  = in-situ factor = ratio of in-situ 28 day strength to the 28 day cylinder strength 

3F  = aging factor = ratio of mature concrete strength to 28 day concrete strength 

af  = actual strength of in-place concrete 

cf ′  = specified 28 day strength 

)(Tfc  = compressive strength of concrete 

)(Tft  = tensile strength of concrete 

)(TK  = sigmoidal function of temperature with six parameters 

)(Tn  = sigmoidal function of temperature with six parameters 

CR  = correction factor that has the following two functions: (1) to correct the strain rate effect 
introduced in the material testing and create the stress-strain curve for zero strain rate, 
and (2) to match the room temperature stress-strain curve at strain of 0.05 

TSR  = ratio of the room temperature tensile strength of the steel of interest to the room 
temperature tensile strength of the steel used to develop the power law model 

RT  = room temperature (20 °C) 
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Chapter 4 
MODEL CONVERSION FROM SAP TO ANSYS 

Reference structural models were developed under Project 2 in SAP2000 (SAP) for traceability to a 
verified data set (NIST NCSTAR 1-2, NIST NCSTAR 1-2A). The SAP2000 Floor 96 model of WTC 1 
and the SAP global models of WTC 1 and WTC 2 were converted into ANSYS 8.1 (ANSYS) and used as 
a foundation for developing detailed structural models.  The converted ANSYS models were modified to 
incorporate the nonlinear behaviors of the components for the thermal/structural evaluation of collapse 
initiation. 

4.1 TRANSLATION PROCEDURE 
An automatic translation software was developed to partially convert the floor model and global models 
from SAP to ANSYS: 

• The Joints, Frames, and Shells in the SAP model were translated into ANSYS Keypoints, 
Lines, and Areas.  Translation using geometry definition, instead of nodes and elements, 
allowed for easy mesh refinement, where needed. 

• Lines were meshed with both section properties and real constants so that a translation 
between 3-D elastic beam (BEAM44) elements and 3-D inelastic finite strain beam 
(BEAM188/BEAM189) elements was achieved by simply changing element types.  Areas 
were meshed with elastic shell (SHELL63) elements in ANSYS to match the Shell elements 
in SAP.  Lines and Areas were able to be changed to nonlinear beam (BEAM188) and 
nonlinear shell (SHELL181) elements simply by changing an element type. 

• Material properties were assigned as described in Chapter 3 based on the material definitions 
and Frame section properties in SAP. 

• Frame section properties in SAP were converted into Real Constants for BEAM44 in 
ANSYS.  Cross section properties in SAP were retained for future conversion into cross 
section data for BEAM188 elements.  Shell thicknesses in SAP were converted into Real 
Constants for SHELL63 in ANSYS. 

• Joint restraints in SAP were translated into DOF constraints in ANSYS. 

• Frame distributed loads and area uniform loads were translated into surface loads on Lines 
and Areas in ANSYS. 

• The ANSYS BEAM44 elements support element moment releases, but the ANSYS nonlinear 
BEAM188 elements do not.  Therefore, Frame releases in SAP were modeled by coincident 
nodes with coupled (CP) degrees of freedom in ANSYS. 

• The ANSYS BEAM44 elements allow beam end offsets in three directions, but the ANSYS 
nonlinear BEAM188 elements only allow beam end offsets perpendicular to the element axis 
through section offset (SECOFFSET) command.  Frame insertion points in SAP were 
converted in two ways.  For offsets along the element axis, additional nodes and rigid 
MPC184 elements with the proper lengths were used in ANSYS.  For offsets perpendicular to 
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the element axis, beam end offsets were defined using Real Constants for BEAM44, and were 
defined using SECOFFSET command for BEAM188.  

• Frame offsets and rigid panel factor in SAP were modeled by adding additional nodes and 
rigid beam MPC184 elements with the proper lengths in ANSYS. 

During the conversion of the SAP floor model, the following conditions were encountered and were 
resolved: 

• The SAP floor model allowed automatic division of the frames at joints.  This caused 
problems in the translation software, because the frame connectivities in the Graphical User 
Interface did not show the actual internal element connectivities used in the SAP analysis 
engine.  In order to resolve this problem, the translation software was modified to use the 
internal element connectivities.  The table of internal connectivities was exported from the 
SAP model after the execution of the SAP analysis. 

• Information on automatic offsets in the SAP model were not available in the SAP input file.  
The table of element offsets was exported after the execution of the SAP analysis. 

• There were both intentional and unintentional duplicate elements in the SAP floor model that 
led to problems in the translator since ANSYS cannot have duplicate lines sharing the same 
keypoints.  Some duplicate elements were used to model additional steel plates at the ends of 
trusses.  The duplicate elements were manually deleted, and the section properties of the 
remaining elements were modified to account for the additional steel.  Some duplicate 
elements were from frame elements with different lengths that overlapped.  These were 
manually corrected. 

Those parts of the model that were not converted by the translation software were converted manually. 

Table 4–1 presents the descriptions of finite elements used in ANSYS models, such as BEAM188 
(ANSYS, Inc. 2004).  All structural elements listed in the table including link, beam, shell, and solid 
elements can be used with temperature-dependent material properties. 
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Table 4–1.  Element types used in ANSYS models. 
Name Element Type Description 

LINK8 3-D truss LINK8 is a uniaxial tension-compression element with three degrees of freedom 
at each node.  It has plasticity, creep, and large deflection capabilities. 

BEAM4 3-D elastic 
beam 

BEAM4 is a 3-D elastic Euler beam element.  The element has six degrees of 
freedom at each node.  Large deflection capability is included. 

BEAM44 3-D elastic 
tapered 
unsymmetric 
beam 

BEAM44 is a 3-D elastic Euler beam element and allows a different 
unsymmetrical geometry at each end.  The element has six degrees of freedom 
at each node.  Large deflection capability is included. 

BEAM188 3-D linear 
finite strain 
beam 

BEAM188 is a linear (2-node) or a quadratic beam element in 3-D based on 
Timoshenko beam theory.  Each node has six degrees of freedom or seven 
degrees of freedom (6+warping).  Shear deformation effects are included.  This 
element is supported for plasticity, creep, large deflection.  A cross section can 
be a built-up section referencing more than one material.  Creep strain is 
calculated by implicit time integration method. 

BEAM189 3-D quadratic 
finite strain 
beam 

BEAM189 is a quadratic (3-node) beam element in 3-D based on Timoshenko 
beam theory.  Each node has six degrees of freedom or seven degrees of 
freedom (6+warping).  This element is supported for plasticity, creep, large 
deflection.  A cross section can be a built-up section referencing more than one 
material.  Creep strain is calculated by implicit time integration method. 

SHELL63 4-node elastic 
shell 

SHELL63 has both bending and membrane capabilities.  The element has six 
degrees of freedom at each node: three translations and three rotations.  Large 
deflection capability is also included. 

SHELL181 4-node finite 
strain shell 

SHELL181 is a 4-node shell element with six degrees of freedom at each node: 
three translations and three rotations.  Plasticity, creep, and large deflection 
capabilities are supported.  In nonlinear analyses, change in shell thickness is 
accounted for.  SHELL181 may be used for layered applications. 

SOLID185 3-D 8-node 
structural solid 

SOLID185 is an 8-node structural solid element and has three degrees of 
freedom at each node (three translations).  Plasticity, creep, and large deflection 
capabilities are supported. 

COMBIN37 Control 
element 

COMBIN37 is a unidirectional element with the capability of turning on and off 
during an analysis.  The element has one degree of freedom at each node. 

MPC184 Multipoint 
constraint 
element 

MPC184 comprises a general class of multi constraint elements that implement 
kinematic constraints using Lagrange multipliers.  Depending on the option that 
the user selects, the element can be used as a rigid link element, a rigid beam 
element, a slider element, a spherical element, a revolute joint element, and a 
universal joint element. 
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4.2 VALIDATION 

4.2.1 Floor Model Validation 

Figures 4–1 through 4–4 show the converted floor model. 

The following analyses were performed to validate the converted ANSYS floor model against the original 
SAP model. 

• One static analysis with gravity loads, defined in SAP as Load Case “DEAD,” included self-
weight plus 3.5 psf uniform load in the office area. 

• One modal analysis, using structural mass only. 

Table 4–2 summarizes the comparison of the SAP and ANSYS results for the gravity load case.  The total 
reactions for the SAP and ANSYS models were within 0.1 percent of each other.  The maximum slab 
displacement predicted by the ANSYS model was 3.2 percent smaller than that obtained from the SAP 
model.  The deformed shapes of the gravity load case for the SAP and ANSYS models are shown in 
Figs. 4–5 and 4–6. 

Table 4–2.  Comparison of SAP and ANSYS results for gravity load case. 
 SAP ANSYS 

Total reaction, kip 2,212.81 2,210.85 (-0.09 %) 
Maximum slab displacement, in. 0.718 0.695 (-3.2 %) 

 

 

 
Figure 4–1.  Converted ANSYS model for Floor 96 of WTC 1: overall view. 
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Figure 4–2.  Converted ANSYS model for Floor 96 of WTC 1: partial view 

 near corner of building. 

 

 

 
Figure 4–3.  Converted ANSYS model for Floor 96 of WTC 1: close-up view 

 at corner of building. 
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Figure 4–4.  Converted ANSYS model for Floor 96 of WTC 1: view of 

 floor beams and columns. 

 

 
Figure 4–5.  Deformed shape (x100) of gravity load case for SAP floor model (downward 

displacement is negative). 

 

(in.)
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Figure 4–6.  Deformed shape (x100) of gravity load case for  

ANSYS floor model (total displacements are shown). 

Table 4–3 summarizes the comparison of the SAP and ANSYS results for the modal analysis of the floor 
models.  The total masses of the SAP and ANSYS models were within 0.02 percent of each other.  The 
dominant natural frequency of the floor predicted by the ANSYS model was 2.5 percent higher than that 
obtained from the SAP model.  This discrepancy is consistent with the discrepancy observed for gravity 
displacement.  The dominant mode shapes of the floor for SAP and ANSYS models are shown in  
Figs. 4–7 and 4–8. 

Table 4–3.  Comparison of SAP and ANSYS floor model modal analysis results. 
 SAP ANSYS 

Total mass, lb⋅sec2/in. 5448.7 5447.7 (-0.02 %) 

Dominant natural frequency of floor, Hz 4.32 4.43 (+2.5 %) 

 

 

 

(in.) 
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Figure 4–7.  Dominant mode shape (frequency = 4.32 Hz) of floor structure 
for SAP floor model. 

 

 

 
Figure 4–8.  Dominant mode shape (frequency = 4.43 Hz) of floor structure  

for ANSYS floor model. 
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4.2.2 Global Model Validation 

The translated ANSYS models were subjected to gravity dead and live loads and the results were 
compared to the results of SAP2000 global models (Figures 4–9 and 4–10).  This comparison was 
performed to verify the accuracy of the translation of the SAP2000 models into ANSYS.  The overall 
displaced shapes, the maximum displacements and vertical base reactions at each construction stage, and 
element forces for a set of randomly selected members from different parts of the buildings were 
compared. 

The gravity analysis consisted of three stages that simulated the construction sequence of the buildings.  
Stage 1 was the analysis of the parts of the towers up to and including Floor 106 under their self weight.  
In Stage 2, the members above Floor 106 in unstressed states were added to the parts of the towers up to 
and including Floor 106, which had already deformed under their self-weight, and the towers were 
subjected to and analyzed for the dead load of the newly added members.  In Stage 3, the towers were 
subjected to and analyzed for the additional load consisting of the superimposed dead load and 25 percent 
of the design live loads were added to the existing dead loads. 

Figures 4–11 and 4–12 compare the deformed shapes of WTC 1 and WTC 2 obtained from the translated 
ANSYS models to the ones obtained from the SAP models at the end of Stage 3 of the gravity analysis.  
Table 4–4 and Table 4–5 summarize the maximum displacement and vertical reactions at the base for all 
stages of the gravity analysis.  As can be seen, the deformed shapes and the maximum displacements and 
vertical reactions obtained from the analyses performed with the translated ANSYS models agree well 
with the results of the SAP analyses.  The maximum differences between the two models were less than 
1.4 percent for WTC 1 and 0.7 percent for WTC 2 for the displacements, and 1.2 percent for WTC 1 and 
0.3 percent for WTC 2 for the base reactions. 

Table 4–6 and Table 4–7 show the comparisons of the axial forces computed from ANSYS and SAP2000 
for a randomly selected set of elements from different parts of each building.  In Table 4–6 and Table 4–
7, the axial force values that are less then 0.5 kip are shown as 0.0 kip.  There is good agreement between 
the results obtained from ANSYS and SAP models.  
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Figure 4–9.  Converted ANSYS model of WTC 1. 

 

 
Figure 4–10.  Converted ANSYS model of WTC 2. 
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Figure 4–11.  Displaced shape of WTC 1 at the end of gravity analysis. 

 

 

 
Figure 4–12.  Displaced shape of WTC 2 at the end of gravity analysis. 
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Table 4–4.  Comparison of maximum displacements and base reactions of WTC 1 from 
translated ANSYS and SAP2000 models. 

Maximum Vertical Displacement (in.) Base Reaction Sum (kip) 

Stage ANSYS SAP2000 
Percent 

Difference ANSYS SAP2000 
Percent 

Difference 
1 -2.87 -2.83 1.4 55,600 54,940 1.2 
2 -4.76 -4.74 0.4 98,470 97,850 0.6 
3 -5.09 -5.07 0.4 107,040 106,450 0.6 

Table 4–5.  Comparison of maximum displacements and base reactions of WTC 2 
obtained from translated ANSYS and SAP2000 models. 

Maximum Vertical Displacement (in.) Base Reaction Sum (kip) 

Stage ANSYS SAP2000 
Percent 

Difference ANSYS SAP2000 
Percent 

Difference 
1 -5.87 -5.91 -0.7 125,050 124,680 0.3 
2 -7.67 -7.71 -0.5 166,950 166,980 0.0 
3 -8.10 -8.14 -0.5 180,250 180,360 -0.1 

Table 4–6.  Comparison of axial forces in randomly selected elements from WTC 1 model 
at the end of gravity analysis. 

Axial Force (kip) 
Location and Type of Selected Element ANSYS SAP2000 

Exterior Column 302 at Floor 104 
Spandrel between Columns 124 and 125 at Floor 102 
Outrigger member between at Floor 110 
Vertical hat-truss member at 1005 core column line at Floor 109 
Horizontal hat-truss member at Floor 107 
Horizontal hat-truss member at Floor 108 
Core Column 602 at Floor 97 
Core Column 501 at Floor 93 
Core Column 1001 at Floor 89 
Spandrel between Columns 339 and 340 at Floor 100 

-77 
0 

-39 
-74 
21 
170 
-738 

-2,180 
-2,570 

0* 

-69 
0 

-48 
-91 
19 
150 
-745 

-2,190 
-2,590 

0 
* Axial force values less than 0.5 kip are shown as 0.0 kip. 
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Table 4–7.  Comparison of axial forces in randomly selected elements from WTC 2 model 
at the end of gravity analysis. 

Axial Force (kip) 

Location and Type of Selected Element ANSYS SAP2000 

Core beam at Floor 107 
Inclined truss member at hat-truss at Floor 107 
Inclined truss member at hat-truss at Floor 108 
Inclined truss member at hat-truss at Floor 108 
Core Column 502 at Floor 87 
Core Column 1001 at Floor 82 
Core Column 1002 at Floor 87 
Core Column 1008 at Floor 82 
Core Column 1003 at Floor 107 
Exterior Column 122 at Floor 82 
Exterior Column 329 at Floor 82 
Exterior Column 130 at Floor 107 
Spandrel between Columns 138 and 139 at Floor 83 
Spandrel between Columns 447 and 448 at Floor 87 

11 
-34 
36 

-580 
-1,930 
-3,270 
-1,910 
-3,400 
-590 
-313 
-228 
-222 
0* 
0 

6 
-4 
8 

-670 
1,940 
-3,290 
-1,920 
3,520 
-608 
-313 
-230 
-202 

0 
0 

* Axial force values less than 0.5 kip are shown as 0.0 kip. 

4.3 SUMMARY 

In general, the results from the translated ANSYS floor and global models showed good agreement with 
the results obtained form the SAP models.  For the floor model, the calculated base reactions and 
displacements due to gravity load showed a 3 percent difference between the ANSYS and SAP models.  
Similarly, the modal analysis results showed a 3 percent difference in calculated total mass and the 
fundamental frequency between the ANSYS and SAP floor models. 
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Figure 5–3.  Truss seat detail location on northeast quadrant of Floor 96 of WTC 1. 

5.2.2 Truss Seat Material Properties  

The material properties used in the calculations were selected from Table 3–1 to best match the material 
properties indicated on the design drawings.  Figure 3–3 was used to determine the mechanical properties 
at high temperature.  The materials used for truss seat calculations are shown in Table 5–1. 
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Table 5–1.  Materials used for truss seat calculations. 

Description 
Selected Material 

ID 
A325 bolts Material 22 
Fillet welds Material 7 

Exterior and interior 
truss seat 

Truss bearing angles Material 21 
Seat angle Material 1 

Gusset plate Material 12 
Stand-off Material 23 

Truss top chord angles Material 21 

Exterior truss seat 

Cover plate for bridging truss top chord Material 1 
Vertical plate stiffener Material 12 Interior truss seat 

Horizontal plate Material 12 

5.2.3 Truss Seat Failure Modes and Sequence 

Possible failure modes for truss seats were identified for vertical force, horizontal tensile force, horizontal 
compressive force, and combined vertical and horizontal force.  For each failure mode, the truss seat 
capacity was determined at different temperatures. 

Failure Modes of Exterior Truss Seats for Vertical Force: The vertical load on the seat was eccentric to 
the plane of connection between the seat and the spandrel.  Because of this eccentricity, the truss seat 
resisted to combined effect of both shear and bending.  Finite element analysis of the truss seat was 
performed to determine load paths and evaluate the behavior of the seat connection. 

Figure 5–4 shows the finite element model of the exterior truss seat connection.  Half of the truss seat was 
modeled and symmetry boundary conditions were applied to all nodes in the plane of symmetry.  The 
results of the finite element analysis showed that shear force was carried primarily by the stand-off plates, 
while the bending moment was resisted by tensile force in the gusset plate and compressive force in the 
stand-off plate.  The seat angle restrained the moment until horizontal force in the connection caused 
slippage between the seat angle and bearing angle.  The truss seat capacity was governed by the capacities 
of fillet welds at the stand-off plate to spandrel connection subjected to shear, bending, and compression.  
The failure mode was the fracture of the fillet welds between the stand-off plates and spandrel, resulting 
in loss of vertical support. 

Failure Modes of Interior Truss Seats for Vertical Force: The vertical load on the truss seat was 
eccentric to the plane of fillet weld connection between the truss seat vertical plate stiffeners and the 
channel beam.  Calculations showed that the truss seat capacity was governed by the capacities of the 
fillet welds at this joint subjected to shear and bending.  The failure mode was the fracture of the fillet 
welds between the vertical plate stiffeners and the channel beam, resulting in loss of vertical support. 
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Figure 5–4.  Finite element model of exterior truss seat. 

Failure Modes of Exterior Truss Seats for Horizontal Tensile Force: The failure of exterior truss seats 
subjected to a horizontal tensile force can occur in the following modes: (1) fracture of the groove weld 
between the gusset plate and spandrel, (2) fracture of the fillet weld between the gusset plate and the truss 
top chord, (3) tensile fracture of the gusset plate, and (4) shear failure of the bolted connection by bolt 
shear, bolt bearing, tear-out, and block shear.  For calculation purposes, the bolts were assumed to be 
centered in the slotted holes.  The typical failure sequence of the exterior truss seat was as follows: (1) the 
gusset plate yielded, (2) the groove weld fractured, (3) the truss bearing angle slid so that the bolts were 
bearing against the slotted holes and then the bolts sheared off, and (4) the truss walked off the seat angle.  
The travel distance for the truss to walk off the seat angle was 4 5/8 in.  This failure sequence is illustrated 
in Fig. 5–5 as path (A).  The relationship between the tensile force resistance and the truss travel distance 
is plotted in Fig. 5–6 for path (A) in Fig. 5–5.  In this figure, frictional resistance between the seat angle 
and bearing angle was not included. 

Seat details 1212 and 1313 had a wider gusset plate and followed path (D), where the bolts bore against 
the slotted hole then sheared off before the gusset plate connection failed.  The failure sequence of seat 
detail 1013 was temperature-dependent.  At temperatures below 100 ˚C, the fillet weld connection 
between the gusset plate and the truss top chord fractured before the bolts sheared off.  At temperatures 
greater than or equal to 100 ˚C, the failure sequence was the same as that for Details 1212 and 1313.  

Failure Modes of Interior Truss Seats for Horizontal Tensile Force: The failure of interior truss seats 
subjected to a horizontal tensile force can occur in the following modes: (1) shear failure of the bolted 
connection by bolt shear, bolt bearing, tear-out, block shear, and (2) fracture of fillet weld connection 
between the truss seat and the channel beam.  Calculations showed that the bolt shear strength controlled 
the truss seat capacity.  Bolt shear by itself, however, did not cause the truss to lose its vertical support, 
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but it was the prerequisite to the truss walking off the seat.  The travel distance required for the truss to 
walk off the seat was 4 in. 

 
Figure 5–5.  Failure sequence of the exterior truss seats against tensile force. 
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Figure 5–6.  Capacity of exterior truss seat for tensile force (Path (A) in Fig.  5–5 for Detail 

1411). 

Failure Modes of Exterior Truss Seats for Horizontal Compressive Force: The concrete slab above the 
truss seat connection provided the compressive force resistance.  In the absence of the concrete slab, the 
truss seat resistance against compressive force was provided by the gusset plate until it buckled, and by 
bolt shear when the bolt bore against the slotted hole.  Surface friction between the seat angle and bearing 
angles also provided some resistance.  Additional resistance developed when the truss came into contact 
with the spandrel.  Travel distance for the truss to contact the column spandrel was 1 1/2 in.  Under 
compressive force, the truss did not lose its vertical support. 

Failure Modes of Interior Truss Seats for Horizontal Compressive Force: The reinforced concrete slab 
above the truss seat connection provided the compressive force resistance.  In the absence of the concrete 
slab, the truss seat resistance against compressive force came from surface friction between the seat 
horizontal plate and bearing angles.  Additional resistance was developed when the truss came into 
contact with the channel beam.  Travel distance for the truss to contact the channel beam was 1/2 in.  
Under compressive force, the truss did not lose its vertical support. 

Failure Modes of Interior and Exterior Truss Seats for Combined Vertical and Horizontal Forces: The 
failure modes of the interior and exterior truss seats when subjected to combined vertical and horizontal 
forces were a combination of the failure modes for vertical and horizontal forces.  The vertical shear 
strengths of fillet welds in both the interior and exterior truss seats were reduced by the horizontal tensile 
force. This fillet weld was between the vertical plate and channel beam for interior truss seats and 
between the stand-off plate and spandrel for exterior truss seats.  The horizontal tensile strengths of the 
truss seats were not reduced by the additional vertical forces on the truss seats. 
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5.2.4 Truss Seat Capacity Calculations 

In this section, truss seat capacities corresponding to the failure modes described in the previous section 
are given.  The capacities were computed for different types of truss seats at different temperatures.  
Calculation of the capacities was performed using the methods in the Manual of Steel Construction: Load 
and Resistance Factor Design (AISC 2001) with the resistance factor, φ, assumed to be equal to one. 

Capacity of Exterior Truss Seats for Vertical Force: The failure mode of the truss seat against vertical 
force was fracture of the fillet welds at the stand-off plate to spandrel connection.  Strength of the fillet 
welds at this connection is summarized in Table 5–2 and Fig. 5–7.  The symbol # in this table refers to 
seat detail number. 

Capacity of Interior Truss Seats for Vertical Force: Failure mode of the truss seat against vertical force 
was fracture of the fillet welds between the seat vertical plate stiffener and channel beam.  Strengths of 
the fillet welds at this joint are summarized in Table 5–3 and Fig. 5–7. 
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Table 5–2.  Exterior truss seat capacity for vertical force. 
Connection Detail Capacity for Vertical Force (kip) Temp. 

(˚C) #1013 #1111 #1212 #1311 #1313 #1411 #1511 #1611 
20 94 94 111 94 94 140 193 207 

100 94 94 111 94 94 140 193 207 
200 93 93 110 93 93 139 192 206 
300 91 91 108 91 91 136 187 201 
400 84 84 100 84 84 126 172 184 
500 69 69 81 69 69 102 136 146 
600 45 58 53 60 45 78 84 90 
700 29 26 34 27 29 35 38 41 
800 14 13 17 13 14 17 19 20 
900 12 11 14 11 12 14 16 17 
1000 12 11 14 11 12 14 15 17 

 

Table 5–3.  Interior truss seat capacity for vertical force. 
Connection Detail Capacity for Vertical Force (kip) Temp. 

(˚C) #15 #17 #20 #21 #22 #23 #226A 
20 233 233 274 229 194 194 395 

100 233 233 274 229 194 194 395 
200 232 232 273 228 194 194 393 
300 226 226 267 223 189 189 384 
400 207 207 244 204 173 173 352 
500 164 164 194 162 137 137 279 
600 101 101 119 100 85 85 172 
700 46 46 54 45 39 39 78 
800 23 23 27 22 19 19 38 
900 19 19 22 18 16 16 32 
1000 19 19 22 18 16 16 32 
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Figure 5–7.  Truss seat capacity for vertical force 
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Capacity of Exterior Truss Seats for Horizontal Tensile Force: The capacities of truss seats that 
followed failure sequence (A), as shown in Fig. 5–5, were governed by the fracture strength of the groove 
weld between the gusset plate and the spandrel.  The capacities of truss seats that followed failure 
sequence (B) were governed by the tensile fracture strength of the gusset plate, and truss seats that 
followed failure sequence (C) were governed by the fracture strength of the fillet weld between the gusset 
plate and the truss top chord.  The capacities of truss seats that followed failure sequence (D) were 
governed by a combination of shear strength of bolts and tension developed in the gusset plate.  The 
results of the exterior truss seat capacity calculations are summarized in Table 5–4 and Fig. 5–8.  Note 
that the strength of the truss seat #1013 at 100 ˚C is higher than that at 20 ˚C by about 38 percent.  For 
temperatures less than 100 ˚C, the capacity was controlled by the fillet weld strength, and for 
temperatures in excess of 100 ˚C, the bolt reached the end of its travel in the elongated bolt hole, thus 
providing a stiffer load path and higher load capacity of the connection. 

Capacity of Interior Truss Seats for Horizontal Tensile Force: Failure loads were computed for the 
failure modes described above, including shear failure of the bolted connection by bolt shear, bolt 
bearing, tear-out, block shear, and fracture of fillet weld connection between the truss seat and the 
channel beam.  The results showed that the shear strength of the two bolts controlled the horizontal tensile 
strength of the truss seat connection for all seat details including 15, 17, 20, 21, 23, and 226 A.  Table 5–5  
and Fig. 5–8 summarize the capacities of interior truss seats for horizontal tensile force.  As can be seen 
from this table, at temperature 500 ˚C, bolt shear capacity was reduced by half, and at 600 ˚C it was 
reduced to less than a quarter of the original capacity at room temperature. 

Capacity of Exterior Truss Seats for Horizontal Compressive Force: Under compressive force, the 
gusset plate buckled before the bolts sheared off.  Compression strength of the gusset plate governed the 
exterior truss seat capacity.  The compressive strength of gusset plate is summarized in Table 5–6. 

Capacity of Interior Truss Seats for Horizontal Compressive Force: Under compressive force, the truss 
came into contact with the channel beam before the bolt bore against the slotted hole.  The interior truss 
seat did not fail under compressive force. 

Capacity of Interior Truss Seats for Combined Vertical and Horizontal Force: A typical interaction 
relationship for the combined vertical and horizontal tensile force is shown in Fig. 5–9.   
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Table 5–4.  Exterior truss seat capacity for horizontal tensile force. 
Connection Detail Capacity for Horizontal Tensile Force (kip) 

#1013 #1111 #1212 #1311 #1313 #1411 #1511 #1611 

Temp. 
(˚C) 

Fracture of 
Fillet Weld/ 

Shear Failure 
of Bolts 

Fracture of 
Gusset Plate 

Shear Failure 
of Bolts 

Fracture of 
Groove Weld 

Shear Failure 
of Bolts 

Fracture of 
Groove Weld 

Fracture of 
Groove Weld 

Fracture of 
Groove Weld 

20 100 104 182 126 182 126 126 126 
100 138 104 181 126 181 126 126 126 
200 135 103 180 126 180 126 126 126 
300 130 101 174 123 174 123 123 123 
400 115 93 156 113 156 113 113 113 
500 84 75 117 91 117 91 91 91 
600 42 49 67 58 67 58 58 58 
700 20 25 32 30 32 30 30 30 
800 14 16 19 18 19 18 18 18 
900 13 14 17 16 17 16 16 16 

1000 13 14 17 16 17 16 16 16 

 

Table 5–5.  Interior truss seat capacity 
against horizontal tensile force. 

Capacity (kip) 
Temp.

(˚C) Shear Failure of 
Bolts 

20 44 
100 44 
200 44 
300 42 
400 34 
500 21 
600 9 
700 4 
800 4 
900 4 

1000 4 
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Figure 5–8.  Truss seat capacity for horizontal tensile force. 
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Table 5–6.  Compression strength of gusset plate. 
Compression Strength of Gusset Plate (kip) Temp. 

(°C) #1013 #1111 #1212 #1311 #1313 #1411 #1511 #1611 
20 74 68 98 90 98 90 90 90 

100 71 66 95 86 95 86 86 86 
200 68 63 90 82 90 82 82 82 
300 65 60 86 78 86 78 78 78 
400 60 55 79 72 79 72 72 72 
500 46 42 60 55 60 55 55 55 
600 19 17 25 22 25 22 22 22 
700 6 5 8 7 8 7 7 7 
800 6 5 7 6 7 6 6 6 
900 6 5 7 6 7 6 6 6 
1000 6 5 7 6 7 6 6 6 

 

 
Figure 5–9.  Capacity of interior truss seat against vertical and horizontal force  

(for Detail 22). 

0

50

100

150

200

0 10 20 30 40 50

Horizontal tensile strength (kip) 

V
er

tic
al

 S
he

ar
 st

re
ng

th
 (k

ip
) 

900oC 
1000 oC 

800oC 

700oC 

600oC

500oC

400oC
300oC 20oC - 200oC



  Full Floor Subsystem 

NIST NCSTAR 1-6C, WTC Investigation 53 

5.2.5 Modeling Failure by Break Elements  

In this section, the finite element models developed to capture failure modes of the exterior and interior 
truss seats, studs on strap anchors, and studs on spandrels are described.  These models were developed 
for incorporation in the floor truss analysis to capture the connection failure modes, failure loads as a 
function of temperature, and failure sequences. 

The models of these connections simulated the loss of connection resistance after their failure either from 
exceeding the connection force capacity or from exceeding the allowable deformation (for example, truss 
walking off the seat).  The connection capacity was also temperature-dependent.  The finite element 
modeling assumptions are as follows: 

A control element (COMBIN37), a unidirectional linear spring element with the capability of turning on 
and off during an analysis, was used for modeling connection failure.  The element is referred to as “break 
element” in this report.  The element is a part of the structure that connects two “active” nodes in the “on” 
mode and disconnects them in the “off” mode, depending on the relative displacement of two “control” 
nodes.  The break element is defined as follows: 

 Bm[(i,j,dofij);(k,l,dofkl);(K,∆0)] (12)

where m is the break element number, i and j are the active nodes, dofij is the degree of freedom for the 
active nodes, k and l are the control nodes, dofkl is the degree of freedom for the control nodes, K is the 
elastic stiffness of the break element, and ∆0 is the differential displacement limit of the control nodes. 

To make the connection capacity temperature-dependent, a beam element with temperature-dependent 
coefficient of thermal expansion was added to the break element.  This was done by using the 
deformation of a beam element from thermal expansion to control the status (on/off) of the break element.  
Figure 5–10 illustrates the basic mathematical model of the connection using break elements.   

Multiple connection failure modes require use of different break elements that are connected together in a 
logical manner.  For example, to model independent failure modes, that is, one failure mode that does not 
cause other failures, break elements are connected in parallel so that when one break element turns “off”, 
the other break elements remain “on”.  For dependent failure modes, break elements are connected in 
series so that when one break element turns “off”, all elements turn “off”. 
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Figure 5–10.  Basic mathematical model of connection failure. 
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5.2.6 Summary of Failure Modes and Finite Element Models of Truss Seats 

The failure modes of the interior truss seats include (1) truss walking off the seat, (2) exceeding the 
vertical temperature-dependent shear capacity of the fillet welds between the seat vertical plate stiffeners 
and channel beam, and (3) exceeding temperature-dependent shear capacity of bolts when they bear 
against the slotted holes.  These failure modes were modeled by using four break elements and two beam 
elements as shown in Fig. 5–11.  The interior seat model was tested in ANSYS, and results are shown in 
Figs. 5–12 and 5–13.  These figures depict the relationship between the horizontal and vertical seat forces 
and the horizontal truss travel distance. 

Figure 5–12 shows the results from analysis where the truss seat was subjected to a constant vertical load 
and horizontal displacement increments at 500 ˚C.  When a truss seat is subjected to a large horizontal 
tension and small vertical shear, the failure is by two bolts shearing off followed by the truss walking off 
the seat, as shown in Fig. 5–12.  The shear strength of the bolts controls the truss seat horizontal tension 
capacity.  The bolt shear by itself does not cause the truss to lose its vertical support, but it is the 
prerequisite for the truss walking off the seat.  The travel distance for a truss to walk off a truss seat is 
4 in. for an interior seat and 4 5/8 in. for an exterior seat.   

Figure 5–13 shows the results from analysis where the truss seat was subjected to a constant horizontal 
load and vertical displacement increments at 500 ˚C.  When a truss seat is subjected to a large vertical 
shear and small horizontal tension, the failure is by the fracture of fillet welds between the vertical plate 
stiffeners and the channel beam at an interior seat and between the stand-off plates and the spandrel at an 
exterior seat, resulting in loss of both vertical and horizontal support, as shown in Fig. 5–13. 

The finite element models of the exterior truss seats were similar to those for the interior truss seats, 
except for an additional beam element and a break element to model failure of the gusset plate, as shown 
in Fig. 5–14. 
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Figure 5–11.  Representation of interior truss seat by break elements. 
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Figure 5–12.  Results of interior truss seat model capturing failure 

from truss walking off the seat at 500 ˚C. 

 

 

 
Figure 5–13.  Results of interior truss seat model capturing failure 

from exceeding the vertical shear capacity at 500 ˚C. 
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Figure 5–14.  Representation of exterior truss seat by break elements. 
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5.2.7 Summary of Failure Modes and Finite Element Models of the Stud on Strap 
Anchor and Spandrel Stud 

Stud on Strap Anchor: There were four 5/8 in. × 2.5 in. studs on each strap anchor as shown in  
Fig. 5–15.  Calculations were carried out to compute the lateral shear capacity of these stud shear 
connectors using the procedure in Building Code Requirements for Structural Concrete (ACI 318-02) at 
different temperatures.  The following failure modes were considered in the calculation: steel shear 
failure, concrete pryout, and concrete breakout.  The capacity of the stud close to the edge of the slab was 
governed by concrete breakout at all temperatures, while those of the other three studs located farther 
from the concrete edge were governed by concrete pryout at temperatures below 700 ˚C and steel shear 
failure at temperature equal to and above 700 ˚C. 

Spandrel Stud: There was one 3/4 in. × 6 in. spandrel stud located between two adjacent exterior columns 
as shown in Fig. 5–15.  Calculations were carried out to compute the shear capacity and tensile capacity 
of the spandrel stud at different temperatures.  For shear capacity, the following failure modes were 
considered: steel shear failure, concrete pryout, and concrete breakout. For tensile capacity, the following 
failure modes were considered: steel tensile failure, concrete breakout, pullout strength, and concrete side-
face blowout.  The shear and tensile capacities of the spandrel stud were both governed by concrete 
breakout strength. 

Finite element models of studs on strap anchors and studs on spandrels were developed using break 
elements.  The stud model included 8 break elements and 4 beam elements, as shown in Fig. 5–16. 

 
Figure 5–15.  Location of stud on strap anchor and spandrel stud. 
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Figure 5–16.  Representation of stud shear connector by break elements. 
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5.3 KNUCKLE ANALYSIS 
The objective of this analysis was to predict the capacity of the knuckle subjected to loads between the 
truss and the concrete slab and to develop a finite element model of the knuckle to be included in the full 
floor subsystem model. 

5.3.1 Description of Knuckle 

The “knuckle” was formed by the extension of the truss web diagonals into the concrete slab.  It provides 
for composite action of the steel truss and concrete slab (see Fig. 2–1) as it allows shear transfer in both 
the transverse and longitudinal directions. 

5.3.2 Failure Modes of Knuckle 

Failure modes of knuckles are: 

• Horizontal shear failure due to crack or crushing of concrete 

• Pullout failure due to vertical tension 

5.3.3 Knuckle Shear Tests 

Two sets of experiments were performed in 1967 at Laclede Steel Company in Saint Louis, Missouri, to 
determine the transverse and longitudinal shear capacities of the knuckle. 

The longitudinal shear test consisted of double knuckles cast into two concrete blocks as shown in  
Fig. 5–17.  The test specification showed corner angles confining the concrete blocks and no 
reinforcement in concrete.  However, the test pictures showed reinforcement in both directions for each 
concrete block, with the corner angles dismantled.  The test specification called for concrete density of 
152 pcf, which corresponds to a normal weight concrete.  The slab in the office areas was made from 
lightweight concrete.  Three specimens were tested: two specimens after 28-day curing and one after 
96-day curing.  The average compressive strength of two 28-day cylinders tested was 4,290 psi.  A third 
sample, tested after 96 days, showed a strength of 2,850 psi.  No reason is known for the compressive 
strength in the third test being less than the other two tests.  The test specification did not identify the 
weld size connecting the inner ends of the two knuckles to two channels.  However, the primary failure 
mode observed in the third test was weld failure.  Weld failure was not identified as the failure mode of 
the knuckle for the other two tests.  The results of the longitudinal shear strengths of the knuckle based on 
the first two tests were approximately 28.3 kip per knuckle.  The strength of in-place, mature, lightweight 
concrete is 4,100 psi, and the 28-day corrected average strength of the normal weight concrete used in the 
test was 3,707 psi.  After adjusting for the strength of in-place, mature, lightweight concrete by 
multiplying by the ratio of 4,100 psi to 3,707 psi, the longitudinal shear capacity of the knuckle in the 
WTC floor systems was determined at approximately 31 kip per knuckle. 

The transverse shear test consisted of double knuckles cast into two reinforced concrete blocks that were 
confined at the corners by angles as shown in Fig. 5–18.  The concrete density was 110 pcf, 
corresponding to a lightweight concrete.  Two tests were conducted, seven and 27 days after casting 
concrete.  The concrete compressive strengths reported for seven-day and 27-day cylinder tests were 
1,330 psi, and 2,600 psi, respectively.  The inner ends of the two knuckles were connected through 
channels to a #11 rebar, and the rebar was loaded until the concrete failed.  The tests were conducted at 
concrete ages of six and 27 days.  The primary failure mode observed was concrete shear failure.  The 
pictures from the tests showed formation of a shear crack in one of the concrete blocks.  The transverse 
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shear capacity of the knuckle, as the average of the two reported tests, was 16.9 kip per knuckle.  For the 
WTC floor system, the knuckle transverse shear capacity was determined by adjusting the strength of in-
place, mature, lightweight concrete of 4,100 psi relative to the average strength of the lightweight 
concrete used in the test of 1,965 psi.  Multiplying by the ratio of 4,100 to 1,965 psi, the transverse shear 
capacity of the knuckle in the WTC floor system was determined at approximately 35 kip per knuckle. 

 

 
Figure 5–17.  Longitudinal shear test of a knuckle. 

 

Information provided by Laclede Steel 
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Figure 5–18.  Transverse shear test of a knuckle. 

5.3.4 Finite Element Model for Knuckle Test 

The LS-DYNA computer program was used for the analysis.  Finite element models, shown in Fig. 5–19, 
represent one quarter of the knuckle test specimens.  The knuckle and channel members in the test set-up 
were modeled with solid elements with steel material properties.  Concrete was also modeled with solid 
elements with the Pseudo Tensor material model described in Chapter 3.  Two different assumptions were 
made about the interface condition between the concrete and the steel, namely, fully bonded or 
frictionless.  Boundary conditions are also shown in Fig. 5–19.  Displacement was imposed in a form of a 
ramp to the angles. 

5.3.5 Material Properties for Knuckle Analysis 

The concrete strengths used in the finite element model were 4,100 psi for the longitudinal shear test and 
2,500 psi for the transverse shear test.  In addition, 0.47 percent steel reinforcement, representing the 
welded wire reinforcement of the slab, was added in a distributed way to the concrete. 

Angles were modeled with Material 21 (see Chapter 3 for description). 

 

Information provided by Laclede Steel
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Figure 5–19.  Finite element models of knuckle shear tests. 
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strength.  The transverse shear FEA results (Fig. 5–22) showed that concrete was crushed in a small 
region next to the knuckle and extended in front of the shear load.  Figure 5–22 also shows large regions 
of crushed concrete at the lower portion of the model.  (Note that the boundary condition UY=0, although 
realistic for the test, would not occur in a pair of transversely loaded knuckles in the two actual trusses.)  
The small crushed regions indicate that a pair of knuckles can be expected to behave nearly independently 
of each other and, therefore, have nearly double the capacity of a single knuckle. 

Although the analysis showed the sensitivity of the results to the steel-concrete interface assumptions, it 
supported the shear capacities determined from test results. 

 
Figure 5–20.  Compressive stresses in longitudinal shear finite element model  

(4,100 psi concrete). 

 
Figure 5–21.  Shear force versus displacement from finite element model  

for longitudinal shear of two knuckles (4,100 psi concrete). 
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Figure 5–22.  Compressive stresses in transverse shear finite element model  

(2,500 psi concrete). 

 

 
Figure 5–23.  Shear force versus displacement from finite element model  

for transverse shear of two knuckles (2,500 psi concrete). 

Analysis of Temperature Effects 

Temperature effects on knuckles were evaluated based on hand calculations and engineering judgment.  
The effects can be summarized as follows: 

• The steel knuckle heated rapidly and reached the temperature of the truss web diagonal 
member without much loss of heat into the relatively cool concrete slab.  Concrete had a low 
coefficient of conductivity and did not respond as rapidly as steel to the rise of temperature. 

• Concrete in the immediate proximity of the steel knuckle heated to a temperature close to that 
of the steel. 

• Shear failure of the knuckle was initiated by the failure of concrete in close proximity to the 
knuckle.  Final failure engaged not only the hot concrete in close proximity to the knuckle, 
but the cooler concrete farther away. 

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Displacement (in.)

Fo
rc

e 
(lb

s.
)

0 Friction Contact
Fully Bonded

Displacement (in.)

Fo
rc

e 
(lb

s.
) 



  Full Floor Subsystem 

NIST NCSTAR 1-6C, WTC Investigation 67 

• It was assumed that for gas temperatures of 20 ˚C to 450 ˚C, 650 ˚C, 850 ˚C, and 1,050 ˚C, 
the knuckle steel temperatures would be lower at 20 ˚C to 375 ˚C, 550 ˚C, 725 ˚C, and 
900 ˚C, and average concrete temperatures would be even lower at 20 ˚C to 300 ˚C, 450 ˚C, 
600 ˚C, and 750 ˚C, respectively. 

Neglecting the difference in thermal expansion of concrete and steel, for gas temperatures of 20 ˚C to 
450 ˚C, 650 ˚C, 850 ˚C, and 1,050 ˚C, the expected concrete strength at the knuckle is in the range of 
4,100 psi, 3,300 psi, 2,600 psi, and 2,000 psi based on the expected concrete temperature.  Based on the 
results of tests performed and bracketing of test results by the finite element analysis, the knuckle 
capacities in either longitudinal or transverse direction are 30 kip, 24 kip, 19 kip, and 15 kip for the 
average concrete temperature of 20 ˚C to 300 ˚C, 450 ˚C, 600 ˚C, and 750 ˚C, respectively.  Temperature-
dependent knuckle shear capacities for the assumed temperatures are summarized in Table 5–7. 

For the pullout failure mode, the capacity was estimated at 15 kip at room temperature.  Based on 
concrete temperature and concrete strength, temperature-dependent capacity for pullout was calculated as 
shown in Table 5–7. 

Table 5–7.  Temperature-dependent knuckle capacity for assumed temperatures. 
Gas temperature 

(˚C) 
Steel temperature 

(˚C) 
Concrete 

temperature 
(˚C) 

Knuckle shear 
capacity 

(kip) 

Knuckle pullout 
capacity 

(kip) 
20 - 450 20 - 375 20 - 300 30 15 

650 550 450 24 12 
850 725 600 19 10 

1,050 900 750 15 7 

5.3.7 Summary of Failure Modes and Finite Element Models of Knuckle Model for 
Truss Model 

Knuckle failure modes captured by the finite element models of knuckles in the truss model were the 
horizontal shear failure and vertical tensile pullout failure, which are both temperature-dependent.  Finite 
element modeling assumptions for the knuckle are: (1) the knuckle has resistance in all translational 
degree of freedom, (2) the knuckle does not have a vertical compression capacity limit, (3) capacities in 
the horizontal shear and vertical tension are temperature-dependent, and (4) vertical compression 
resistance is independent of the capacities in the other directions.  A finite element knuckle model was 
constructed by using 15 break elements and five beam elements for incorporation into the truss model, as 
shown in Fig. 5–24. 
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Figure 5–24.  Representation of knuckle by break elements. 
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Break element No. 5:  
Capture knuckle tensile failure 

B5[(3,1,UZ);(12,2,UZ);(K,∆0)] 

The purpose of break 
elements No. 11-15 is 
similar to break elements 
No. 6-10 

Constraint equations 
Coupling displacement 
DOF of node 1 and 7 

Point-to-point contact 
element to transfer 
vertical compressive force 
between node 1 and 2 

Break element No. 8-9:  
Capture loss of horizontal 
resistance in the Y direction if 
knuckle fails horizontally in the X 
direction 

B8[(5,4,UY);(8,2,UX);(K,∆0)] 
B9[(6,5,UY);(2,9,UX);(K,∆0)]  

Break element No. 10:  
Capture loss of horizontal 
resistance in the Y direction if 
knuckle fails vertically 

B10[(2,6,UY);(12,2,UZ);(K,∆0)] 

 

Break element No. 1-4:  
Capture loss of vertical resistance if 
knuckle fails horizontally 

B1[(2,6,UZ);(8,2,UX);(K,∆0)] 
B2[(6,5,UZ);(2,9,UX);(K,∆0)] 
B3[(5,4,UZ);(10,2,UY);(K,∆0)] 
B4[(4,3,UZ);(2,11,UY);(K,∆0)]

Break element No. 7:  
Capture knuckle horizontal tensile 
failure in the Y direction 

B7[(4,3,UY);(2,11,UY);(K,∆0)] 

Break element No. 6:  
Capture knuckle horizontal 
compression failure in the Y direction 

B6[(3,1,UY);(10,2,UY);(K,∆0)] 

Five beam elements are 
used to make the knuckle 
capacity 
temperature-dependent 
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5.4 TRUSS MODEL 
The truss model is a section of a floor system, which consists of a single floor truss and a corresponding 
section of the concrete slab.  The objectives of the truss model study were to: 

• Capture the potential failure modes and failure sequence of the truss model subjected to 
gravity load and temperature time histories, 

• Determine failure loads for different failure modes, and 

• Develop a simplified model that replicates the expected failure modes of the truss model for 
use in the full floor subsystem model. 

5.4.1 Model Description 

Figure 5–25 shows the truss model.  The truss model is a cut-out section of the office area floor system.  
A typical long-span truss designated C32T1 (SHCR 1973:WTC Drawing Book 7, Sheet AB1–2) was 
modeled.  The model used symmetry and included the following: 

• One of the two primary trusses at Column 143 at Floor 96 of WTC 1, 

• Two exterior columns (Columns 143 and 144) at the plane of symmetry with half the area 
and the moment of inertia and with a length of 24 ft (each column extends over the full height 
of a floor), 

• Part of the spandrel between the two planes of symmetry, 

• Part of the slab (40 in. wide) between the two plane of symmetry, 

• Strap anchor attached on one end to the truss top chord and the concrete slab and on the other 
end to the adjacent exterior column (Column 144), and 

• Halves of exterior and interior truss seats and the gusset plate at the exterior end. 

The slab was 4 in. thick lightweight concrete on 22 gauge steel deck with flutes 6.8 in. on center running 
parallel to the primary trusses.  Two layers of welded wire reinforcement were provided in the slab.  The 
reinforcement ratios were 0.21 percent and 0.735 percent in the directions parallel and transverse to the 
truss, respectively.  A flute was 2 in. wide at the top, 1.25 in. wide at the bottom, and 1.47 in. high. 

The finite element model of the concrete slab had an equivalent thickness of 4.35 in.  By using the 
equivalent thickness, the bending stiffness in the direction transverse to the truss became about 15 percent 
higher than the actual stiffness.  However, since the bending in the transverse direction to the truss was 
small, the concrete slab was modeled as an isotropic plate.  The steel deck and the welded wire fabric 
were not included in the truss model either explicitly or implicitly by modification of concrete stress-
strain relationship.  The concrete slab was modeled with four layers of 3-D eight-node structural solid 
(SOLID185) elements.  The Hjelm plasticity model as described in Section 3.1.2 was used for the solid 
elements that allowed different “yield strengths” in tension and compression.   

The top chord of truss C32T1 consisted of double angles of 1 1/2 × 2 × 0.25 (long legs horizontal), and 
the bottom chord consisted of double angles of 3 × 2 × 0.37 (long legs horizontal).  Web diagonal 
members were round bars of either 1.09 in. or 1.14 in. diameter.  Most web diagonal members had a 
1.09 in. diameter. 

The top and bottom chords and the web diagonals were modeled by BEAM189 elements with 
temperature-dependent elastic, plastic, and creep material properties.  Top and bottom chords were 
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divided into four elements between panel points; panel points are those where web diagonals attached to 
chord members.  Web diagonals were also divided into four elements between top and bottom chords. 

 
Figure 5–25.  Truss model. 

At knuckle locations, elements representing the top chord and the concrete slab were connected by break 
elements (COMBIN37) with capacities determined from the knuckle analysis.  By including point-to-
point contact (CONTA178) elements, compression was transferred even after failure of knuckles.  The 
studs on the strap anchor between the top chord and column 144 were also modeled by break elements 
(COMBIN37) that connected the strap anchor to the slab and had temperature-dependent capacities.  The 
slab and the strap anchor were tied by the COMBIN37 break elements horizontally while their vertical 
displacements were coupled.  The exterior and interior truss seats were modeled by COMBIN37 break 
elements that had temperature-dependent capacities determined from the truss seat analysis.  A stud on 
the spandrel was also modeled by COMBIN37 break elements, which tied the spandrel with the slab and 
had temperature-dependent capacities. 

The visco-elastic damping unit that connected the truss bottom chord to the spandrel plate was not 
included in the truss model because the dampers were expected to be soft when subjected to very slow 
loading rates. 
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Elastic BEAM44 elements were used to model the exterior columns.  Elastic SHELL63 elements were 
used to model the spandrel. 

A camber of 2.0 in. at midspan was not included in the truss model.   

5.4.2 Failure Modes 

Two possible failure modes were identified for the truss model: 

Sagging of Truss: The top and bottom chords and web diagonals were exposed to the hot gas layer that 
accumulated below the floor slab.  The steel in the truss exhibited stiffness degradation, yield strength 
reduction, plastic softening, and creep at high temperatures.  A truss with softened chords and diagonals 
would sag.  As the concrete slab was heated, its stiffness and strength were reduced, especially at its 
bottom layer where temperatures were the highest due to exposure to hot gas and around the knuckles 
where concrete temperature rose by conduction through the steel. 

In addition to direct thermal effects, sagging and weakening of the truss were caused by the following 
component failures: 

• Buckling of web diagonal members, 

• Yielding of the chord members, 

• Knuckle failure and loss of composite action between the concrete slab and the steel truss 
(see Section 5.3), and/or 

• Weld failure between the web diagonal members and the chord members. 

Loss of Truss Support: The truss can fail by loss of support.  Loss of support at either the exterior or 
interior truss seats was caused by the loss of vertical shear capacity of the seats at elevated temperatures 
or by the truss walking-off the seat due to large sagging. 

As discussed in Section 5.4.3, the bottom chord of the truss model was restrained in the direction 
transverse to the truss at the bridging truss locations.  Although the out-of-plane deformation of the 
bottom chord due to thermal expansion of bridging trusses may result in a reduction of the vertical load 
capacity of a primary truss, the use of symmetry in the truss model prevents its application to cases with 
lateral loads.  The interaction between the bridging trusses and the primary trusses was captured in the full 
floor model. 

5.4.3 Boundary Conditions 

Boundary conditions for the truss model are shown in Fig. 5–26. 

The entire top chord of the truss was restrained against lateral movement in the x direction.  The bottom 
chord was restrained against lateral movement in the x direction at four bridging truss locations.  The two 
edges of the concrete slab parallel to the truss were restrained against rotations about the y and z axes, but 
were free in the x direction. 

The interior truss seat was fixed in all directions.  The exterior truss seat was attached to the spandrel.  
The truss was supported by break elements to capture failure modes of the truss seats, and break elements 
were connected to beam elements representing the seats. 

The exterior end of the slab was tied to the spandrel by contact elements to prevent the slab from 
penetrating the spandrel and break elements representing tension and shear failures of the spandrel stud.  
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The interior end of the slab was fixed in the z direction, but connected to break elements with 
temperature-dependent tensile capacities of the slab in the y direction, as shown in Fig. 5–27.  Therefore, 
the interior slab end was fixed in the y direction as long as the tensile force was within the tensile capacity 
of the slab calculated for the actual steel reinforcement in the region between office area and core slabs 
(#3@10 in. top and #4@12 in. bottom). 

The top and bottom ends of the columns were restrained against all rotations and against the translation in 
the y-direction.  In addition, the lower columns were restrained against the translation in the vertical 
direction.  The end restraint conditions of columns affect the magnitude of the horizontal reaction to 
thermal expansion of the floor section.  A quantitative study of the effect of column boundary conditions 
is discussed in Section 5.5.16. 

 
Figure 5–26.  Boundary conditions. 

 
Figure 5–27.  Break elements at the interior end of slab. 
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5.4.4 Loads 

Loads on the truss model consisted of dead and live loads and temperature time histories for all truss 
components including the truss seats and concrete slab.  The gravity loads included the weight of the 
structure, 8 psf superimposed dead load (including nonstructural dead loads due to architectural items and 
fixed service equipment), and 13.75 psf of live load equal to 25 percent of design live load of 55 psf. 

A temperature time history was used for exercising the truss model (Figure 5–28).  It was not obtained 
from fire dynamics or heat conduction analyses.  The temperature was ramped over the first 30 min 
linearly from 20 ˚C to 700 ˚C in truss members, from 20 ˚C to 700 ˚C at the bottom surface of the 
concrete slab, and from 20 ˚C to 300 ˚C at the top surface of the concrete slab; thereafter, the maximum 
temperatures were linearly increased at a rate of 20 ˚C per min.  At 40 min temperatures increased by 
200 ˚C from those at 30 min.  A linear gradient through the thickness of the slab was assumed.  No 
temperature load was applied to the columns or spandrel. 

The effects of construction sequence were included by using “element birth and death” for the concrete 
slab.  In the first step, the self-weight of truss members and concrete slab was applied to the truss without 
the concrete slab.  In the second step, the concrete slab was placed stress-free, and the superimposed dead 
and live load were applied to the model. 

To determine the effect of debris load on the truss behavior, the gravity was increased until the analysis 
failed to converge at room temperature. 

 
Figure 5–28.  Assumed Temperature Distribution in the Truss Model at 30 min. 

5.4.5 Material Properties 

Table 5–8 shows material assignments for structural components in the truss model. 

Elastic properties were assigned to the elements for Columns 143 and 144 and the spandrel.  As described 
in Section 3.1.2, the Hjelm material model was used for the concrete model, which allowed different yield 
strengths for tension and compression.  To improve convergence in the analysis, the negative slope after 
cracking in tension or crushing in compression was removed, and the concrete was assumed to be plastic 
after cracking or crushing. 
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Creep in steel was included in the analysis; however, the creep formulation was slightly different from 
Eq. (7) in Section 3.2.2.  A ratio of room temperature yield strengths (i.e., yRTσ/5.35 ) was used as the 
scaling factor of stress in the creep formulation for the truss model.  NIST later changed the scaling factor 
from what was used here to the ratio of room temperature ultimate strengths (i.e., uRTσ/5.70 ) as shown 
in Eq. (7). 

Table 5–8.  Material assignments in truss model. 

Structural Component 
Specified Yield 

Strength Material ID 
Top chord 50 ksi 21 

Bottom chord 50 ksi 21 
1.09 in. diameter web 36 ksi 20 
1.14 in. diameter web 50 ksi 21 

Strap 36 ksi 1 
Column 143 65 ksi 15 
Column 144 65 ksi 15 

Spandrel 42 ksi 11 
Lightweight concrete slab 3,000 psi (f’c) 83 

5.4.6 Resistance Welds 

Table 5–9 shows the resistance weld strength between a double angle chord and a web diagonal3.  Weld 
strengths shown in Table 5–9 were the sum of the capacities of two resistance welds, one on each side of 
the web diagonal to each angle.  Figure 5–29 compares resistance weld strength at the top or bottom 
chord with the yield strength of a web diagonal at elevated temperatures.  As shown in Fig. 5–29 (a), a 
typical web diagonal (1.09 in. diameter) yields before the resistance weld fails.  For a 1.14 in. diameter 
web diagonal, the resistance weld strength is less than the web diagonal yield strength at temperatures 
below 550 ˚C, as can be seen in Fig. 5–29 (b).  However, shop drawings showed additional arc welds 
between the chord and 1.14 in. diameter bar at most locations.4 

Table 5–9.  Resistance weld strength. 

Chord 
Size of Web Diagonal 

(in.) 
Average Weld Strength 

(kip) 
Top chord 1.09 36.9 
Top chord 1.14 37.7 

Bottom chord 1.09 41.0 
Bottom chord 1.14 40.5 

 

                                                      
3 Based on the test data from Laclede Steel Co. 
4 Based on the test data from Laclede Steel Co. 
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Figure 5–29.  Comparison of resistance weld strength and yield strength of web member 

at elevated temperatures. 

5.4.7 Model Verification 

Before analyzing the truss model response to elevated temperatures, the maximum vertical displacement 
under dead and live loads was verified against the single truss model extracted from the ANSYS full floor 
model.  The maximum difference in the vertical displacement was found to be 3.5 percent.  In this 
comparison, the effects of construction sequence were not included in either model. 

5.4.8 Truss Analysis for Debris Load 

The capacity of the truss model against additional debris load was determined by increasing the gravity 
loads.  When this analysis was performed, the truss model was still under development and somewhat 
different from the model described in Section 5.4.1.  Break elements were not used for studs, interior, or 
exterior truss seats, nor for reinforcement at the interior end of the slab.  The slab was modeled by 
SHELL181 elements with elastic material properties.  Boundary conditions of the slab were also slightly 
different from those described in Section 5.4.3.  The exterior end of the slab was tied to the spandrel 
without break elements and contact elements, and the interior end of the slab was fixed in the y and z 
directions and against rotations about the x and z axes without break elements. 

The analysis was terminated at a load factor of 3.4.  Load factor is the ratio of the gravity load plus debris 
weight to the gravity load.  Figure 5–30 (a) shows midspan vertical displacement versus load factor.  At a 
load factor of 2.4, Knuckles 5 to 15 failed due to horizontal shear in the truss direction.  At a load factor 
of 2.8, Knuckle 4 failed.  Figure 5–30 (b) shows the sum of the horizontal reaction forces measured at the 
exterior columns, where a positive value is used when columns are pulled in by the truss.  After twelve of 
fifteen knuckles failed, the model lost its composite action, and the vertical displacement increased 
significantly.  As a result, horizontal reaction forces at the exterior columns also increased. 
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Figure 5–30.  Finite element analysis results from increasing gravity. 
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5.4.9 Truss Analysis for Gravity and Thermal Loads 

Gravity Loading: The maximum calculated vertical deflection due to the self-weight of the structure, 
which occurred when the concrete was still wet, was 1.7 in. downward.  When the superimposed dead and 
live loads were applied to the truss with hardened concrete slab, the maximum vertical deflection became 
2.0 in., and the maximum horizontal column deflection was 0.05 in. inward.  The maximum forces in the 
top chord, bottom chord, web diagonal, and end diagonal strut were -25.7 kip, 41.3 kip, -6.9 kip, and 
16.0 kip, respectively, which translate to average stresses of 14.8 ksi, 11.6 ksi, 6.7 ksi, and 15.7 ksi, 
respectively.  The yield strength of top and bottom chords and end diagonal struts was 55.3 ksi.  The yield 
strength of web diagonals was 38.1 ksi, except for the first compressive web diagonal at the interior end, 
which had a yield strength of 55.3 ksi.  Therefore, the maximum stress level was about 30 percent of yield 
strength. 

Gravity Plus Thermal Loading: The analysis of the truss model subjected to temperature time history 
was carried out statically; however, when the solution process did not converge, to overcome the 
convergence problem, the problem was solved dynamically with a 5 percent Rayleigh damping.  The 
static analysis was then resumed when acceleration and velocity became small.  The analysis proceeded in 
this fashion until the temperature of the steel became 727 ˚C.  Figure 5–31 shows the vertical 
displacement of the truss at 700 ˚C, and Fig. 5–32 shows the horizontal displacement of Column 143 at 
the floor level and vertical displacement of the bottom chord at midspan with temperature of steel.  The 
zero vertical displacement in this figure represents the initial displacement after the self-weight was 
applied.  A positive horizontal displacement indicates that the exterior columns were pushed out, and a 
negative vertical displacement indicates that the truss was deflected downward.  At 445 ˚C, when the end 
diagonal struts began to yield, the horizontal displacement at the exterior column began to decrease.  At 
565 ˚C, the truss sag became large due to the buckling of web diagonals, and the exterior columns were 
pulled in. 

 

 
Figure 5–31.  Vertical displacement at 700 ˚C (downward displacement is negative). 

 

MN

MX

-42.11
-37.357

-32.603
-27.849

-23.095
-18.342

-13.588
-8.834

-4.081
.673211

Interior 
seat 

Exterior 
seat 

(in.) 



Chapter 5   

78 NIST NCSTAR 1-6C, WTC Investigation 

 

 

 
Figure 5–32.  Displacement versus temperature of steel. 
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Figure 5–33 shows selected truss members.  Figure 5–34 shows the axial forces in selected truss members 
Fig. 5–33.  In Fig. 5–34, Py is the axial force at yield and equals the product of the net area of the member 
and the yield strength which varies with temperature.  Pc in Fig. 5–34 (c) is the compressive strength 
calculated per the American Institute of Steel Construction’s Manual of Steel construction, Load and 
Resistance Factor Design (AISC 2003) for fixed end conditions.  Because the top chord was tied to the 
concrete in the vertical direction and was restrained in the direction transverse to the truss in this model, 
the failure of the top chord was by yielding, Py, rather than buckling, Pc. 

Figure 5–34 (a) shows yielding of the top chords between knuckles beyond 300 ˚C, resulting from the 
significant difference in coefficients of thermal expansion between concrete and steel.  At 500 ˚C, the 
coefficient of thermal expansion of steel was twice that of lightweight concrete.  Yielding of the top chord 
did not play a significant role in the truss response because of its minor contribution to the composite area 
of the concrete slab and steel truss.  Bottom chords were still in the elastic range at the end of analysis.  
Buckling of web diagonals started at approximately 565 ˚C.  Several web diagonals were bent 
significantly in the plane of the truss by the high compressive axial force (see Fig. 5–35 for the deformed 
shape at the interior end). 

Figure 5–36 shows knuckle forces in the longitudinal truss direction and the vertical direction.  The 
capacity of a knuckle was 30 kip in shear and 15 kip in tension at room temperature.  Knuckle 15 failed 
due to tension around 100 ˚C.  Knuckles 13 and 14 failed due to shear in the longitudinal truss direction at 
about 566 ˚C. 

 

 
Figure 5–33.  Element numbers and locations of elements examined for axial force. 
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Figure 5–34.  Axial force in truss members versus temperature of steel. 
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Figure 5–35.  Axial stress contour in the truss members at 700 ˚C 

(tension is positive; 1.0x displacement magnification). 

Figure 5–37 (a) and (b) show the horizontal reaction forces at exterior and interior truss seats and exterior 
columns, respectively.  At 566 ˚C, the interior truss seat bolts sheared off, without loss of vertical support.  
At 670 ˚C, the gusset plate at the exterior truss seat fractured, followed by shearing of the exterior seat 
bolt.  At 730 ˚C, the truss walked off the exterior truss seat.  At about 600 ˚C before failures of the gusset 
plate and the exterior seat bolts, the tension between the truss and the exterior columns was about 12 kip, 
which was through the gusset plate and the strap anchor.  At about 700 ˚C after failure of the gusset plate 
and the exterior truss seat bolts, the tension became about 10 kip, which was only through the strap 
anchor.  It was found that 10 kip tension in the strap anchor was larger than the strength at 700 ˚C (7.5 
kip) of the weld (a size of 5/16 in. and a length of 4 in.) between the strap anchor and the top chord.  The 
failure of this weld was not modeled by break elements in the truss model.  If the failure of this weld had 
been modeled in the truss model, the walk-off could have occurred at a temperature lower than 730 ˚C. 

Failure modes and failure sequence of the truss model subjected to “assumed temperature conditions” 
were as follows: 

• The stud on the spandrel and studs on the strap anchor failed in shear below 275 ˚C. 

• Knuckle 15 failed in vertical tension at around 100 ˚C, and Knuckles 13 and 14 failed in the 
horizontal shear at 566 ˚C. 

• Top chords yielded above 300 ˚C due to the difference in coefficients of thermal expansion of 
steel and lightweight concrete. 

• Four compression web diagonals buckled due to high axial compressive force at 565 ˚C. 

• The interior truss seat bolts sheared off at 566 ˚C. 

• The gusset plate fractured and the exterior truss seat bolts sheared off at around 680 ˚C. 

• The truss walked off the exterior truss seat at 730 ˚C. 

The actual failure modes and failure sequence in the WTC towers may have been different due to the 
difference in actual and assumed temperature time histories.  The truss model was simplified as described 
in the next section and incorporated in the full floor model and analyzed for the actual estimates of 
temperature time histories. 
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Figure 5–36.  Force in the knuckles versus temperature of steel. 
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Figure 5–37.  Horizontal reaction forces. 
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5.4.10 Simplified Truss Model 

The truss model was simplified for use in the full floor subsystem model.  Characteristics of the truss 
model captured by the simplified truss model were: (1) total horizontal reaction force under the thermal 
loading and (2) vertical deflection at midspan under the thermal loading.  The simplified truss model had 
the following features: 

• The geometry of the truss was preserved. 

• A pair of primary trusses at each exterior column was combined into one truss.  Cross 
sections of truss members were doubled. 

• The top and bottom chords and web diagonals were modeled by BEAM188 elements.  A 
member between two panel points was modeled by one element only. 

• Break elements modeled by ANSYS user-defined elements were used to model the following 
failure modes: (a) seat bolt shear-off, (b) gusset plate fracture, (c) truss walk-off, (d) web 
diagonal buckling/resistance weld failure, (e) failure of studs on the spandrel and strap 
anchors, and (f) weld failure between strap anchors and top chords.  User-defined break 
elements will be further discussed in Section 5.5.5. 

• Knuckles were not modeled by break elements.  It was found that neglecting knuckle failure 
did not significantly change truss behavior subjected to thermal loads. 

• Steel had temperature-dependent elastic and plastic material properties. 

• Creep in steel was included in the simplified truss model; however, it was not included when 
the simplified truss model was incorporated in the full floor model, because of convergence 
problems inherent in BEAM188 elements. 

• The concrete slab was modeled by SHELL181 elements with a temperature-dependent 
bilinear material model that had the same yield strength in both tension and compression.  
The yield strength was set to the compressive strength. 

• Construction sequence was not considered. 

Figure 5–38 shows the vertical deflection at midspan and the horizontal reaction at exterior columns of 
the truss model and simplified truss model subjected to the gravity load and the assumed thermal load 
described in Section 5.4.4.  Vertical displacement in this figure is the displacement that occurred during 
thermal loading.  The simplified truss model predicted the buckling of web diagonals at 530 ˚C, which is 
about 35 ˚C lower than the temperature at which web diagonal buckling was predicted by the truss model.  
The tension at 700 ˚C in the simplified truss model was about 2 kip, which was less than 10 kip in the 
truss model.  Overall truss behaviors as predicted by the simplified truss model subjected to gravity and 
the assumed thermal loading were in good agreement with the truss model. 
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Figure 5–38.  Comparison of detailed and simplified truss models. 
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5.5 FULL FLOOR MODEL 

5.5.1 Objective 

The full floor model was developed and analyzed using the ANSYS general purpose finite element 
program Version 8.1.  The objectives of the full floor model analysis were: 

• To identify the most likely failure modes, 

• To evaluate 

− Failure loads,  

− Temperatures at failure, 

− Time-to-failure, and  

− Changes in mechanical properties and geometry at failure. 

• To identify the fire-induced damage to be incorporated along with impact-induced damage in 
the global model 

• To develop computationally efficient modeling details of the floor subsystem for 
incorporation into the global model. 

5.5.2 Failure Modes 

Failure modes that the full floor models captured were as follows: 

• Floor Sagging:  Floor sagging was caused by loss of stiffness and softening of truss at high 
temperature, by yielding and buckling of truss members, and by the impact damage to truss 
seats.  These were discussed in some detail under truss failure modes.  Floor sagging resulted 
in tension in the floor subsystem, tension on the connections to the exterior walls, and lateral 
forces (pull-in forces) on exterior columns. 

• Loss of Support:  Loss of a truss support was caused by reduced vertical shear resistance of 
truss seats at elevated temperatures, by tension acting on truss seats caused by floor sagging, 
and by aircraft impact.   

5.5.3 Model Description 

The base floor model developed was for Floor 96 of WTC 1 with columns extending from Floor 95 to 
Floor 97.  The model was developed based on the converted SAP2000 model for Floor 96 of WTC 1, 
with the following modifications: 

1. Two adjacent trusses supported by the same column were combined into a single truss.  The 
areas of members in a truss were doubled to create a combined truss. 

2. Spandrels were defined as beam sections in the SAP2000 model, and were replaced with 
SHELL181 elements (eight elements between two columns and four elements along the 
height).  This modification eliminated the need for defining panel zone stiffness at the 
interface between spandrel and exterior column. 

3. Elastic column elements were changed to BEAM189 elements with user-defined composite 
sections and nonlinear material properties. 
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4. Section offsets of exterior columns were removed, and nodes were placed at centroids of their 
cross sections. 

5. Spandrels were tied to exterior columns by rigid beam elements as described in Section 6.4.1 
of this report. 

6. Core floor slab was remeshed with a more uniform mesh. 

7. Section offsets of core beams were removed to eliminate the end bending moment due to 
eccentricity.  Core beams were placed at their centroids and were connected to the slab by 
rigid beam elements. 

8. Where there was more than one beam element representing a top chord between two adjacent 
panel points, the beam elements were merged into one to prevent the top chord from buckling 
upward and penetrating the slab. 

9. Web diagonals were modeled by BEAM188 elements. 

10. Coincident nodes were provided for user-defined break elements. 

11. User-defined break elements were incorporated into the model to represent: 

a. buckling of web diagonals, 

b. gusset plate fracture, 

c. truss seat bolt shear-off, 

d. truss seat failure, 

e. failure of connections between primary and bridging trusses, 

f. failure of connections between primary long-span and transfer trusses, 

g. failure of studs connecting the slab and the spandrel, and 

h. failure of welds between strap anchors and top chords of primary trusses. 

12. The ANSYS floor model translated from the SAP model had the bottom chord connection at 
every intersection of primary and bridging trusses.  Some of the bottom chord connections 
between primary and bridging trusses were removed according to the PANYNJ drawings.   

The full floor model, as shown in Fig. 5–39, included the following structural members: 

a. both exterior and core columns extending from one floor below to one floor above, 

b. spandrels of the floor modeled, 

c. floor slab, 

d. floor trusses including primary and bridging trusses, 

e. strap anchors, 

f. core beams, and 

g. deck support angles. 
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Figure 5–39.  Full floor model without impact damage. 

X Y

Z

(a) Top view

(b) Top view without concrete slab 

X Y

Z

19:15



  Full Floor Subsystem 

NIST NCSTAR 1-6C, WTC Investigation 89 

The size of the full floor model was as follows: 

• Number of elements: 46,280 

• Number of nodes: 61,251 

• Number of degrees of freedom: 269,926 

Truss members (top and bottom chords and web diagonals) were modeled by BEAM188 elements.  
Columns were modeled by BEAM189 elements.  Spandrels were modeled by SHELL181 elements.  The 
concrete slab was modeled by SHELL181 elements with four layers through the thickness.  Each layer of 
the shell element for the slab had one integration point. 

The full floor model was validated against the SAP floor model by performing the two analyses described 
in Section 4.2.1.  To compare the full floor model with the SAP floor model, density of lightweight 
concrete was changed from 110 pcf to 100 pcf.  Under gravity loads, the maximum displacement of the 
full floor model was 0.722 in., which is only 0.56 percent smaller than that of the SAP floor model.  The 
first vibration mode of the full floor model was not the vertical deflection of the office floor, but the 
lateral vibration of the bridging trusses in the short-span truss area.  This was a result of removing some 
of the bottom chord connections between the primary and bridging trusses.  The natural frequency of the 
vertical deflection mode was 4.41 Hz, which is only 2 percent higher than that of the SAP floor model. 

Subsequent to initial full floor analysis with thermal loads, the members listed below were removed from 
the model to enhance computational efficiency without loss of accuracy of prediction of final failure 
modes and failure sequence, as shown in Fig. 5–40. 

• Deck support angles 

• Bridging trusses outside of the two-way zones 

• Spandrel studs connecting the slab and the spandrel 

• Strap anchors 

These elements failed in the early stage of thermal loading and caused the analysis to slow down due to 
large nonlinearities of the failed elements.  Deck support angles and bridging trusses buckled between the 
primary trusses due to thermal expansion.  Many shear studs and welds between strap anchors and truss 
top chords failed due to lateral shear force in the direction transverse to the primary trusses caused by the 
difference in thermal expansion between the floor and the exterior wall.  These members were removed 
from the model to enhance computational efficiency.  As a result of removal of strap anchors and spandrel 
studs, the only connections between the exterior wall and the floor were gusset plates and exterior truss 
seats. 

The visco-elastic dampers that connected the truss bottom chords to the spandrels were not included in the 
full floor model because dampers were expected to be soft when subjected to very slow loading rates. 

The concrete slab was attached to primary trusses at knuckle locations.  Break elements were not used for 
representing knuckle failure as the truss analysis found that web diagonal buckling rather than knuckle 
failure caused floors to sag.  The concrete slab and trusses were always connected in the analysis. 
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Figure 5–40.  Full floor model after removal of deck support angles, spandrel studs, 

bridging trusses outside of two-way zones, and strap anchors. 

5.5.4 Material Properties 

Material properties from Table 3–1 were assigned to each steel member according to the PANYNJ 
drawings.  The Hjelm plasticity model used for the concrete slab in the truss model can be used only with 
solid elements.  Since the concrete slab in the full floor model was modeled by shell elements to enhance 
computational efficiency, a bilinear model with a yield point at its compressive strength was created and 
assigned to the shell elements for the concrete slab.  This material model required the same yield strength 
values in both tension and compression, as shown in Fig. 5–41.  With this material model, tensile strength 
of the concrete slab was not represented accurately, and the actual floor stiffness was overestimated.  In 
the full floor models, bending stresses in the concrete slab that exceeded the actual tensile strength of 
concrete were found in few locations.  This phenomenon was typically observed when the temperature of 
the top of the slab was higher than the temperature at the bottom of the slab, and the concrete slab still 
deflected down due to large thermal expansion of the truss.  However, when the temperature is higher at 
the bottom, the simplified truss model with this material model showed a very similar behavior to the 
detailed truss model, and the key failure modes of the floors were not significantly affected. 

Thermal expansion of the spandrel would cause the spandrel to buckle between columns at early stages of 
thermal loading and slow down the computation, causing severe convergence problems.  To enhance 
computational efficiency, a bilinear material model with a yield strength lower than the elastic buckling 
strength was incorporated in the spandrel to prevent its elastic buckling.  Figure 5–42 shows the bilinear 
model in the spandrel and the location of elements with this material model. 

It was found that creep in BEAM188/189 elements would cause severe convergence problems when those 
elements experience thermally-induced buckling.  Therefore, creep was not included in any of the full 
floor analyses. 
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Figure 5–41.  Bilinear material model for concrete slab in the full floor model. 

 

 
Figure 5–42.  Bilinear material model in the spandrel. 
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Break elements were used to represent component failures.  Break elements for the full floor model were 
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stiffnesses in all directions are reduced to the predefined post-failure stiffnesses.  Initial and post-failure 
stiffnesses are defined as temperature-independent properties, while the capacity can be defined as 
temperature-dependent properties.  Different capacities can be assigned to tension and compression.  
There are differences between the break elements defined by COMBIN37 elements described in 
Section 5.2.5 and the break elements defined by user-defined elements.  First, the user-defined break 
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element has stiffness even after failure of the element although the post-failure stiffness is set 
significantly small, usually 10-4 to 10-6 times the initial stiffness.  Second, only one user-defined break 
element is usually required to model one failure mode, while many COMBIN37 break elements along 
with elastic beam elements are required to model one failure mode. 

Four different types of user-defined break elements were developed for the full floor model and the 
exterior wall model, and their features are summarized in Table 5–10.  Figure 5–43 shows a summary of 
user-defined break element locations in the full floor model. 

Table 5–10.  Types of user-defined break elements. 
Type Degrees 

of 
Freedom. 

Capacities 
to be 

defined 

Stiffness to be defined Description Usage in the 
floor model 

102 UX 
UY 
UZ 
ROTX 
ROTY 
ROTZ 

Positive FX 
Negative FX 
Positive FY 
Negative FY 
Positive FZ 
Negative FZ 
MX 
MY 
MZ 

Initial stiffness for UX 
Post-failure stiffness for UX 
Initial stiffness for UY 
Post-failure stiffness for UY 
Initial stiffness for UZ 
Post-failure stiffness for UZ 
Initial stiffness for ROTX 
Post-failure stiffness for ROTX 
Initial stiffness for ROTY 
Post-failure stiffness for ROTY 
Initial stiffness for ROTZ 
Post-failure stiffness for ROTZ 

All force and moment 
components are checked 
with corresponding 
capacities. 

Failure of seats 
Fracture of 
gusset plates 
Failure of 
connections 
between primary 
and bridging 
trusses 
Failure of 
connections 
between long-
span and transfer 
trusses 

103 UX 
UY 
UZ 

Positive F 
Negative F 

Initial stiffness for UX, UY, 
and UZ 
Post-failure stiffness for UX, 
UY, and UZ 

SRSS* of three force 
components is checked 
with the capacity.  The 
sign of force is 
determined by the 
direction specified by 
the user. 

Failure of strap 
anchor welds 

104 UX 
UY 
UZ 

Positive FX 
Negative FX 
Positive FY 
Negative FY 
Positive FZ 
Negative FZ 

Initial stiffness for UX 
Post-failure stiffness for UX 
Initial stiffness for UY 
Post-failure stiffness for UY 
Initial stiffness for UZ 
Post-failure stiffness for UZ 

All force components 
are checked with 
corresponding 
capacities. 

Failure of studs 
connecting the 
spandrel and the 
slab 

105 UX 
UY 
UZ 
ROTX 
ROTZ 
ROTZ 

Positive F 
Negative F 

Initial stiffness for UX, UY, 
and UZ 
Post-failure stiffness for UX, 
UY, and UZ 
Initial stiffness for ROTX, 
ROTY, and ROTZ 
Post-failure stiffness for ROTX, 
ROTY, and ROTZ 

SRSS* of three force 
components is checked 
with the capacity.  The 
sign of force is 
determined by the 
direction specified by 
the user. 

Buckling of web 
diagonals 
Failure of 
resistance weld 
between web 
diagonals and 
chords 

*SRSS: square-root-of-sum-of-square 
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Figure 5–43.  Summary of user-defined break element locations in the full floor model. 
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Table 5–11 gives the number of user-defined break elements in the WTC 1 Floor 96 model after the 
removal of studs, strap anchors, bridging trusses, and severed members by aircraft impact, and Fig. 5–44 
shows locations of the user-defined break elements. 

Table 5–11.  Number of user-defined break elements in the full floor model 
(Floor 96, WTC 1). 

 Number of break elements 

Web diagonals 1,264 
Studs 0 
Strap anchor welds 0 
Seats and gusset plates 564 
Connections between primary and bridging trusses 200 
Connections between long-span and transfer trusses 40 

Total 2,068 

 

 
Figure 5–44.  User-defined break element locations in the full floor model 

(Floor 96, WTC 1). 

1

X Y

Z

WTC1 FL96                                                                       

SEP 10 2004
09:12:21

ELEMENTS

SEC  NUM

Diagonals: green 
Seats: red 
Primary and bridging truss connections: blue 
Long-span and transfer truss connections: pink



  Full Floor Subsystem 

NIST NCSTAR 1-6C, WTC Investigation 95 

5.5.6 Impact Damage 

Elements corresponding to structural members that sustained severe structural damage were removed 
from the model.  Based on the aircraft impact analysis, NIST identified two sets of impact damage 
(structural damage and insulation damage) for each of the two WTC towers.  These two cases represented 
a base case and a more severe case of damage estimates, and they were designated as “Case Ai impact 
damage condition” and “Case Bi impact damage condition” for WTC 1, and “Case Ci impact damage 
condition” and “Case Di impact damage condition” for WTC 2.  The floor model analyses were 
performed by using these impact damage conditions.  However, NIST later refined these impact damage 
conditions, and refined cases are referred to as “Case A impact damage condition” and “Case B impact 
damage condition” for WTC 1, and “Case C impact damage condition” and “Case D impact damage 
condition” for WTC 2.  Refined impact damage conditions were never used in the full floor model.  
Figures 5–45 to 5–54 show structural impact damage conditions for different cases.  Structural impact 
damage to exterior columns did not change between Case Ai and Case Bi or between Case Ci and Case Di.  
Only columns that were indicated as “severed” were removed from the model, and those columns that 
were damaged but not severed were retained as undamaged in the analysis.  Figures 5–55 through 5–60 
show floor models of WTC 1 Floor 96 with and without impact damage for Case Ai impact damage 
condition. 

Using the base floor model (WTC 1 Floor 96) as a basis, seven floor models from Floor 93 to Floor 99 of 
WTC 1 were created for Case Ai structural damage condition.  Each model had the same geometry, but 
different impact damages were incorporated.  Since Case Bi structural damage condition was not provided 
by NIST at the time of computation, the same structural damage as Case Ai was assumed for Case Bi 
condition.  The WTC 2 Floor 81 model was developed by changing only column properties of the base 
floor model (WTC 1 Floor 96).  Floor models of other floors of WTC 2 (Floor 79, Floor 80, Floor 82, and 
Floor 83) had the same geometry as the WTC 2 Floor 81 model, but had different impact damage.  For 
WTC 2, a total of ten models were created: five models for Case Ci impact damage condition and five for 
Case Di impact damage condition. 
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Figure 5–45.  Case Ai insulation damage condition for WTC 1 floor trusses and beams. 



  Full Floor Subsystem 

NIST NCSTAR 1-6C, WTC Investigation 97 

 
Figure 5–46.  Case Ai structural damage condition for WTC 1 floors. 
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Figure 5–47.  Structural damage to exterior walls of WTC 1 for Case Ai and Case Bi impact 

damage conditions. 
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Figure 5–48.  Structural damage to core columns of WTC 1 for Case Ai impact damage 

condition. 

COL501 COL601 COL701 COL801 COL901 COL1001
FL100
FL99 I I I I I I
FL98 D* I I I I D*
FL97 I I I I I I
FL96 I I I I I I
FL95 I I I I I I
FL94 I I I I I I
FL93 I I I I I I
FL92 D* I I I I D*

COL502 COL602 COL702 COL802 COL902 COL1002
FL100
FL99 I I I I I I
FL98 D* I I I I I
FL97 I I I I I I
FL96 I I I I I I
FL95 I I I I I I
FL94 I I I I I I
FL93 I I I I I I
FL92 I I I I I I

COL503 COL603 COL703 COL803 COL903 COL1003
FL100
FL99 I I I I I I
FL98 I I I I I I
FL97 I I I I I I
FL96 D I I I I I
FL95 I I I I I I
FL94 I I I I I I
FL93 I I I I I I
FL92 I I I I I I

COL504 COL604 COL704 COL904 COL1004
FL100
FL99 I I I I I
FL98 I I I I I
FL97 I I I I I
FL96 S A D D I
FL95 S S D I I
FL94 S S I I I
FL93 S I I I I
FL92 R I I I I

COL505 COL605 COL705 COL804 COL905 COL1005
FL100
FL99 I I I I I I
FL98 I I I I I I
FL97 I I I I I I
FL96 D I I I I I
FL95 D I I I I I
FL94 I I I I I I
FL93 I I I I I I
FL92 I I I I I I

COL506 COL606 COL706 COL805 COL906 COL1006
FL100
FL99 I I I I I I
FL98 I I I I I I
FL97 I I I I I I
FL96 I I I I I I
FL95 I I S I I I
FL94 D I S D I I
FL93 I I S I I I
FL92 I I R I I I

COL507 COL607 COL707 COL806 COL907 COL1007
FL100
FL99 I I I I I I
FL98 I I I I I I
FL97 I I I I I I
FL96 I I I I I I
FL95 I I I I I I
FL94 I I I I I I
FL93 I I I I I I
FL92 I I I I I I

COL508 COL608 COL708 COL807 COL908 COL1008
FL100
FL99 I I I I I I
FL98 D* I I I I D*
FL97 I I I I I I
FL96 I I I I I I
FL95 I I I I I I
FL94 I I I I I I
FL93 I I I I I I
FL92 D* I I I I D*

I: intact A: alignment affected 

D: damaged (plastic strain present) S: severed 

R: rotated *: column connections show plastic strains 
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Figure 5–49.  Case Ci insulation damage condition for WTC 2 floor trusses and beams. 
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Figure 5–50.  Case Ci structural damage condition for WTC 2 floors. 
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Figure 5–51.  Case Di insulation damage condition for WTC 2 floor trusses and beams. 



  Full Floor Subsystem 

NIST NCSTAR 1-6C, WTC Investigation 103 

 
Figure 5–52.  Case Di structural damage condition for WTC 2 floors. 
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Figure 5–53.  Structural damage to exterior walls of WTC 2 for Case Ci and Case Di impact 

damage conditions. 

 
Figure 5–54.  Structural damage to core columns of WTC 2 for Case Ci impact damage 

condition. 

COL1001 COL1002 COL1003 COL1004 COL1005 COL1006 COL1007 COL1008
FL85
FL84 I I I I I I I I
FL83 S I I I I I I I
FL82 S I I I I I I I
FL81 S S I I I I I I
FL80 S S I I I I I I
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FL78 S D I I I I I I
FL77 S I I I I I I I
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FL79 S D I I I I I I
FL78 I D I I I I I I
FL77 I I I I I I I I

COL801 COL802 COL803 COL804 COL805 COL806 COL807
FL85
FL84 I I I I I I I
FL83 I I I I I I I
FL82 I I I I I I I
FL81 I I I I I I I
FL80 I I I I I I I
FL79 I I I I I I I
FL78 I I I I I I I
FL77 I I I I I I I

COL701 COL702 COL703 COL704 COL705 COL706 COL707 COL708
FL85
FL84 I I I I I I I I
FL83 I I I I I I I I
FL82 I I I I I I I I
FL81 I I I I I I I I
FL80 I I I I I I I I
FL79 I I I I I I I I
FL78 I I I I I I I I
FL77 I I I I I I I I

COL601 COL602 COL603 COL604 COL605 COL606 COL607 COL608
FL85
FL84 I I I I I I I I
FL83 I I I I I I I I
FL82 I I I I I I I I
FL81 I I I I I I I I
FL80 I I I I I I I I
FL79 I I I I I I I I
FL78 I I I I I I I I
FL77 I I I I I I I I

COL501 COL502 COL503 COL504 COL505 COL506 COL507 COL508
FL85
FL84 I I I I I I I I
FL83 I I I I I I I I
FL82 I I I I I I I I
FL81 I I I I I I I I
FL80 I I I I I I I I
FL79 I I I I I I I I
FL78 I I I I I I I I
FL77 I I I I I I I I

I: Intact                                                       A: Alignment affected
D: Damaged (plastic strain present)               S: Severed
R: Rotated

(a) North face 

(b) South face 
S: severed;  D: damaged 
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Figure 5–55.  Case Ai structural impact damage condition for exterior columns of the 

north face in the WTC 1 Floor 96 model. 

 

 
Figure 5–56.  Case Ai structural impact damage condition for exterior columns of the 

south face in the WTC 1 Floor 96 model. 
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Figure 5–57.  Case Ai structural impact damage condition for floor trusses in the WTC 1 

Floor 96 model. 

 

 
Figure 5–58.  Case Ai structural impact damage condition for the concrete slab in the 

WTC 1 Floor 96 model. 
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Figure 5–59.  Case Ai structural impact damage condition for core beams in the WTC 1 

Floor 96 model. 

 

 
Figure 5–60.  Case Ai structural impact damage condition for core columns in the WTC 1 

Floor 96 model. 

5.5.7 Gravity and Thermal Loads 

The full floor model with impact damage included was first analyzed for gravity dead and live loads, and 
then temperature time histories representative of the WTC fire conditions were applied to analyze its 
path-dependent nonlinear structural response.  Gravity dead and live loads consisted of self-weight, 8 psf 
superimposed dead load, and 25 percent of design live loads.  Design live loads varied from 55 psf to 
85 psf as shown in Fig. 5–61.  Vertical loads were not applied to the top of columns. 

NIST derived the temperatures of structural components from fire models of the WTC towers and the 
thermal insulation damage conditions.  Temperature cases provided by NIST were “Case Ai temperature 
condition” and “Case Bi temperature condition” for WTC 1, and “Case Ci temperature condition” and 
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“Case Di temperature condition” for WTC 2.5  The floor model analyses were performed by using these 
temperature conditions.  However, NIST later refined these temperature conditions based on the refined 
impact damage conditions, and the refined cases were “Case A temperature condition” and “Case B 
temperature condition” for WTC 1, and “Case C temperature condition” and “Case D temperature 
condition” for WTC 2.  For the WTC 1 Floor 97 full floor model only, Case A temperature condition was 
also used.  Since the results from the WTC 1 Floor 97 analysis for Case A temperature condition was very 
similar to those for Case Ai, it was concluded that the refined temperature cases would not change the 
floor behavior significantly.  Therefore, other floors were not run with the refined temperature conditions.  
Temperature data sets were provided at 10 min intervals up to 100 min for WTC 1 and up to 60 min for 
WTC 2 for each temperature condition.  In the first step of thermal loading, temperatures were linearly 
ramped from room temperature (20 ˚C) to the temperatures specified at 10 min.  After the first step, 
temperatures were varied linearly to the next specified temperatures.  Figures 5–62 to 5–65 show Case Ai 
and Case Bi temperature conditions for Floor 96 of WTC 1, and Figs. 5–66 to 5–69 show Case Ci and 
Case Di temperature conditions for Floor 82 of WTC 2.  These figures show that high temperature occurs 
in trusses where there is insulation damage.  Severed members are also shown in these figures; however, 
severed members were not included in the analysis.  Table 5–12 shows a list of full floor analyses 
performed in this study. 

 
Figure 5–61.  Design live load distribution in Floor 96 of WTC 1. 

Temperatures were assigned at node locations for beam elements.  Only columns had temperature 
gradients across their cross sections; trusses and spandrels had uniform temperatures within their cross 
sections.  Slab temperatures were assigned at node locations.  Shell elements for the slab had four layers 
through thickness, and there were five points across the thickness to define the temperature distribution 
through the thickness at each node location. 

                                                      
5 Temperature cases were formerly called by different names.  Case Di and Case Ci conditions were called “baseline case”, and 

Case Bi and Case Di conditions were called “maximum damage case”.  Case A and Case C conditions were called “best 
estimate case” or “realistic case”, and Case B and Case D conditions were called “upper bound case” or “severe case”.  These 
former temperature case names may appear on graphics produced in ANSYS. 

N 

55 psf 55 psf 

55 psf 55 psf 70 psf 

70 psf 

85 psf 85 psf 

75 psf 

Note: 25 percent of the design live 
load was applied in the analysis. 
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Figure 5–62.  Case Ai temperature condition for Floor 96 of WTC 1 at 10 min, 50 min, and 

100 min. 
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Figure 5–63.  Case Ai temperature distribution in the slab for Floor 96 of WTC 1 at 10 min, 

50 min, and 100 min. 
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Figure 5–64.  Case Bi temperature condition for Floor 96 of WTC 1 at 10 min, 50 min, and 

100 min. 
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Figure 5–65.  Case Bi temperature distribution in the slab for Floor 96 of WTC 1 at 10 min, 

50 min, and 100 min. 

1

X

YZ

                                                                                
0

100
200

300
400

500
600

700
800

900
950

SEP 15 2004
20:22:27

ELEMENTS

TEMPERATURES
TMIN=20
TMAX=941.11

1

X

YZ

                                                                                
0

100
200

300
400

500
600

700
800

900
950

SEP 15 2004
20:22:33

ELEMENTS

TEMPERATURES
TMIN=20
TMAX=941.11

1

X

YZ

                                                                                
0

100
200

300
400

500
600

700
800

900
950

SEP 15 2004
20:07:42

ELEMENTS

TEMPERATURES
TMIN=20
TMAX=922.76

1

X

YZ

                                                                                
0

100
200

300
400

500
600

700
800

900
950

SEP 15 2004
20:07:48

ELEMENTS

TEMPERATURES
TMIN=20
TMAX=922.76

1

X

YZ

                                                                                
0

100
200

300
400

500
600

700
800

900
950

SEP 15 2004
19:53:26

ELEMENTS

TEMPERATURES
TMIN=20
TMAX=771.928

1

X

YZ

                                                                                
0

100
200

300
400

500
600

700
800

900
950

SEP 15 2004
19:53:29

ELEMENTS

TEMPERATURES
TMIN=20
TMAX=771.928

(a) Top surface at 10 min (b) Bottom surface at 10 min 

West 

NorthSouth 

East 

NorthSouth

(c) Top surface at 50 min (d) Bottom surface at 50 min 

West 

NorthSouth 

East 

NorthSouth

(e) Top surface at 100 min (f) Bottom surface at 100 min 

West 

NorthSouth 

East 

NorthSouth

(˚C) (˚C)

(˚C) (˚C)

(˚C) (˚C)



  Full Floor Subsystem 

NIST NCSTAR 1-6C, WTC Investigation 113 

 
Figure 5–66.  Case Ci temperature condition for Floor 82 of WTC 2 at 10 min, 30 min, and 

60 min. 
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Figure 5–67.  Case Ci temperature distribution in the slab for Floor 82 of WTC 2 at 10 min, 

30 min, and 60 min. 
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Figure 5–68.  Case Di temperature condition for Floor 82 of WTC 2 at 10 min, 30 min, and 

60 min. 
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Figure 5–69.  Case Di temperature distribution in the slab for Floor 82 of WTC 2 at 10 min, 

30 min, and 60 min. 
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Table 5–12.  List of full floor model analyses performed. 
Analysis # Tower Floor Impact Damage Temperature 

1 WTC 1 Floor 93 Case Ai Case Ai 
2 WTC 1 Floor 94 Case Ai Case Ai 
3 WTC 1 Floor 95 Case Ai Case Ai 
4 WTC 1 Floor 96 Case Ai Case Ai 
5 WTC 1 Floor 97 Case Ai Case Ai 
6 WTC 1 Floor 98 Case Ai Case Ai 
7 WTC 1 Floor 99 Case Ai Case Ai 
8 WTC 1 Floor 93 Case Ai Case Bi 
9 WTC 1 Floor 94 Case Ai Case Bi 

10 WTC 1 Floor 95 Case Ai Case Bi 
11 WTC 1 Floor 96 Case Ai Case Bi 
12 WTC 1 Floor 97 Case Ai Case Bi 
13 WTC 1 Floor 98 Case Ai Case Bi 
14 WTC 1 Floor 99 Case Ai Case Bi 
15 WTC 2 Floor 79 Case Ci Case Ci 
16 WTC 2 Floor 80 Case Ci Case Ci 
17 WTC 2 Floor 81 Case Ci Case Ci 
18 WTC 2 Floor 82 Case Ci Case Ci 
19 WTC 2 Floor 83 Case Ci Case Ci 
20 WTC 2 Floor 79 Case Di Case Di 
21 WTC 2 Floor 80 Case Di Case Di 
22 WTC 2 Floor 81 Case Di Case Di 
23 WTC 2 Floor 82 Case Di Case Di 
24 WTC 2 Floor 83 Case Di Case Di 
25 WTC 1 Floor 97 Case Ai Case A 

5.5.8 Boundary Conditions 

Both core and exterior columns were supported in the vertical direction at the bottom.  When the column 
below the floor was severed by aircraft impact, the top of the column above the floor was supported in the 
vertical direction.  Core columns were free in the horizontal directions and fixed against all rotations at 
the top and bottom ends.  Exterior columns were fixed for translation perpendicular to the face of the 
building and against rotation about the axis parallel to the face of the building at the top and bottom.  
They were also fixed in torsion at the top and bottom.  A quantitative study of the effect of column 
boundary conditions is discussed in Section 5.5.16. 

5.5.9 Results from WTC 1 Floor 96 under Case Ai Temperature Condition 

Vertical Displacement: Figure 5–70 shows the vertical displacements of Floor 96 for Case Ai temperature 
condition at 10 min, 50 min, and 100min.  The maximum displacement of 23 in. occurred at 10 min in the 
north office area.  Then, the vertical displacement decreased in the north office area as the fire moved 
away from the area.  The floor in the south office area started to deflect upward at 20 min, and part of the 
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south office area deflected upward at 70 min.  Most short-span trusses also deflected upward.  In the early 
stage of Case Ai temperature condition, the temperature in the slab was much higher than that in the 
trusses in the south office area as can be seen in Figs. 5–62 and 5–63 because the insulation was intact on 
the trusses in the south office area.  Although the coefficient of thermal expansion (CTE) of steel is larger 
than that of concrete (50 percent larger at room temperature; the difference increases as temperature 
becomes higher), when the difference in temperature between the slab and the trusses becomes large 
enough to cause the thermal expansion of the slab to be greater than that of trusses, the floor deflects 
upward.  At 80 min, several trusses in the south office area started to deflect downward, which was 
caused by the buckling of the floor due to compression in the east-west direction.  At 100 min, the 
maximum downward displacement of the floor in the north area was 12.8 in., reflecting the cooling that 
took place, and the maximum vertical displacements in the south office area were 4.8 in. upward and 6.4 
in. downward. 

Behavior of Exterior Columns on North and South Faces: Figure 5–71 shows the displacements of 
exterior columns normal to the face of the building at 10 min, 50 min, and 100 min.  The maximum 
outward displacements were 5.8 in. and 3.7 in. for the north and south faces, which occurred at 70 min 
and 90 min after the impact, respectively.  Exterior columns were pushed out by the floor throughout the 
duration of the thermal loading.  Figure 5–72 shows the horizontal reaction at each column on the north 
and south faces.  Since even number columns were not connected to trusses and spandrel studs and strap 
anchors were removed, reaction forces at even number columns were small.  In the figure, the reaction 
force is positive when the floor pulls the exterior column in.  Since exterior columns were always pushed 
out by the floor during the analysis, reaction forces were always negative.  Sagged floors did not pull in 
the exterior wall in this analysis. 

Break Elements:  Figure 5–73 shows the locations of user-defined break elements that failed by 100 min.  
Table 5–13 gives the number of failed user-defined break elements.  Many web diagonals buckled in the 
northeast half of the office area where the insulation on the trusses was removed by the aircraft impact.  In 
the south office area, there were only a few web diagonals that buckled because the insulation on the 
trusses was not damaged by the aircraft impact for Case Ai impact damage condition.  By 100 min, about 
70 percent of all the primary and bridging truss connections in the two-way zones and the long-span and 
transfer truss connections had failed at their top chord connections, but remained connected at their 
bottom chord connections at most of these locations.  None of the truss seats failed during the analysis; 
therefore, all trusses were still connected to the exterior wall. 

Effect of Vertical Loads to Columns: Another analysis was made with vertical loads applied to columns 
that were obtained from the SAP2000 floor model without impact damage.  Core columns yielded when 
their temperatures exceeded 600 ˚C.  However, the floor behavior did not change significantly from the 
analysis without the vertical loads on columns. 
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Figure 5–70.  Vertical displacement of WTC 1 Floor 96 for Case Ai temperature condition 

at 10 min, 50 min, and 100 min (downward displacement is negative; 5x displacement 
magnification). 
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Figure 5–71.  Horizontal displacement of exterior columns of Floor 96 of WTC 1 for 

Case Ai temperature condition at 10 min, 50 min, and 100 min. 
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Figure 5–72.  Horizontal reaction force per column of WTC 1 Floor 96 for Case Ai 

temperature condition. 

 

 
Figure 5–73.  User-defined break elements that failed by 100 min in the model of WTC 1 

Floor 96 for Case Ai temperature condition. 
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Table 5–13.  Number of failed user-defined break elements in the model of WTC 1 
Floor 96 for Case Ai temperature condition. 

 Number of Break Elements 

Web diagonals 56 
Seats and gusset plates 0 
Connections between primary and bridging trusses 75 
Connections between long-span and transfer trusses 14 

Total 145 

5.5.10 Results from Other WTC 1 Floors under Case Ai Temperature Condition 

Table 5–14 summarizes the maximum vertical displacements of WTC 1 floors for Case Ai temperature 
condition.  Figures 5–74 to 5–79 show vertical displacements of WTC 1 floors under Case Ai temperature 
condition when each floor experienced the maximum displacement.  Floor 95 to Floor 98 showed a 
significant vertical displacement in the north office area near the impact damage where truss insulation 
was damaged.  The maximum vertical displacement of all floors was 32 in. at Floor 97 at 60 min.  The 
vertical displacement in the south office area was found to be insignificant on all the floors throughout the 
thermal loading.  Note that no truss insulation was damaged in the south office area of WTC 1 floors for 
Case Ai temperature condition. 

Figure 5–80 (a) shows the average horizontal displacement due to thermal expansion of floors at 100 min 
on each face, while Fig. 5–80 (b) shows the average total thermal expansion of floors at 100 min in two 
orthogonal directions.  The total floor expansion ranged from 4 in. to 8 in.  Figure 5–81 shows horizontal 
reaction force at individual columns of the north and south faces of Floor 97.  In this figure, the reaction is 
positive when the column is pulled inward by the floor.  As can be seen in the figure, almost all the 
columns were pushed outward by the floor.  This was also the case for other floors. 

Many web diagonals of Floor 95 to Floor 98 buckled in the hot zones of the north office area where the 
truss insulation was damaged.  Although gusset plates at the exterior truss seats fractured at several 
locations, a complete disconnection of the floor from the exterior wall was not found in any floor. 

Results from WTC 1 Floor 97 under Case A temperature condition were found to be very close to those 
from WTC 1 Floor 97 under Case Ai temperature condition, and, hence, will not be presented separately 
in this report. 
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Table 5–14.  Maximum vertical displacement of WTC 1 floors for  
Case Ai temperature condition. 

Floor Max. Displacement 
(in.) 

Time at the Maximum 
(min) 

93 5.4 30 
94 13.5 100 
95 30.9 10 
96 23.3 10 
97 31.5 60 
98 26.4 30 
99 7.0 50 

 

 
Figure 5–74.  Vertical displacement of WTC 1 Floor 93 for Case Ai temperature condition 

at 30 min (downward displacement is negative; 5x displacement magnification). 
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Figure 5–75.  Vertical displacement of WTC 1 Floor 94 for Case Ai temperature condition 

at 100 min (downward displacement is negative; 5x displacement magnification). 

 

 

 
Figure 5–76.  Vertical displacement of WTC 1 Floor 95 for Case Ai temperature condition 

at 10 min (downward displacement is negative; 5x displacement magnification). 
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Figure 5–77.  Vertical displacement of WTC 1 Floor 97 for Case Ai temperature condition 

at 60 min (downward displacement is negative; 5x displacement magnification). 

 

 

 
Figure 5–78.  Vertical displacement of WTC 1 Floor 98 for Case Ai temperature condition 

at 30 min (downward displacement is negative; 5x displacement magnification). 
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Figure 5–79.  Vertical displacement of WTC 1 Floor 99 for Case Ai temperature condition 

at 50 min (downward displacement is negative; 5x displacement magnification). 

 

 

 
Figure 5–80.  Average thermal expansion of WTC 1 floors at 100 min for Case Ai 

temperature condition. 
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Figure 5–81.  Horizontal reaction force per column of WTC 1 Floor 97 for Case Ai 

temperature condition. 

5.5.11 Results from WTC 1 Floors under Case Bi Temperature Condition 

Table 5–15 summarizes the maximum vertical displacement of WTC 1 floors for Case Bi temperature 
condition, and Figs. 5–82 to 5–88 show the vertical displacements of WTC 1 floors when each floor 
experienced the maximum displacement.  The maximum vertical displacements of Floor 95 to Floor 98 
increased due to higher temperatures when compared to those for Case Ai temperature condition, 
especially in the south office area.  The increase in temperatures in the south office area was a result of 
impact damage to insulation on floor trusses in the area.  The maximum vertical displacement among all 
floors was 49 in. in the south office area of Floor 98, as shown in Fig. 5–87.  The large displacement on 
the south side of Floor 98 was caused by the exterior truss seat failures between Column 329 and Column 
343 that started between 80 min and 90 min.  Exterior truss seats at Column 337 to Column 347 of Floor 
97 also failed, which caused 37 in. of vertical displacement in the south office area.  These exterior truss 
seats failed by losing vertical shear strength due to extreme temperatures of greater than 800 ˚C.  Exterior 
seat failures of Floor 97 and Floor 98 are shown in Fig. 5–89. 

Figure 5–90 (a) shows the average horizontal displacement due to thermal expansion of floors at 100 min 
on each face, while Fig. 5–90 (b) shows the average total thermal expansion of floors at 100 min in two 
orthogonal directions.  The total floor expansion ranged from 5 in. to 8.5 in.  Figures 5–91 and 5–92 show 
the horizontal reaction force at individual columns of north and south faces of Floor 96 and Floor 98.  In 
these figures, the reaction is positive when the column is pulled inward by the floor.  Although almost all 
the columns were pushed outward by the floor, it was found that large vertical displacement of the floor 
would reduce the compression between the floor and the exterior wall.  By comparing Fig. 5–72 (b) and  
Fig. 5–91 (b), one can see that the compressive forces at Columns 323 to 337 on the south face decreased 
significantly for Case Bi temperature condition.  It should be also noted in Fig. 5–92 (b) that the 
compressive forces became almost zero at columns where the floor was disconnected. 

Many web diagonals of Floor 95 to Floor 98 buckled in the hot zones of the north and south office areas 
where the truss insulation was damaged.  In addition to exterior seat failures (see Fig. 5–89) that occurred 
on the south face, gusset plates and seat bolts at the exterior truss seats failed at several locations on the 
north face; however, failures of gusset plates and seat bolts did not cause complete disconnection of the 
floor from the exterior wall. 
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Table 5–15.  Maximum vertical displacement of WTC 1 floors 
for Case Bi temperature condition. 

Floor Max. Displacement 
(in.) 

Time at the Maximum 
(min) 

93 -5.8 100 
94 12.7 100 
95 29.2 10 
96 28.6 10 
97 37.4 100 
98 49.0 100 
99 6.8 100 

Note: Negative value represents upward displacement in this table. 

 

 

 
Figure 5–82.  Vertical displacement of WTC 1 Floor 93 for Case Bi temperature condition 

at 100 min (downward displacement is negative; 5x displacement magnification). 
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Figure 5–83.  Vertical displacement of WTC 1 Floor 94 for Case Bi temperature condition 

at 100 min (downward displacement is negative; 5x displacement magnification). 

 

 

 
Figure 5–84.  Vertical displacement of WTC 1 Floor 95 for Case Bi temperature condition 

at 10 min (downward displacement is negative; 5x displacement magnification). 
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Figure 5–85.  Vertical displacement of WTC 1 Floor 96 for Case Bi temperature condition 

at 10 min (downward displacement is negative; 5x displacement magnification). 

 

 

 
Figure 5–86.  Vertical displacement of WTC 1 Floor 97 for Case Bi temperature condition 

at 100 min (downward displacement is negative; 5x displacement magnification). 
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Figure 5–87.  Vertical displacement of WTC 1 Floor 98 for Case Bi temperature condition 

at 100 min (downward displacement is negative; 5x displacement magnification). 

 

 

 
Figure 5–88.  Vertical displacement of WTC 1 Floor 99 for Case Bi temperature condition 

at 100 min (downward displacement is negative; 5x displacement magnification). 
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Figure 5–89.  Loss of vertical supports in Floor 97 and Floor 98 of WTC 1 for Case Bi 

temperature condition at 100 min (1x displacement magnification). 

 

 
Figure 5–90.  Thermal expansion of WTC 1 floors at 100 min for Case Bi conditions. 
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Figure 5–91.  Horizontal reaction force per column of WTC 1 Floor 96 for Case Bi 

temperature condition. 

 

 
Figure 5–92.  Horizontal reaction force per column of WTC 1 Floor 98 for Case Bi 

temperature condition. 

5.5.12 Results from WTC 2 Floor 82 under Case Ci Temperature Condition 

Vertical Displacement: Figure 5–93 shows the vertical displacements of WTC 2 Floor 82 at 10 min, 
30 min, and 60 min.  The maximum vertical displacement after the impact was 5 in. in the southeast area 
near the impact damage.  At 50 min, trusses at Column 301 to Column 317 near the northeast corner lost 
their vertical support at the exterior truss seats, and the vertical displacement in this area increased 
significantly.  A maximum displacement of 45 in. occurred at 60 min in the northeast corner area.  The 
west office area did not show significant vertical displacement because the insulation on trusses was 
intact. 

Behavior of Exterior Columns on East and West Faces: Figure 5–94 shows the horizontal 
displacements of the exterior columns normal to the face of the building at 10 min, 30 min, and 60 min.  
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The maximum outward displacements were 3.8 in. and 1.6 in. for the east and west faces, respectively, at 
60 min after the impact.  In general, the exterior columns had outward displacement except for the north 
side of the east face where there was an inward displacement of about 0.8 in. at 10 min.  This inward 
displacement was caused by the temperature gradient in the cross section of the exterior columns.  Figure 
5–95 shows the horizontal reaction at each column on the north and south faces.  Since even number 
columns were not connected to trusses and spandrel studs and strap anchors were removed, reaction 
forces at even number columns were small.  In the figure, the reaction force is positive when the floor 
pulls the exterior column in.  It was found that both faces experienced compression from the floor 
throughout the thermal loading; however, several columns of the east face near the northeast corner lost 
lateral support from the floor, and the reaction forces at these columns became very small. 

Break Elements:  Figure 5–96 shows the locations of user-defined break elements that failed by 60 min.  
Table 5–16 summarizes the number of failed user-defined break elements during the analysis.  A 
significant number of web diagonals buckled in the east office area where insulation on the trusses was 
damaged by the aircraft impact.  By 60 min, about 70 percent of all the primary and bridging truss 
connections in the two-way zones and the long-span and transfer truss connections failed at their top 
chord connections; however, at the majority of these locations, they were still connected at their bottom 
chord connections.  By the end of the thermal loading, gusset plates fractured at 19 exterior truss seats, 
bolts sheared off at 18 exterior truss seats and 1 interior truss seat, and 8 exterior truss seats failed in 
vertical shear.  Figure 5–97 shows the deformed shape of the floor trusses after loss of their vertical 
support at the exterior truss seats. 
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Figure 5–93.  Vertical displacement of WTC 2 Floor 82 for Case Ci temperature condition 

at 10 min, 30 min, and 60 min (downward displacement is negative; 5x displacement 
magnification). 
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Figure 5–94.  Horizontal displacement of exterior columns of WTC 2 Floor 82  

for Case Ci temperature condition at 10 min, 30 min, and 60 min. 

(a) West face at 10 min (b) East face at 10 min 

(c) West face at 30 min (d) East face at 30 min 
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Figure 5–95.  Total horizontal reaction at exterior columns on east and west faces of 

WTC 2 Floor 82 for Case Ci conditions. 

 

 
Figure 5–96.  User-defined break elements that failed by 60 min in the model of WTC 2 

Floor 82 for Case Ci temperature condition. 
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Table 5–16.  Number of failed user-defined break elements in the model of WTC 2 
Floor 82 for Case Ci temperature condition. 

 Number of Break Elements 

Web diagonals 381 
Seats and gusset plates 46 
Connections between primary and bridging trusses 70 
Connections between long-span and transfer trusses 16 

Total 513 

 

 
Figure 5–97.  Loss of vertical supports in Floor 82 of WTC 2 for Case Ci temperature 

condition at 60 min (1x displacement magnification). 

5.5.13 Results from Other WTC 2 Floors under Case Ci Temperature Condition 

Table 5–17 gives the maximum vertical displacement of WTC 2 floors for Case Ci temperature condition, 
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The vertical displacement in the west office area was found to be insignificant on all the floors except 
Floor 80 throughout the thermal loading because the insulation on floor trusses was intact in the west 
office area.  In Floor 80, the maximum vertical displacement of the west office area became about 20 in. 
at 60 min. 

Figure 5–102 (a) shows the average thermal expansion of floors at 60 min on each face, while  
Fig. 5–102 (b) shows the average total thermal expansion of floors at 60 min in two orthogonal directions.  
The total slab expansion ranged from 2.5 in. to 5.5 in.  Figure 5–103 shows the horizontal reaction at each 
column on the north and south faces of Floor 82.  (The reaction force is positive when the floor pulls the 
exterior column in.)  It was found that Columns 353 to 359 were pulled in by the floor due to the 
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significant sag in the southeast area caused by the impact damage to the transfer truss and interior truss 
seats in this area. 

Web diagonals of Floor 81 to Floor 83 buckled in the hot zones of the east office area where the 
insulation on the trusses was damaged.  Failures of the exterior truss seats, gusset plates, or seat bolts 
were not observed on Floor 79 to Floor 81.  Trusses at Column 325 to Column 333 on the east face of 
Floor 83 lost their vertical support at the exterior truss seats at 50 min, as shown in Fig. 5–104. 

Table 5–17.  Maximum vertical displacement of WTC 2 floors 
for Case Ci temperature condition. 

Floor Max. Displacement 
(in.) 

Time at the Maximum 
(min) 

79 19.0 60 
80 30.1 60 
81 31.0 60 
82 45.2 60 
83 38.9 60 

 

 

 
Figure 5–98.  Vertical displacement of WTC 2 Floor 79 for Case Ci temperature condition 

at 60 min (downward displacement is negative; 5x displacement magnification). 
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Figure 5–99.  Vertical displacement of WTC 2 Floor 80 for Case Ci temperature condition 

at 60 min (downward displacement is negative; 5x displacement magnification). 

 

 

 
Figure 5–100.  Vertical displacement of WTC 2 Floor 81 for Case Ci temperature condition 

at 60 min (downward displacement is negative; 5x displacement magnification). 
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Figure 5–101.  Vertical displacement of WTC 2 Floor 83 for Case Ci temperature condition 

at 60 min (downward displacement is negative; 5x displacement magnification). 

 

 

 
Figure 5–102.  Average thermal expansion of WTC 2 floors at 60 min under Case Ci 

temperature condition. 
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Figure 5–103.  Horizontal reaction force per column of WTC 2 Floor 81 for Case Ci 

temperature condition. 

 

 
Figure 5–104.  Loss of vertical supports in Floor 83 of WTC 2 for Case Ci temperature 

condition at 60 min (3X displacement magnification). 
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displacement of 97 in. occurred at Floor 81 near the impact damage at 50 min as shown in Fig. 5–107.  
Similar sagging of the floor was found in other floors. 

Gusset plates and bolts at more than 75 percent of all the exterior seats of the east face of Floor 82 and 
Floor 83 failed due to horizontal shear force that was caused by the difference in the thermal expansion 
between the floor and the exterior wall in the direction transverse to primary trusses.  The truss at Column 
357 of Floor 81 was the only truss that lost its vertical support at the exterior truss seat among all floors.  
This truss walked off the truss seat. 

Floor sagging caused pull-in forces.  For instance, Column 101 to Column 111 on the west face and 
Column 347 to Column 359 on the east face were pulled in by the floor at 60 min on Floor 80 as shown in 
Fig. 5–110 because of the floor sagging occurring in the southeast area.  Since core columns were not 
restrained in the horizontal directions, when the floor pulled in one face of exterior wall, the opposite face 
of the exterior wall was also pulled in.  Columns at the southeast corner were pulled in by the floor at 
Floor 79 and Floor 81.  Many columns of the west face of Floor 82 were pulled in.  The reaction forces at 
many columns of the east face of Floor 82 were close to zero, as shown in Fig. 5–111 (b).  The gusset 
plates and seat bolts failed at a number of trusses on the east face of Floor 82.  Since columns at these 
locations were not supported in the horizontal direction by the floor, the reaction force became close to 
zero at these columns. 

Figure 5–112 shows the average thermal expansion of floors at 60 min of Case Di temperature condition.  
The average total floor expansion ranged from 1 in. to 5 in. 

Table 5–18.  Maximum vertical displacement of WTC 2 floors for Case Di temperature 
condition. 

Floor 
Max. Displacement 

(in.) 
Time at the Maximum 

(min) 
79 35.8 60 
80 65.6 40 
81 96.7 50 
82 49.4 60 
83 44.6 60 
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Figure 5–105.  Vertical displacement of WTC 2 Floor 79 for Case Di temperature condition 

at 60 min (downward displacement is negative; 5x displacement magnification). 

 

 
Figure 5–106.  Vertical displacement of WTC 2 Floor 80 for Case Di temperature condition 

at 40 min (downward displacement is negative; 5x displacement magnification). 
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Figure 5–107.  Vertical displacement of WTC 2 Floor 81 for Case Di temperature condition 

at 50 min (downward displacement is negative; 5x displacement magnification). 

 

 
Figure 5–108.  Vertical displacement of WTC 2 Floor 82 for Case Di temperature condition 

at 60 min (downward displacement is negative; 5x displacement magnification). 
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Figure 5–109.  Vertical displacement of WTC 2 Floor 83 for Case Di temperature condition 

at 60 min (downward displacement is negative; 5x displacement magnification). 

 

 
Figure 5–110.  Horizontal reaction force per column of WTC 2 Floor 80 for Case Di 

temperature condition. 
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Figure 5–111.  Horizontal reaction force per column of WTC 2 Floor 82 for Case Di 

temperature condition. 

 
Figure 5–112.  Average thermal expansion of WTC 2 floors at 60 min for Case Di 

temperature condition. 
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5.5.15 Creep Effect 

Full floor models were not run with creep due to the inherent convergence problems of BEAM188/189 
elements under thermal loadings with materials with temperature-dependent creep.  To evaluate the effect 
of creep, a simplified truss model at Column 333 of Floor 96 was extracted from the full floor model and 
was subjected to Case Bi temperature condition.  The model was analyzed with and without creep in the 
steel. 

Vertical displacements at 40 min are shown in Fig. 5–113.  The maximum displacements at 40 min were 
44 in. for the model with creep and 26 in. for the model without creep.  After 40 min, the model with 
creep walked off the exterior truss seat, while the model without creep did not walk off the exterior truss 
seat, and the vertical displacement increased with time and reached 31 in. at 100 min.  The maximum 
pull-in forces were 14 kip for the model with creep and 8 kip for the model without creep.  The interface 
force between the exterior columns and the truss became compression in the model without creep after 
37 min because the thermal expansion overcame the shortening caused by the sagging. 

Based on this study of the simplified truss model, creep in steel would significantly increase the existing 
floor sag at high temperatures.  Therefore, the sagging of floors was underestimated in the full floor 
model analyses performed without creep. 

 

 
Figure 5–113.  Vertical displacement of a simplified truss model at Column 333 extracted 

from the full floor model of Floor 96 of WTC 1 under Case Bi temperature condition at 
40 min (downward displacement is negative). 

5.5.16 Effect of Column Boundary Conditions 

The boundary conditions at the ends of columns and column length affect the horizontal force between 
the floors and the exterior walls resulting from the thermal expansion of the floor.  The fixed boundary 
conditions and single story column length assumed in the floor analyses shown in this report represent a 
relatively high degree of lateral restraint.  The effect of reducing the degree of lateral restraint was 
evaluated by performing nonlinear static finite element analysis with two story and three story column 
lengths.   

The results showed that the reduced restraint did not significantly affect the overall structural performance 
of the floors although it decreased the vertical deflection of the floor by less than 20 percent and it 
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decreased the magnitude of the lateral force by as much as 85 percent. (Note that this decrease in 
deflection compensates partially for the additional deflection expected due to creep, as discussed in 
Section 5.5.15.) 

5.5.17 Floor Subsystem in Global Models 

Floor: The floors in the global models were modeled by SHELL181 elements with temperature-
dependent elastic properties to enhance computational efficiency.  Their functions were to: 

1. Simulate the diaphragm action of floors 

2. Simulate the load transfer from the core to the exterior wall system when the core experiences 
significant downward displacement due to shortening of core columns 

The membrane stiffness of shell elements for the office area was determined by calculating the 
longitudinal stiffness of the composite floor using the single truss model which included not only the 
stiffness of the truss but also the stiffness of the connections between the truss and the exterior wall. 

Fire-Induced Damage: Floors modeled by shell elements could not capture failure modes of floors under 
elevated temperatures; therefore, key failure modes were implemented in the global models at appropriate 
points in time as fire-induced damage.  Two different behaviors were considered based on conditions of 
connections between the floor and the exterior wall: 1) the floor sagged and pulled the exterior wall in and 
2) the floor was disconnected from the exterior wall.  The locations of floor/wall disconnections and the 
locations and magnitudes of pull-in forces in the sagging floor areas were determined using not only the 
full floor model results but also the actual observations from photographs and videos and the analyses 
performed on isolated exterior wall models, as discussed in Section 2.5 of NIST NCSTAR1-6D. 

Results from the full floor model analyses are presented in Figs. 5–114 to 5–117 only at the end of time 
histories for the conditions of the connections between the exterior wall and the floors.  The figures show 
the following conditions: 

• Condition 1: gusset plate failure + seat failure due to vertical shear (loss of vertical support) 

• Condition 2: gusset plate failure + seat bolt shear-off + truss walk-off (loss of vertical 
support) 

• Condition 3: gusset plate failure + seat bolt shear-off + significant vertical displacement (>25 
in.) of the floor in that area (floor remains vertically supported) 

• Condition 4: tensile force between the exterior wall and the floor system (floor remains 
vertically connected, but exerts pull-in force on the exterior wall) 

Conditions 1 and 2 were treated as the case of floor/wall disconnections.  Conditions 3 and 4 were treated 
as the case where the floor pulled in the exterior wall.  Owing to the failure of the gusset plate and seat 
bolts (Condition 3), the floor in this model cannot pull in the exterior wall at these connections.  In reality, 
in addition to studs and diagonal strap anchors that may not have failed, there was friction between the 
truss bearing angles and the exterior truss seat angle.  For these reasons, Condition 3 was treated as the 
case where the floor pulled in the exterior wall.  More discussion on the pull-in force can be found in 
Section 2.5 of NIST NCSTAR1-6D. 

In the full floor model, every other exterior column was connected to the floor because spandrel studs and 
strap anchors were removed from the model.  The four conditions above were defined for columns at 
primary trusses; however, they are shown in Figs. 5–114 to 5–117 for all columns because there were 
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strap anchors connecting the floor to the columns located between primary trusses.  When the same 
condition of the connection was found for two adjacent truss locations, the column between the two 
trusses was assumed to have the same condition as the adjacent columns in these figures.  For example, 
failure of exterior seats (Condition 1) occurred at Columns 329 and 331 of Floor 98 of WTC 1 for Case Bi 
temperature condition.  In Fig. 5–115, Column 330 is also indicated as Condition 1, although there was no 
truss located at Column 330. 
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Figure 5–114.  Conditions of connections between the exterior wall and the floors of WTC 1 for Case Ai temperature 

condition at 100 min. 
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Figure 5–115.  Conditions of connections between the exterior wall and the floors of WTC 1 for Case Bi temperature 

condition at 100 min. 
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Figure 5–116.  Conditions of connections between the exterior wall and the floors of WTC 2 for Case Ci temperature 

condition at 60 min. 
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Figure 5–117.  Conditions of connections between the exterior wall and the floors of WTC 2 for Case Di temperature 

condition at 60 min. 
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5.5.18 Summary of Results and Discussion 
The behaviors of the floor system found in the full floor models subjected to impact damage and elevated 
temperatures from the fires can be summarized as follows: 

Bridging trusses subjected to elevated temperatures buckled between primary trusses. 

When significant differences in thermal expansion of the floors and exterior walls in the direction 
transverse to the axes of primary trusses occurred near the corners, studs, diagonal strap 
anchors, gusset plates, and seat bolts at exterior truss seats failed due to the lateral shear. 

Web diagonals of floor trusses with damaged insulation buckled. 

Floors sagged as they lost bending stiffness resulting from web diagonal buckling, and they 
pulled the exterior wall in. 

Truss seats disconnected from the exterior walls. 

Pull-in forces were expected to develop whenever the floor sagged.  Although the floor sagging was 
captured by the floor models in the heated area, the pull-in force on the exterior columns was not captured 
in most of the full floor model analyses.  To accurately calculate pull-in forces between the floors and the 
exterior columns in the full floor model, much more detailed modeling will be required.  Such modeling 
includes accurate boundary conditions on columns, creep in steel, friction at the truss seats, accurate 
evaluation of failure of strap anchors and studs, and concrete cracking and spalling.  In addition, 
temperature time histories that were used in the full floor model analyses may have been conservative 
estimates, which were derived from conservative estimates of impact damage to the insulation.  Further 
discussion on the pull-in force can be found in Section 2.5.2 of NIST NCSTAR1-6D. 
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Chapter 6 
EXTERIOR WALL SUBSYSTEM 

6.1 OBJECTIVE 
The objective of the exterior wall subsystem model was to study the performance of the exterior wall 
subjected to the combined effects of gravity and thermal loads for the following conditions: 

• all floors provide lateral support, 

• two adjacent floors do not provide lateral support, 

• three adjacent floors do not provide lateral support,  

• in addition to loss of lateral support at three floors, the exterior wall is subjected to pull-in 
forces by the sagging floors, and  

• in addition to loss of lateral support at three floors, the exterior wall is subjected to additional 
gravity loads. 

The following temperature-dependent nonlinearities and material properties were included in the exterior 
wall model: 

• Large deflections and buckling 

• Material plasticity 

• Creep 

• Material failure 

• Column splice failure 

• Spandrel splice failure 

6.2 EXTERIOR WALL SUBSYSTEM DESCRIPTION 
The exterior walls of the towers were constructed with prefabricated wall panels, referred to hereafter as 
panels.  Typical panels contained three-column segments spanning three stories with three spandrels 
extending one half-span past the outer columns.  The panels were arranged such that the spandrel splices 
between panels aligned vertically, and the column splices between panels were offset by one story. 

The modeled exterior wall subsystem was located on the north face of WTC 1 toward the east side and 
included nine columns, extending vertically from the column splice located below Floor 91 to the column 
splice above Floor 99, and nine spandrels extending horizontally from the spandrel splice between 
Columns 149 and 150 to the spandrel splice between Columns 158 and 159.  This exterior wall subsystem 
model included seven full panels and portions of four other panels. 

Figure 6–1 shows the subsystem pictorially.  Figures 6–2 (a) and 6–2 (b) give the types and yield 
strengths of the columns and spandrels and the types of column and spandrel splices.  Figure 6–3 shows 
the column plate notation used.  Tables 6–1a through 6–1c give the geometry and material properties of 
the plates in the columns, the spandrels, and the column and spandrel splices. 
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Figure 6–1. Exterior wall subsystem structure. 

The odd-numbered columns supported the floor trusses.  Pairs of strap anchors extended diagonally from 
the top chords of truss pairs to the even-numbered columns.  The trusses and the strap anchors partially 
braced the columns both in-plane and out-of-plane of the exterior wall. 
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Figure 6–2. Columns, spandrels, and splices: type and material assignments. 
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Figure 6–3.  Schematic of column cross section. 

 

Table 6–1a.  Column sectional properties. 

Column 
Type 

Plate 1 
l x t 

(in. x in.) 

Plate 2 
l x t 

(in. x in.) 

Plate 3. 
l x t 

(in. x in.) 

120 13.5 x 0.25 13.5 x 0.25 15.75 x 0.25 
121 13.5 x 0.3125 13.375 x 0.25 15.75 x 0.25 
122 13.5 x 0.375 13.25 x 0.25 15.75 x 0.25 
123 13.5 x 0.4375 13.125 x 0.25 15.75 x 0.25 
124 13.5 x 0.5 13 x 0.25 15.75 x 0.25 
125 13.5 x 0.5625 12.875 x 0.25 15.75 x 0.25 

   1All spandrels in model are 52 in. deep x 3/8 in. thick. 

 

Table 6–1b.  Column splice details. 

Column 
Splice Type 

Butt Plate 
Thickness 

(in.) 
Number
of Bolts 

Bolt Diameter
(in.) 

Gage
(in.) 

Bolt Spacing 
(in.) 

Column 
Splice ID 

411 1.375 4 0.875 3.5 6 411 
421 1.625 4 0.875 3.5 6 421 
431 1.875 4 1 3.5 6 431 

   1Butt plates have specified yield strength of 50 ksi.  
   2Bolts are A325. 

Plate 1 Plate 1

Plate 2

Plate 3

Spandrel

14"

13.5"ECRL

4.5"

6.5"
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Table 6–1c.  Spandrel splice details. 

Spandrel 
Splice 
Type 

Number 
of 

Bolts/Row 

Total 
Number 
of Rows 

Bolt 
Spacing 

(in.) 
Gage
(in.) 

Overall Splice 
Plate 

Dimensions 
(in. x in. x in.) 

Bolt to 
Centerline 
of Splice 

(in.) 

Gap B/W 
Spandrels 

(in.) 

Spandrel 
Splice 

ID 

101 6 2 5@9  49x6.75x.25 1.875 0.75 101 
102 8 2 3,6,3@9,6,3  49x6.75x.25 1.875 0.75 102 
111 6 4 5@9 3 49x12.75x.25 1.875 0.75 111 
112 8 4 3,6,3@9,6,3 3 49x12.75x.25 1.875 0.75 112 

1All spandrel splices use 7/8 in. A325 bolts; specified spandrel splice plate yield strength is 36 ksi. 
2Holes in spandrel are 1/4 in. larger than bolts; holes in plates are bolt + 1/16 in. or option to match spandrel holes. 

6.3 FAILURE MODES 
The exterior wall subsystem model can capture the following failure modes: 

• Column buckling from large lateral deformations, 

• Column buckling from loss of support at floor truss seats and strap anchors, 

• Failure of column splice bolts, and 

• Failure of spandrel splice bolts or tearing of spandrel or splice plates at bolt holes. 

The model does not capture the local buckling of column plates or the formation of plastic hinges 
(kinking) from the interaction of local plate buckling and general stability of the column when subjected 
to combined axial load and bending moments. 

Several of the later analyses did not include the effects of creep.  Displacement control analysis in 
ANSYS did not function properly when strain rate effects of creep were included. 

6.4 MODEL VALIDATION 

6.4.1 Description of Models 

Validation of the exterior wall model was performed by comparing the stiffness of an ANSYS model of a 
single exterior wall panel with beam and shell elements to a SAP2000 shell model of the same panel 
developed by Leslie E. Robertson Associates under a contract from NIST. 

Figure 6–4 shows the SAP2000 shell model of a typical prefabricated panel at Floors 79 to 82 provided 
by NIST.  The model was modified as follows: 

1. Eliminated self-weight from loading conditions. 

2. Provided a stiff member at the top of the columns. 

3. Added out-of-plane wall supports (UY) at the top of the columns for stability under out-of-
plane loading. 

Figure 6–5 shows the ANSYS prefabricated panel model.  BEAM189 elements modeled the columns, 
SHELL181 elements modeled the spandrels, and BEAM4 elements connected nodes on the axis of the 
columns to nodes located in the mid-plane of the spandrels. 
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Figure 6–6 shows the various boundary conditions.  Out of plane displacement (UY) was restrained at the 
tops of the columns.  All three directions of translation were restrained at the bottoms of the columns.  
The spandrels were free at the boundaries of the model.  

Both models were subjected to three loading cases at room temperature, as shown in Fig. 6–6: 

1. A vertical force (FZ) at the top of one of the outside columns. 

2. A horizontal force in the plane of the wall (FX) at the top of one of the outside columns.  The 
stiff members described previously distributed this shear load evenly to the tops of all three 
columns. 

3. A transverse force (FY) on the middle column at Floor 81 (middle floor). 

The loads described above did not include self-weight. 

 

 
Figure 6–4.  SAP2000 model of prefabricated panel. 
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Figure 6–5.  ANSYS model of prefabricated panel showing meshing. 

 
Figure 6–6.  ANSYS model of prefabricated panel showing boundary conditions and 

loading (loads applied separately). 
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6.4.2 Validation Results 

Figures 6–7 through 6–9 show deflected shapes and indicate the displacement at the points of applied load 
for the SAP2000 and ANSYS models.  Table 6–2 summarizes the differences in reactions and 
displacements between the SAP2000 and ANSYS models.  The table indicates that these differences were 
small. 

 
Figure 6–7.  Deflection of prefabricated panel under 100 kip lateral load. 

 

 
Figure 6–8.  Deflection of prefabricated panel under 100 kip transverse load. 
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Figure 6–9.  Deflection of prefabricated panel under 10 kip vertical load. 

Table 6–2.  Prefabricated panel validation results. 
SAP2000/ANSYS Difference Range 

Loading Condition Reactions1 Displacements2 

Lateral FX RX:  -2% to +1% UX:  7% 
Transverse FY RY:  -6% to +7% UY:  -13% 

Vertical FZ RZ:  -1% to +2% UZ:  -7% 
1Range considers maximum disparities between results for all support 
reactions. 
2Displacements considered at tops of columns for FX and FZ, and at 
points of load application for FY. 

6.5 FINITE-ELEMENT MODEL OF EXTERIOR WALL SUBSYSTEM 

6.5.1 Elements and Meshing 

Figure 6–10 shows the model in elevation.  BEAM189 elements modeled the columns.  Above and below 
spandrels, BEAM189 elements modeled the complete cross sections of the columns.  At spandrels, 
BEAM189 elements modeled cross sections where the interior plate thickness of the column was reduced 
to 0.005 in. to maintain a closed section yet allowed for a continuous spandrel.  Since neutral axis location 
of column shifted in the column elements in the spandrel zone, MPC184 rigid elements were used to 
connect the neutral axes of column elements where this shift occurred.  SHELL181 elements modeled the 
spandrels.  Figure 6–11 shows the number of elements used to model columns and spandrels.  BEAM4 
elements connected nodes on the axis of the columns to nodes located in the mid-plane of the spandrels.  
Figure 6–12 shows this use of the BEAM4 elements. 

BEAM4 elements are two-node Euler (elastic) elements with large deflection capability.  BEAM189 
elements are three-node (quadratic) Timoshenko beam elements with large deflection, plasticity, and 
creep capabilities.  SHELL181 elements are four-node multi-layer elements with large deflection, 
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plasticity, and creep capabilities.  MPC184 elements are multipoint constraint elements that implement 
kinematic constraints using Lagrange multipliers.  These element types and their features are summarized 
in Table 4–1. 

Material IDs, as described in Chapter 3, were assigned to the elements.  The properties (e.g. stiffness) and 
behavior (e.g. plasticity) of the elements vary with temperature as the assigned material properties vary 
with temperature. 

6.5.2 Boundary Conditions 

The bottoms of all columns in the model were restrained in the vertical direction.  The top and the bottom 
of all columns in the model were restrained in the direction normal to the wall.  In addition, the bottom of 
central Column 154 was restrained in the in-plane horizontal direction.  Symmetry boundary conditions 
were imposed on the spandrels at the boundaries of the model, except that the spandrels were free to 
expand in the plane of the wall.  Motion out of the plane of the wall was restrained at all floor truss seats 
and strap anchors.  In several analyses, such restraints were removed at two or three floors (either Floors 
95 and 96 or Floors 95, 96, and 97) to investigate the effect of floor sagging and floor/wall disconnection 
on stability of the exterior wall system. 

 
Figure 6–10.  Exterior wall subsystem model with boundary conditions. 
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Figure 6–11.  Typical meshing of exterior wall model components. 

 

 
Figure 6–12.  Schematic representation of columns used in the exterior wall model. 
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6.5.3 One-, Two-, and Three-Story High Columns 

Figure 6–13 shows the model of a one-story high exterior column.  The model included a one-story high 
portion of Column 151 extending from Floor 95 to Floor 96 and portions of spandrels at Floor 95 and 
Floor 96.  The model also represented Column 151 from Floor 96 to Floor 97 since the dimensions, plate 
thicknesses, and material properties were identical to those of Column 151 from Floor 95 to 96.  
SHELL181 plate elements modeled the plates of columns and spandrels.  CERIG rigid elements 
connected the center of gravity of the column to its component plates and to the spandrel at both the top 
and the bottom of the model.  The column was pinned at the bottom and restrained in the two horizontal 
directions at the top.  Axial displacement was applied incrementally at the top of the model. 

Figure 6–14 shows the variation of axial load with the imposed axial displacement and the resulting 
lateral deflection at room temperature (RT) and 700 °C.  This figure also shows the hand calculated 
theoretical column load levels at room temperature (RT) and 700 °C for:  

1. Local buckling of Plate 2 and Plate 3. 

2. Uniform yielding of the column. 

3. Axial load demand due to gravity dead and live loads at Floor 96. 

Figure 6–15 shows the local bucking deformation of Plate 2 and Plate 3 at the maximum load at room 
temperature.  Figure 6–16 shows a plastic hinge at mid-height of the column for an imposed axial 
displacement of 2 in.  Figure 6–17 shows local buckling in Plate 2 and Plate 3 at maximum load at 
700 °C.   

Figure 6–14 shows that at room temperature Plate 2 and Plate 3 buckle locally at a load that is less than 
the maximum column load, but at 700 °C the column yields before it buckles locally.  This figure also 
shows that the expected column demand load of 175 kip is substantially lower than the local buckling 
load at room temperature and the column yield load at 700 °C. 

At room temperature, the load-carrying capacity in the post-buckling regime decreased rapidly; however, 
it decreased much more gradually at 700 °C. 

Axial load-displacement behaviors of two- and three-story models were also examined, and the results are 
shown in Fig. 6–14.  As the unsupported length became longer and the temperature became higher, the 
negative slope of the axial load-deflection curve in the post-buckling regime became less steep. 
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Figure 6–13.  One-story exterior column model. 
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Figure 6–14.  Load-deflection of column at room temperature and 700 °C. 
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Figure 6–15.  Local buckling of column at room temperature. 

 
Figure 6–16.  Plastic hinge in column at room temperature. 



  Exterior Wall Subsystem 

NIST NCSTAR 1-6C, WTC Investigation 171 

 
Figure 6–17.  Deformed shape of column at maximum axial load at 700 �qC. 

6.5.4 Spandrel Splices 

Figure 6–18 shows the typical layout of the spandrel splices in the model.  User-defined break elements 
were used to model the interior spandrel splice connections, and nodal couples were used to model the 
exterior spandrel splice connections.  An interior spandrel splice occurs between Columns 150 and 158, 
and an exterior spandrel splice occurs at the edges of the model outside of Columns 150 and 158.  Figure 
6–19 shows the modeling of an interior spandrel splice.  User-defined break elements at each node 
through the depth of a spandrel allowed the model to capture connection failure modes including (1) bolt 
shear, (2) tearing of the spandrel plate, and (3) tearing of the splice plates at the bolt holes.  The exterior 
wall model contains 18 interior spandrel splices with 11 break elements at each splice for a total of 
198 spandrel splice break elements.  With initial and failure stiffness values and temperature-dependent 
capacities defined by the user, the user-defined break elements transfer forces and moments between 
nodes according to the initial stiffness values until the element reaches its capacity in one direction.  Upon 
reaching the capacity in one direction, the stiffness of the element in all directions changes to the 
corresponding failure stiffness, and the element sheds load to other load paths.  The models used user-
defined break elements that had the capability to fail in translation or rotation. 
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6.5.5 Column Splices 

Two BEAM189 elements for each of the four bolts, four pairs of CONTA178 contact elements at the 
faying (contact) surfaces, and stiff BEAM4 elements connecting the tops of the bolts to the CONTA178 
contact elements were used to model the column splice.  COMBIN37 elements modeled the fracture of 
the column splice bolts based on data from bolt tests provided by NIST and on shear failure of the splice.   
Figure 6–20 shows a schematic view of the column splice.  A coefficient of friction of 0.35 was used for 
the contact elements.  The 7/8 in. diameter column splice bolts were preloaded to 36.05 kip at 20 ˚C 
(AISC 1964). 

The column splice model cannot fail in compression.  In tension, the bolts and ,therefore, the entire splice 
will disconnect at 0.18 in. deflection beyond the ultimate capacity of the bolts.  In shear, the column 
splice will disconnect after 1.1 in. deflection.  The shear capacity is the summation of bolt shear capacity 
and splice friction.  In bending, the capacity is controlled by bolt tension.  The peak moment capacity 
occurs prior to failure of the first set of bolts with some capacity remaining on the second set of bolts.   

The column splice model was verified by subjecting it to three displacement controlled load cases under 
two temperature conditions and comparing the results with hand calculated maximum capacities for each 
case.  The load cases examined were: axial extension, to determine a maximum tensile load; applied 
rotation with 175 kip axial compression, to determine a maximum moment; and applied lateral 
displacement with 175 kip axial compression, to determine a maximum shear.  Each load case was 
performed at 20 ˚C and 300 ˚C.  The maximum difference between the finite element model and 
calculated capacities was 4 percent under the tensile load case.  All other cases showed agreement to 
within 2.5 percent.  The load-displacement response of the splice model to each load case was in 
agreement with the predicted behavior. 

 
Figure 6–20.  Column splice model used in exterior wall model. 

bolts contact elements 
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6.5.6 Loads 

The loads on the model were applied sequentially in the following order: 

• Self weight of the exterior wall components, 

• Column splice bolt preload, 

• Gravity dead and live loads of the floor system,  

• Temperature time histories provided by NIST, and 

• Transverse pull-in force from sagging floors or additional vertical load from a potential 
redistribution of gravity loads to this portion of the exterior wall  

Gravity Loads 

Gravity loading was obtained from two sources: the LERA SAP2000 global model and the LERA 
SAP2000 floor model.  To capture the gravity load effects from upper floors (those above Floor 99), 
internal forces and moments at midheight of the columns between Floors 99 and 100 in the LERA 
SAP2000 global model, caused by dead plus 25 percent of design live load, were applied as loads at the 
tops of the corresponding columns in the exterior wall model at the center of gravity of the columns.  To 
capture the gravity load effects from individual floors, floor loads were extracted from the LERA 
SAP2000 floor model and applied to each column.  Also, a moment about the plane of the wall, based on 
the vertical force from the floor and the eccentricity of the truss seats, was applied to each odd-numbered 
column at the mid-plane of the spandrel.   

Thermal Loads 

To represent a range of thermal conditions expected in the WTC towers, NIST provided five thermal load 
conditions based upon fire conditions in the towers.  These were labeled D, DBARE, E, E119, and F, and 
are described in Table 6–3.  These load conditions differed in fire behavior, intensity, location in the 
towers, and time.  Thermal load DBARE assumed steel without thermal insulation.  Thermal load E119 
corresponded to the standard ASTM-E119 fire load.  Figure 6–21 shows how the maximum temperature 
in each thermal loading condition varied with time. 

For columns that were modeled by BEAM189 elements, temperatures were provided for nodes at the 
center of gravity of the column, and their linear gradients transverse to the exterior wall were also 
provided.  Gradients parallel to the wall were found to be negligible.  Temperatures for SHELL181 
elements were provided at each node.  NIST did not always provide temperatures for the bolts at column 
splices.  When bolt temperatures were provided, they matched temperatures at the nearest interior or 
exterior tips of columns. 
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Table 6–3.  Thermal loading conditions used in the exterior wall model. 
Thermal 
Loading 

Condition 
Building and 

Location Columns Floors 
Thermal 

insulation 
Time 

Duration 
Maximum 

Temperature °C 
D WTC 1 

South face 
towards West 

340 – 348 91 – 99 as specified 90 min 537 °C 

DBARE WTC 1 
Same as D 

340 – 348 91 – 99 none – bare 
steel 

90 min 598 °C 

E WTC 1 
East face 

towards North 

221 – 229 91 – 99 as specified 90 min 871 °C 

E119 WTC 1   as specified 90 min 418 °C 

F WTC 2 
North face 
East corner 

250 – 258 76 – 84 as specified 60 min 382 °C 
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Figure 6–21.  Exterior wall model temperature time-histories. 
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Transverse Pull at Disconnected Floors 

When floors sag, they begin to pull in the columns.  The results of truss component analyses indicated 
approximately 14 kip of pull-in force per truss.  Strap anchors distributed this pull to the columns that did 
not support trusses.  A 15 kip pull-in force was applied to each column of laterally-unsupported floors to 
model the effect of the sagging floor.  

Push-down Loading 

Exterior wall columns were subjected to additional gravity loads that were redistributed due to weakening 
of other exterior walls and/or the core by the aircraft impact or temperature effects through the hat truss 
and spandrels.  To simulate a redistribution of gravity loads, equal vertical displacements were imposed at 
the top of each column to push the model down.  The imposed vertical displacements induced additional 
gravity loads in the columns. 

6.6 ANALYSIS CASES 
The loading sequence described in Section 6.5.6 is the same for all exterior wall analyses.  Table 6–4 
summarizes the different loadings and boundary conditions of the exterior wall subsystem. 

As shown in Table 6–4, Case 6 and Case 7 used thermal condition DBARE with two and three floors not 
bracing the exterior wall system.  Case 8 used DBARE, where the columns were not braced at three 
floors, and transverse loads (pull-in forces) were applied.  Case 9 used DBARE, where the columns were 
not braced at three floors and vertical displacement was applied to the top of each column until unloading 
of the columns and instability was detected. 

The analyses of Case 1, Case 5, and Case 6 through Case 9 were completed for the entire temperature 
time history of each case provided by NIST.  The analysis of Case 2 was inadvertently stopped at 83 min 
of its temperature history; the temperature time history at 83 min was flat, and no significant change in 
the results was expected.  Case 3, at 70 min of its temperature history, reached a temperature of 800 °C, 
beyond which material properties were not defined, and the computation was terminated.  Case 4 could 
not be advanced past 83 min of its temperature time history, because the creep algorithm failed.  The 
temperature difference between the temperatures at 83 min and 90 min was not significant for this case. 
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Table 6–4.  Analysis cases for exterior wall subsystem model. 
Analysis 

Case 
Thermal 
Loading 

Bolt 
Temperatures 

Creep 
Effects Floor Supports 

Pull-in 
Force 

Push 
Down 

1 D No Yes All   
2 DBARE No Yes All   
3 E Yes Yes All   
4 E119 No Yes All   
5 F No Yes All   
6 DBARE Yes Yes All but 95 and 96   

7 DBARE Yes No All but 95, 96, 
and 97   

8 DBARE Yes No All but 95, 96, 
and 97 X  

9 DBARE Yes No All but 95, 96, 
and 97  X 

6.7 ANALYSIS RESULTS 

6.7.1 Columns Braced at All Floors   

This group of analyses includes Analysis Case 1 through Case 5. 

Analysis Case 1 (Fire Scenario D)  Figures 6–22 (a) through 6–22 (c) show the total displacement, von 
Mises stress, and plastic strain, respectively, for the entire model.  Figure 6–22 (a) shows that the 
maximum displacement of 1.53 in. occurred at Floor 98 near Column 158.  Figure 6–22 (b) shows that the 
maximum von Mises stress in the spandrels of 49 ksi occurred at Floor 95 and Column 156.  Figure 6–22 
(c) shows that plasticity in the spandrels was confined to Floors 95 and 96, with the highest plastic strain 
occurring at Floor 96 near Column 155.  Figure 6–22 (d) shows the deformation of the spandrel at 
Floor 94.  Table 6–5 summarizes the status of the spandrel splice break elements.  All failed break 
elements indicated tearing failure. 
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Figure 6–22.  Structural response for temperature time history D with all floors 

supported. 

Table 6–5.  Summary of spandrel splice break elements for  
temperature time history D with all floors supported. 

  Number of failed elements 
Floor West Interior Splice East Interior Splice 

99 3 3 
98 0 0 
97 2 1 
96 1 2 
95 0 0 
94 0 0 
93 0 0 
92 0 0 
91 0 0 

Total 6 6 

(a) Total deflection (b) von Mises stress 

(c) Plastic strain (d) Spandrel deformation at Floor 94 

50X displacement magnification 

(in.) (psi)

(in./in.)
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Analysis Case 2 (Fire Scenario DBARE)  Figures 6–23 (a) through 6–23 (c) shows the total displacement, 
von Mises stress, and plastic strain, respectively, for the entire model.  Figure 6–23 (a) indicates the 
maximum displacement of 3.74 in. occurred at the top of Column 158.  Figure 6–23 (b) shows that the 
maximum von Mises stress in the spandrels of 49 ksi occurred at Floor 94 and Column 156.  Figure 6–23 
(c) shows plastic strain in spandrels at Floors 94 through 98, with the highest value at Floor 95 and 
Column 152. 

Table 6–6 summarizes the status of the spandrel splice break elements.  All failed break elements 
indicated tearing failure. 

 

 

Figure 6–23.  Structural response for temperat ure time history DBARE with all floors 
supported. 

 

 

 

(a) Total deflection (b) von Mises stress 

(c) Plastic strain 

(in.) (psi)

(in./in.)
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Analysis Case 4 (Fire Scenario E119)  Figure 6–25 (a) through 6–25 (c) show the total displacement, von 
Mises stress, and plastic strain, respectively, for the entire model.  Figure 6–25 (a) shows that the 
maximum displacement of 2.07 in. occurred at Floor 99 near Column 158.  Figure 6–25 (b) indicates that 
maximum von Mises stress in the spandrels of 53 ksi occurred at Floor 94 and Column 158.  Figure 6–25 
(c) shows plastic strain in spandrels between Floors 93 through 99, with the highest value occurring at 
Floor 93 between Columns 154 and 155.  Figure 6–25 (d) shows the deformation of the spandrel at Floor 
93.  Table 6–8 summarizes the status of the spandrel splice break elements. All failed break elements 
indicated tearing failure. 

 

 
Figure 6–25.  Structural response for temperature time history E119  

with all floors supported. 

(a) Total deflection (b) von Mises stress 

(c) Plastic strain (d) Spandrel deformation at Floor 93 

50X displacement magnification 

(in.) (psi)

(in./in.)
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Table 6–8.  Summary of spandrel splice break elements for  
temperature time history E119 with all floors supported. 

 Number of failed elements 
Floor West Interior East Interior Splice 

99 3 3 
98 0 0 
97 0 0 
96 0 0 
95 0 0 
94 0 0 
93 0 0 
92 0 0 
91 0 0 

Total 3 3 

Analysis Case 5 (Fire Scenario F)  Figures 6–26 (a) through 6–26 (c) show the total displacement, von 
Mises stress, and plastic strain, respectively, for the entire model.  Figure 6–26 (a) shows that the 
maximum displacement of 1.57 in. occurred at Floor 99 near Column 158.  Figure 6–26 (b) indicates that 
the maximum von Mises stress in the spandrels of 46 ksi occurred at Floor 96 and Column 158.  Figure 
6–26 (c) shows plastic strain in spandrels between Floors 96 through 99 with the highest value occurring 
at Floor 97 at Column 151.  Figure 6–26 (d) shows the deformation of the spandrel at Floor 99.  Table 6–
9 summarizes the status of the spandrel splice break elements.  All failed break elements indicated tearing 
failure. 
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Figure 6–26.  Structural response for temperature time history F with all floors supported. 

Table 6–9.  Summary of spandrel splice break elements for  
temperature time history F with all floors supported. 

 Number of failed elements 
Floor West Interior East Interior Splice 

99 3 3 
98 0 0 
97 0 0 
96 0 0 
95 0 0 
94 0 0 
93 0 0 
92 0 0 
91 0 0 

Total 3 3 

(a) Total deflection (b) von Mises stress 

(c) Plastic strain (d) Spandrel deformation at Floor 99 

50X displacement magnification 

(in.) (psi)

(in./in.)
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6.7.2 Columns Not Braced at Floors 95 and 96 

Analysis Case 6 (Fire Scenario DBARE)  Figures 6–27 (a) and 6–27 (b) show the total displacement and 
von Mises stress, respectively, for the entire model.  Figure 6–27 (a) shows that the maximum 
displacement of 3.76 in. occurred above Floor 99.  Figure 6–27 (b) indicates that the maximum von Mises 
stress in the spandrels of 23 ksi occurred at Floor 94 between Columns 154 and 155.  Figure 6–27 (c) 
shows normal (transverse to the plane of the wall) displacement of the entire model.  This figure shows a 
maximum outward displacement of 0.34 in. at Floor 96 and Column 154 and a maximum inward 
displacement of 0.45 in. at Floor 95 and Column 158.  Table 6–10 summarizes the status of the spandrel 
splice break elements.  Failed break elements at Floors 97 through 99 indicated tearing failure, and failed 
break elements at Floors 96 and below indicated bolt shear failure. 

 

 
Figure 6–27.  Structural response for temperature time history DBARE with two unbraced 

floors. 

 

(a) Total deflection (b) von Mises stress 

(c) Transverse displacement 
(outward displacement is positive) 

(in.) (psi)

(in.)
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Table 6–10.  Summary of spandrel splice break elements for  
temperature time history DBARE with 2 unbraced floors. 

  Number of failed elements 
Floor West Interior East Interior Splice 

99 1 3 
98 3 3 
97 1 0 
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6.7.4 Columns Not Braced and Pulled at Unbraced Floors 95, 96, and 97 

Analysis Case 8 (Fire Scenario DBARE)  Figures 6–29 (a) through 6–29 (d) show the total displacement, 
von Mises stress, and plastic strain, respectively, for the entire model.  Figure 6–29 (a) shows that the 
maximum displacement of 10.4 in. occurred at Floor 96.  Figures 6–29 (b) through 6–29 (c) indicate that 
the maximum von Mises stress occurred at Floor 94 and Column 156.  Figure 6–29 (d) shows that plastic 
strain is limited to the portion of the spandrel at Floor 96 and Column 152.  Figure 6–29 (e) shows 
transverse (to the plane of the wall) displacement of the entire model.  This figure shows a maximum 
inward displacement of 10.2 in. at Floor 96.  Figure 6–30 shows the maximum column splice bolt 
stresses, which occurred between Floors 96 and 97 at Columns 156 through 158.  Figure 6–31 shows 
column splice contact status for those column splices occurring between Floors 94 and 97.  This figure 
indicates that column splices had opened or nearly opened at eight of the nine columns within this group 
of floors. 
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Figure 6–29.  Structural response for temperature time history DBARE with pull-in forces 

at three floors (10X displacement magnification). 

(a) Total deflection (b) von Mises stress 

(d) Plastic strain 

(e) Transverse displacement 
(outward displacement is positive) 
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Figure 6–30.  Column splice bolt stresses for temperature time history and DBARE with 
pull-in forces at three floors. 

 

 

Figure 6–31.  Column splice contact element status for temperature time history and 
DBARE with pull-in forces at three floors. 

 

(psi)
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Figure 6–32.  Structural response for temperature time history DBARE and push-down 

with three unbraced floors (10X displacement magnification). 
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Figure 6–34.  Sum of total column reaction forces at base during push-down after 

application of temperature DBARE with three unbraced floors. 
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Figure 6–35.  Sum of additional vertical reaction forces at base induced by imposed 
displacement during push-down after application of temperature DBARE with three 

unbraced floors. 
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Figure 6–38.  Difference between the additional individual column reaction forces at base 

and the vertical force applied at the top of each column during push-down after 
application of temperature DBARE with three unbraced floors. 
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Figure 6–39.  Transverse deflection during push-down after application of temperature 

DBARE with three unbraced floors. 
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6.8 SUMMARY AND DISCUSSION OF EXTERIOR WALL ANALYSIS RESULTS 

6.8.1 Columns Braced at All Floors  

The analysis results presented above for the exterior wall subsystem with columns braced at all floors, 
Analysis Case 1 through Case 5, indicate the following: 

1. Spandrels had the maximum stress in each Case. 

2. The maximum spandrel stresses were at the columns. 

3. The maximum spandrel strains were plastic. 

4. Spandrels experienced large lateral distortions, indicative of lateral buckling. 

5. Spandrel splices partially separated, but no spandrel splice separated completely in any of the 
five Cases.  Partial failure of spandrel splices typically indicated tearing failures at Floor 97 
and above and bolt shear failures at Floor 96 and below. 

6. Lateral deflections of columns did not exceed 1 in. 

7. The principal contributor to the total vertical deflection of the columns was the unrestrained 
vertical expansion due to thermal effects. 

8. General instability of the exterior wall did not occur. 

The model was unrestrained against in-plane deflection at both edges.  In-plane deflection restraint from 
the remaining wall can further increase the lateral distortions, possibly buckle the spandrels, and fail 
additional spandrel splices from thermal expansion effects. 

6.8.2 Columns Not Braced at Floors 95 and 96   

The analysis results for the exterior wall subsystem with columns not braced at Floors 95 and 96, 
Analysis Case 6, indicate the following: 

1. Lateral deflections of the columns were less than 1 in. 

2. There was no plastic strain in the columns and spandrels. 

3. All column-splice contacts remained closed. 

4. There was additional partial spandrel splice separation at Floors 95, 96, 97, and 99. 

5. No spandrel splice separated completely.  Partial failure of spandrel splices indicated tearing 
failures at Floor 97 and above and bolt shear failures at Floor 96 and below. 

6. General instability of the exterior wall did not occur. 

6.8.3 Columns Not Braced at Floors 95, 96, and 97   

The analysis results for the exterior wall subsystem with columns not braced at Floors 95, 96, and 97, 
Analysis Case 7, indicate the following: 

1. Lateral deflections of the columns were less than 1 in. 

2. There was no plastic strain in the columns and spandrels. 

3. All column-splice contacts remained closed. 
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4. There was additional partial spandrel splice separation at Floors 95, 96, 97, and 99. 

5. No spandrel splice separated completely.  Partial failure of spandrel splices indicated tearing 
failures at Floor 97 and above and bolt shear failures at Floor 96 and below. 

6. General instability of the exterior wall did not occur. 

6.8.4 Columns Not Braced and Pulled in at Floors 95, 96, and 97   

The analysis results for the exterior wall subsystem with columns not braced at Floors 95, 96, and 97 and 
subjected to pull-in force after DBARE temperature condition, Analysis Case 8, indicate the following: 

1. A converged solution could not be obtained at the point of instability with a pull-in force 
greater than 12.6 kip. 

2. At 12.6 kip pull-in force, the inward bowing of the exterior wall was 10.2 in. 

3. The maximum column stress of 77.2 ksi was at Floor 94 

4. Column-splice contacts slid or opened at several columns. 

5. No column splice bolts fractured. 

6. There were local plastic strains in the spandrel at Floor 94. 

7. There was additional partial spandrel splice plate separation at Floor 99, but no spandrel 
splice separated completely. 

8. Instability of the exterior wall with 12.6 kip pull-in force was likely for the temperature 
condition at the end of DBARE temperature. 

6.8.5 Columns Not Braced at Floors 95, 96, and 97 and Columns Pushed Down at 
Top  

The analysis results for the exterior wall subsystem with columns not braced at Floors 95, 96, and 97 and 
subjected to push-down displacement after DBARE temperature condition, Analysis Case 9, indicate the 
following: 

1. The maximum sum of total reaction forces resulting from self weight, column and floor 
loads, and push-down force and was 4,580 kip, for nine columns. 

2. The maximum individual total column reaction force was approximately 570 kip. 

3. The maximum sum of additional column reaction force induced from push-down was 2,710 
kip for nine columns. 

4. The maximum individual additional column reaction force induced from push-down was 
approximately 350 kip. 

5. Point of general instability, i.e. the maximum sum of column reaction forces was obtained at 
a push-down vertical deflection of 1.2 in. 

6. The lateral deflection at point of instability was 5.2 in. 

7. At an imposed downward vertical displacement of 2.0 in. (i.e., at the end of the push-down 
analysis), the sum of additional vertical reaction forces was reduced from 2,710 kip to 
approximately 2,000 kip. 
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8. At an imposed downward vertical displacement of 2.0 in., the lateral deflection increased 
from 5.2 in. at the maximum load to deflection 14.7 in. 

9. Instability of the exterior wall was reached at a downward deflection of 1.2 in. when the 
push-down force was approximately about 150 percent of the initial gravity dead and live 
loads. 

6.8.6 Summary of Analysis Results 

Table 6-12 provides a brief summary of the exterior wall model analysis results. 

Table 6–12.  Summary of exterior wall model results. 

Analysis 
Case 

Total Deflection 
(in.) 

Maximum 
Stress 
(ksi) Plastic Strain? 

Number of 
Spandrel Splice 
Break Element 

Failures1 
Spandrel Splice 

Failure Type 
1 1.53 49 YES 12 Tearing 
2 3.74 49 YES 11 Tearing 
3 1.87 57 YES 48 Tearing and Bolt 

Shear 
4 2.07 53 YES 6 Tearing 
5 1.57 46 YES 6 Tearing 
6 3.76 23 NO 14 Tearing and Bolt 

Shear 
7 3.79 23 NO 15 Tearing and Bolt 

Shear 
8 10.4 77 YES - - 
9 14.8 69 YES - - 

1198 total possible break element failures 

6.9 SUMMARY OF RESULTS 
The analyses of the exterior wall model support the following conclusions for modeling the towers: 

1. Large inelastic deformations of the spandrels and buckling at elevated temperatures can be 
expected, but they do not significantly affect the stability of the exterior columns and need 
not be accurately modeled for the global analyses. 

2. Partial separations of the spandrel splices can be expected at elevated temperatures, but they 
do not significantly affect the stability of the exterior columns and need not be accurately 
modeled for the global analyses. 

3. Exterior column splices can be expected to fail by sliding or opening at elevated temperatures 
and increased vertical loading.  However, failure of column splices is expected only in the 
final phases of collapse sequence and need not be accurately modeled for global analyses. 

4. Instability of exterior wall subsystem is expected when at least three floors are unbraced and 
the exterior wall subsystem is subjected to additional vertical load or pull-in forces. 
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5. Plastic buckling by kinking with rapid reduction of load capacity in the post-buckling regime 
of exterior columns is expected at high column loads and at low temperatures.  At lower loads 
and at high temperatures, plastic buckling with some reduction of load-carrying capacity as 
expected by P-delta effect occurs.  Hence, the kinking-type plastic buckling need not be 
accurately modeled for global models. 
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Chapter 7 
MODELING DETAILS FOR SUBSYSTEMS IN GLOBAL MODELS 

Structural analyses performed for components, connections, and subsystems revealed their key structural 
responses and failure modes.  The results of analyses performed on the exterior wall subsystem showed 
that when the exterior wall subsystem was subjected to fires it would become unstable either when three 
or more floors were disconnected from the exterior wall and the exterior wall was subjected to additional 
vertical loads or when sagging floors exerted pull-in forces on the exterior wall.  The results of the full 
floor subsystem analyses showed that the floor disconnected from the exterior wall when the sagging 
floor walked off the truss seat or the exterior truss seat failed under the combined action of vertical 
gravity loads and high temperatures. 

Based on the results of the finite-element analyses performed on components, connections, and 
subsystems, a decision was made to use the following modeling details for the subsystems in the global 
models to enhance numerical efficiency. 

Floor Subsystem 

Floors in the global model were modeled by shell elements, which have their membrane stiffness equal to 
that of the full floor system.  Floors in the global model function as diaphragms and transfer load between 
the exterior wall system and the core. 

The global model cannot be constructed with the same level of detail in all floors subjected to thermal 
loading as the full floor model developed in this report.  It was not practical, or in some cases not 
possible, to create computationally efficient global models that included all details of the floor system.  
The BEAM188/189 elements used in the full floor model caused severe convergence problems when 
creep was included and those elements experience thermally-induced buckling.  Also, the extent of pull-in 
forces from sagging floors in the full floor models was less than estimated from the observed bowing of 
the exterior walls in photographs and videos because the aircraft impact damage to thermal insulation of 
the floors was conservatively estimated by limiting the dislodged thermal insulation to regions of direct 
debris impact. 

To enhance computational efficiency and perform the computations in a reasonable time span, it was 
decided to model the pull-in forces and disconnections of floors from the exterior walls in the global 
models as “fire-induced damage” at appropriate times.  Since the full floor models did not accurately 
estimate the pull-in forces at floor/wall connections, the fire-induced damage obtained from the full floor 
model analyses were modified by “actual observations” obtained from the examination of photographs 
and videos performed by NIST (NIST NCSTAR 1-5A). 

Exterior Wall Subsystem 

The exterior and interior columns were modeled with fidelity of their inelastic buckling behavior.  To 
capture the premature buckling of the single span exterior columns at low temperatures, which would 
occur at the onset of plate buckling and results in kinking of the cross section, a fine mesh was needed.  
However, observations of photographs and videos showed that bowing was extended over several floors 
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and column temperatures were not low.  Therefore, kink-type buckling of the exterior columns was 
neglected, and was not modeled. 

Exterior column splices were not modeled in the global models as failure of columns splices did not occur 
in the exterior wall subsystem analyses and was not observed in either tower prior to collapse initiation.   

Spandrels were modeled by beam elements capable of resisting shear and bending moment.  The spandrel 
splices were not modeled in the global analyses as complete separation of spandrel splices did not occur 
in the exterior wall studies and was not observed in either tower prior to collapse initiation. 

 

 

 



 

NIST NCSTAR 1-6C, WTC Investigation 203 

Chapter 8 
REFERENCES 

ACI Committee 209 (1992), “Prediction of Creep, Shrinkage, and Temperature Effects in Concrete 
Structures,” ACI 209R-92, ACI. 

ACI Committee 318 (2002), “Building Code Requirements for Structural Concrete and Commentary,” 
ACI 318-02, ACI. 

American Institute for Steel Construction (2003), Manual of Steel Construction, Load and Resistance 
Factor Design, 3rd Edition, AISC. 

American Institute for Steel Construction (2001), Manual of Steel Construction, Load and Resistance 
Factor Design, 2nd Edition, AISC. 

American Institute for Steel Construction (1964), Manual of Steel Construction, Allowable Stress Design, 
6th Edition, AISC. 

ANSYS, Inc. 2004. ANSYS Release 8.1 Documentation. ANSYS, Inc., Canonsburg, PA. 

ANSYS, Inc. 2004. Theory Reference, ANSYS, Inc. 

Bartlett, F. M. and MacGregor, J. G. (1996), "Statistical Analysis of the Compressive Strength of 
Concrete in Structures," ACI Materials Journal, March-April, pp. 158-168. 

Fields, B. A. and Fields, R. J. (1991), The Prediction of Elevated Temperature Deformation of Structural 
Steel Under Anisothermal Conditions, NIST. 

LERA (2003), Development of Structural Databases and Baseline Models for the World Trade Center 
(WTC) Towers - Progress Report #4: Structural Analysis Computer Models. 

Livermore Software Technology Corporation. 2003. LS-DYNA User’s Manual. Livermore Software 
Technology Corporation. Livermore, CA. 

Phan, Long T. (1996), Fire Performance of High-Strength Concrete: A Report of the State-of-the-Art, 
NIST. 

Seanz, L. P. (1964), “Discussion of Equation of the Stress-Strain Curve of Concrete by Desayi and 
Krishman,” Journal of the American Concrete Institute, Col. 61, No. 9, pp. 1229-1235. 

Stevick, G. R. (1994), “Failure of Welds at Elevated Temperatures,” Welded Research Council 
Bulletin 390, Welding Research Council, pp. 1-39. 

 



Chapter 8   

204 NIST NCSTAR 1-6C, WTC Investigation 

 

This page intentionally left blank. 

 



NIST NCSTAR 1-6D 

 

Federal Building and Fire Safety Investigation of the 
World Trade Center Disaster 
 

Global Structural Analysis of the 
Response of the World Trade Center 
Towers to Impact Damage and Fire 

 

 

Mehdi S. Zarghamee 
Yasuo Kitane 
Ömer O. Erbay 
Therese P. McAllister 
John L. Gross 
 
 

 

 

 

 

 

 

 

 

 

 

 





NIST NCSTAR 1-6D 

 

Federal Building and Fire Safety Investigation of the 
World Trade Center Disaster 
 

Global Structural Analysis of the 
Response of the World Trade Center 
Towers to Impact Damage and Fire  
 
 
Mehdi S. Zarghamee 
Yasuo Kitane 
Ömer O. Erbay 
Simpson Gumpertz & Heger Inc. 
 

Therese P. McAllister 
John L. Gross 
Building and Fire Research Laboratory 
National Institute of Standard and Technology 
 

 

September 2005 

 

 

 

 

 

 
U.S. Department of Commerce 
Carlos M. Gutierrez, Secretary 
 
Technology Administration 
Michelle O’Neill, Acting Secretary for Technology 
 
National Institute of Standards and Technology 
William Jeffrey, Director 



  

 

Disclaimer No. 1 







 

NIST NCSTAR 1-6D, WTC Investigation v 

TABLE OF CONTENTS 

Abstract ........................................................................................................................................................ iii 
List of Figures .............................................................................................................................................vii 
List of Tables ............................................................................................................................................ xxv 
List of Acronyms and Abbreviations ....................................................................................................... xxix 
Preface ..................................................................................................................................................... xxxi 
Acknowledgments.......................................................................................................................................xli 
Executive Summary ..................................................................................................................................xliii 

Chapter 1 
Introduction ................................................................................................................................. 1 

1.1 Objective.......................................................................................................................................... 1 

1.2 Background...................................................................................................................................... 1 

1.3 Method of Approach ........................................................................................................................ 3 

1.4 Report Organization......................................................................................................................... 4 

Chapter 2 
Global Models ............................................................................................................................. 7 

2.1 Description of Global Models.......................................................................................................... 7 

2.2 Impact Damage .............................................................................................................................. 12 

2.2.1 Introduction ........................................................................................................................ 12 

2.2.2 Initial Damage Sets............................................................................................................. 12 

2.2.3 Final Damage Sets.............................................................................................................. 23 

2.3 Temperature Effects....................................................................................................................... 34 

2.4 Thermal Behavior of Floors........................................................................................................... 35 

2.5 Fire-Induced Damage..................................................................................................................... 36 

2.5.1 Floor/Wall Disconnections................................................................................................. 36 

2.5.2 Pull-in Forces...................................................................................................................... 37 

2.5.3 Floor/Wall Disconnections and Pull-in Forces Included in the Global Model................... 39 

Chapter 3 
Isolated Wall and Core Model Analyses ................................................................................. 61 

3.1 Introduction.................................................................................................................................... 61 

3.2 Exterior Wall Buckling .................................................................................................................. 61 



Table of Contents 

vi NIST NCSTAR 1-6D, WTC Investigation 

3.2.1 Finite Element Analysis of WTC 1 Exterior Wall ............................................................. 65 

3.2.2 FEA of WTC 2 Exterior Wall .......................................................................................... 102 

3.3 Core Column Shortening and Downward Displacement of Core................................................ 134 

3.3.1 FEA of WTC 1 Core......................................................................................................... 135 

3.3.2 FEA of WTC 2 Core......................................................................................................... 154 

Chapter 4 
Global Analysis ....................................................................................................................... 167 

4.1 Conversion from SAP2000 to ANSYS........................................................................................ 167 

4.1.1 ANSYS Models ................................................................................................................ 168 

4.1.2 Validation of Translated ANSYS Global Models ............................................................ 170 

4.2 Global Analysis with Creep ......................................................................................................... 173 

4.2.1 Introduction ...................................................................................................................... 173 

4.2.2 Modifications to the Global Model with Creep and Inelastic Buckling of Columns ....... 173 

4.2.3 Boundary Conditions and Loading Steps ......................................................................... 179 

4.2.4 Simulation of WTC 1 Collapse ........................................................................................ 179 

4.2.5 Simulation of WTC 2 Collapse ........................................................................................ 245 

Chapter 5 
Collapse Sequence ................................................................................................................. 309 

5.1 Introduction.................................................................................................................................. 309 

5.2 WTC 1 Collapse Sequence .......................................................................................................... 312 

5.3 WTC 2 Collapse Sequence .......................................................................................................... 319 

5.4 Discussion.................................................................................................................................... 329 

Appendix A  
FEA of Floors .......................................................................................................................... 331 

Appendix B  
Floor Truss Dynamic Response Due to Impact of Dropping Floor .................................... 373 

Appendix C  
Global Analysis Without Creep ............................................................................................. 377 
 

 

 



 

NIST NCSTAR 1-6D, WTC Investigation vii 

LIST OF FIGURES 

Figure P–1. The eight projects in the federal building and fire safety investigation of the WTC 
disaster. ...........................................................................................................................xxxiii 

 

Figure 2–1. Column designations............................................................................................................ 11 

Figure 2–2. Structural damage condition on the exterior walls of WTC 1 for all cases of impact 
damage. ................................................................................................................................ 13 

Figure 2–3. Structural damage condition on the exterior walls of WTC 2 for all cases of impact 
damage. ................................................................................................................................ 14 

Figure 2–4. Core columns and core beams in the WTC 1 global model without aircraft impact 
damage. ................................................................................................................................ 14 

Figure 2–5. Core columns and core beams in the WTC 2 global model without aircraft impact 
damage. ................................................................................................................................ 15 

Figure 2–6. Case Ai structural damage condition on the core columns of WTC 1. ................................ 15 

Figure 2–7. Case Ci structural damage condition on the core columns of WTC 2.................................. 16 

Figure 2–8. Revised Case Ci structural damage condition on the core columns of WTC 2.................... 16 

Figure 2–9. Case Ai insulation damage conditions for WTC 1 floor trusses and beams. ....................... 17 

Figure 2–10. Case Ai structural damage conditions for WTC 1................................................................ 18 

Figure 2–11. Case Ci insulation damage conditions for WTC 2 floor trusses and beams......................... 19 

Figure 2–12. Case Ci Structural damage conditions for WTC 2 floors. .................................................... 20 

Figure 2–13. Case Di insulation damage conditions for WTC 2 floor trusses and beams. ....................... 21 

Figure 2–14. Case Di Structural damage conditions for WTC 2 floors..................................................... 22 

Figure 2–15. Case A structural damage condition on the core columns of WTC 1. ................................. 23 

Figure 2–16. Case C structural damage condition on the core columns of WTC 2. ................................. 24 

Figure 2–17. Case B structural damage condition on the core columns of WTC 1 (including 
heavily damaged columns)................................................................................................... 24 

Figure 2–18. Case D structural damage condition on the core columns of WTC 2 (including 
heavily damaged columns)................................................................................................... 25 

Figure 2–19. Case A insulation damage condition for WTC 1 floor trusses and beams........................... 26 

Figure 2–20. Case A structural damage condition for WTC 1 floors........................................................ 27 

Figure 2–21. Case C insulation damage condition for WTC 2 floor trusses and beams. .......................... 28 

Figure 2–22. Case C structural damage condition for WTC 2 floors........................................................ 29 

Figure 2–23. Case B insulation damage conditions for WTC 1 floor trusses and beams. ........................ 30 

Figure 2–24. Case B structural damage conditions for WTC 1 floors. ..................................................... 31 

Figure 2–25. Case D insulation damage conditions for WTC 2 floor trusses and beams. ........................ 32 



List of Figures 

viii NIST NCSTAR 1-6D, WTC Investigation 

Figure 2–26. Case D structural damage conditions for WTC 2 floors. ..................................................... 33 

Figure 2–27. Comparison of vertical displacement of a simplified truss model at Column 333 
extracted from the full floor model of Floor 96 of WTC 1 for Case Bi temperature 
condition at 40 min with and without creep......................................................................... 39 

Figure 2–28. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 1  between 0 min and 10 min for Case B conditions.................................................. 41 

Figure 2–29. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 1  between 10 min and 20 min for Case B conditions................................................ 42 

Figure 2–30. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 1  between 20 min and 30 min for Case B conditions................................................ 43 

Figure 2–31. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 1  between 30 min and 40 min for Case B conditions................................................ 44 

Figure 2–32. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 1  between 40 min and 50 min for Case B conditions................................................ 45 

Figure 2–33. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 1  between 50 min and 60 min for Case B conditions................................................ 46 

Figure 2–34. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 1  between 60 min and 70 min for Case B conditions................................................ 47 

Figure 2–35. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 1  between 70 min and 80 min for Case B conditions................................................ 48 

Figure 2–36. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 1  between 80 min and 90 min for Case B conditions................................................ 49 

Figure 2–37. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 1  between 90 min and 100 min for Case B conditions.............................................. 50 

Figure 2–38. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 2  between 0 min and 10 min for Case D conditions. ................................................ 54 

Figure 2–39. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 2  between 10 min and 20 min for Case D conditions. .............................................. 55 

Figure 2–40. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 2  between 20 min and 30 min for Case D conditions. .............................................. 56 

Figure 2–41. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 2  between 30 min and 40 min for Case D conditions. .............................................. 57 

Figure 2–42. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 2  between 40 min and 50 min for Case D conditions. .............................................. 58 

Figure 2–43. Locations of floor/wall disconnections and pull-in forces for the global analysis of 
WTC 2  between 50 min and 60 min for Case D conditions. .............................................. 59 

 

Figure 3–1. Isolated exterior wall segments from WTC 1 and WTC 2 (horizontal lines show 
spandrels and vertical lines show column). ......................................................................... 62 

Figure 3–2. Boundary conditions applied on the isolated exterior wall segment on the south wall 
of WTC 1. ............................................................................................................................ 62 



List of Figures 

NIST NCSTAR 1-6D, WTC Investigation ix 

Figure 3–3. Case A temperature condition of south wall columns of WTC 1 at 10 min. ....................... 66 

Figure 3–4. Case A temperature condition of south wall columns of WTC 1 at 20 min. ....................... 66 

Figure 3–5. Case A temperature condition of south wall columns of WTC 1 at 30 min. ....................... 67 

Figure 3–6. Case A temperature condition of south wall columns of WTC 1 at 40 min. ....................... 67 

Figure 3–7. Case A temperature condition of south wall columns of WTC 1 at 50 min. ....................... 67 

Figure 3–8. Case A temperature condition of south wall columns of WTC 1 at 60 min. ....................... 68 

Figure 3–9. Case A temperature condition of south wall columns of WTC 1 at 70 min. ....................... 68 

Figure 3–10. Case A temperature condition of south wall columns of WTC 1 at 80 min. ....................... 68 

Figure 3–11. Case A temperature condition of south wall columns of WTC 1 at 90 min. ....................... 69 

Figure 3–12. Case A temperature condition of south wall columns of WTC 1 at 100 min. ..................... 69 

Figure 3–13. Case A temperature condition of south wall spandrels of WTC 1 at 10 min....................... 69 

Figure 3–14. Case A temperature condition of south wall spandrels of WTC 1 at 20 min....................... 70 

Figure 3–15. Case A temperature condition of south wall spandrels of WTC 1 at 30 min....................... 70 

Figure 3–16. Case A temperature condition of south wall spandrels of WTC 1 at 40 min....................... 70 

Figure 3–17. Case A temperature condition of south wall spandrels of WTC 1 at 50 min....................... 71 

Figure 3–18. Case A temperature condition of south wall spandrels of WTC 1 at 60 min....................... 71 

Figure 3–19. Case A temperature condition of south wall spandrels of WTC 1 at 70 min....................... 71 

Figure 3–20. Case A temperature condition of south wall spandrels of WTC 1 at 80 min....................... 72 

Figure 3–21. Case A temperature condition of south wall spandrels of WTC 1 at 90 min....................... 72 

Figure 3–22. Case A temperature condition of south wall spandrels of WTC 1 at 100 min..................... 72 

Figure 3–23. Response of Isolated south wall model of WTC 1 after aircraft impact. ............................. 73 

Figure 3–24. Vertical displacements of isolated south wall model of WTC 1 for Case A 
temperature condition (downward displacement is negative).............................................. 74 

Figure 3–25. Out-of-plane displacements of isolated south wall model of WTC 1 for Case A 
temperature condition (inward displacement is positive). ................................................... 75 

Figure 3–26. Axial load in columns of isolated south wall model of WTC 1 for Case A 
temperature condition (compression is negative). ............................................................... 76 

Figure 3–27. Plastic strain in columns of isolated south wall model of WTC 1 for Case A 
temperature condition at 100 min (compressive strain is negative)..................................... 77 

Figure 3–28. Axial load in columns of south wall of WTC 1 at 100 min: isolated wall model for 
Case A temperature condition compared to global model without creep for Case Ai 
conditions (compression is positive).................................................................................... 77 

Figure 3–29. Responses of isolated south wall model of WTC 1 after corrective loads from the 
global model were applied (Case A temperature condition at 100 min).............................. 78 

Figure 3–30. Total additional vertical load versus additional vertical displacement during push-
down analysis of isolated south wall model of WTC 1 for Case A temperature 
condition (compression is positive). .................................................................................... 79 



List of Figures 

x NIST NCSTAR 1-6D, WTC Investigation 

Figure 3–31. Additional vertical load per column at different additional vertical displacements 
during push-down analysis of isolated south wall model of WTC 1 for Case A 
temperature condition (compression is positive). ................................................................ 79 

Figure 3–32. Response of isolated south wall model of WTC 1 to Case A temperature condition 
and push down at the end of the push-down analysis. ......................................................... 80 

Figure 3–33. Location of the out-of-plane supports and floor/wall disconnections between exterior 
wall and the floor (WTC 1 south wall for Case B conditions at 100 min)........................... 82 

Figure 3–34. Case B temperature condition of south wall columns of WTC 1 at 10 min. ....................... 82 

Figure 3–35. Case B temperature condition of south wall columns of WTC 1 at 20 min. ....................... 83 

Figure 3–36. Case B temperature condition of south wall columns of WTC 1 at 30 min. ....................... 83 

Figure 3–37. Case B temperature condition of south wall columns of WTC 1 at 40 min. ....................... 83 

Figure 3–38. Case B temperature condition of south wall columns of WTC 1 at 50 min. ....................... 84 

Figure 3–39. Case B temperature condition of south wall columns of WTC 1 at 60 min. ....................... 84 

Figure 3–40. Case B temperature condition of south wall columns of WTC 1 at 70 min. ....................... 84 

Figure 3–41. Case B temperature condition of south wall columns of WTC 1 at 80 min. ....................... 85 

Figure 3–42. Case B temperature condition of south wall columns of WTC 1 at 90 min. ....................... 85 

Figure 3–43. Case B temperature condition of south wall columns of WTC 1 at 100 min....................... 85 

Figure 3–44. Case B temperature condition of south wall spandrels of WTC 1 at 10 min. ...................... 86 

Figure 3–45. Case B temperature condition of south wall spandrels of WTC 1 at 20 min. ...................... 86 

Figure 3–46. Case B temperature condition of south wall spandrels of WTC 1 at 30 min. ...................... 86 

Figure 3–47. Case B temperature condition of south wall spandrels of WTC 1 at 40 min. ...................... 87 

Figure 3–48. Case B temperature condition of south wall spandrels of WTC 1 at 50 min. ...................... 87 

Figure 3–49. Case B temperature condition of south wall spandrels of WTC 1 at 60 min. ...................... 87 

Figure 3–50. Case B temperature condition of south wall spandrels of WTC 1 at 70 min. ...................... 88 

Figure 3–51. Case B temperature condition of south wall spandrels of WTC 1 at 80 min. ...................... 88 

Figure 3–52. Case B temperature condition of south wall spandrels of WTC 1 at 90 min. ...................... 88 

Figure 3–53. Case B temperature condition of south wall spandrels of WTC 1 at 100 min. .................... 89 

Figure 3–54. Vertical displacement of isolated south wall model of WTC 1 for Case B temperature 
condition (downward displacement is negative).................................................................. 90 

Figure 3–55. Out-of-plane displacement of isolated south wall model of WTC 1 for Case B 
temperature condition (inward displacement is positive). ................................................... 91 

Figure 3–56. Axial load in columns of isolated south wall model of WTC 1 for Case B temperature 
condition (compression is negative). ................................................................................... 92 

Figure 3–57. Plastic strain in columns of isolated south wall model of WTC 1 for Case B 
temperature condition at 100 min (compressive strain is negative)..................................... 93 

Figure 3–58. Axial load in columns of south wall of WTC 1 at 100 min: isolated wall model for 
Case B temperature condition compared to global model without creep for Case Ai 
conditions (compression is positive).................................................................................... 93 



List of Figures 

NIST NCSTAR 1-6D, WTC Investigation xi 

Figure 3–59. Response of isolated south wall model of WTC 1 after corrective loads from the 
global model were applied (Case B temperature condition at 100 min). ............................. 94 

Figure 3–60. Total additional vertical load versus additional vertical displacement during push-
down analysis of isolated south wall model of WTC 1 for Case B temperature 
condition (compression is positive). .................................................................................... 95 

Figure 3–61. Additional load per column at different additional vertical displacements during 
push-down analysis of isolated south wall model of WTC 1 for Case B temperature 
condition (compression is positive). .................................................................................... 95 

Figure 3–62. Response of isolated south wall model of WTC 1 to Case B temperature condition 
and push-down. .................................................................................................................... 96 

Figure 3–63. Locations of floor/wall disconnections and pull-in forces used between 80 min and 
100 min of Case B temperature for south wall of WTC 1. .................................................. 98 

Figure 3–64. Response of isolated south wall model of WTC 1 at 80 min of Case B temperature 
condition with floor/wall disconnections and 6 kip pull-in forces over five floors. ............ 99 

Figure 3–65. Response of isolated south wall model of WTC 1 at 90 min of Case B temperature 
condition with floor/wall disconnections and 6 kip pull-in forces over five floors. .......... 100 

Figure 3–66. Response of isolated south wall model of WTC 1 at 100 min of Case B temperature 
condition with floor/wall disconnections and 6 kip pull-in forces over five floors. .......... 101 

Figure 3–67. Axial load in columns between Floors 98 and 99 of isolated south wall model of 
WTC 1 at 80 min, 90 min, and 100 min of Case B temperature condition with 
floor/wall disconnections and 6 kip pull-in forces over five floors (compression is 
positive).............................................................................................................................. 102 

Figure 3–68. Column temperatures on the east wall of WTC 2 for Case C temperature condition at 
10 min, 20 min, and 30 min. .............................................................................................. 104 

Figure 3–69. Column temperatures on the east wall of WTC 2 for Case C temperature condition at 
40 min, 50 min, and 60 min. .............................................................................................. 105 

Figure 3–70. Location of the out-of-plane supports and floor/wall disconnections between exterior 
wall and the floor (WTC 2 east wall for Case C conditions at 60 min). ............................ 106 

Figure 3–71. Vertical displacement of isolated east wall model of WTC 2 for Case C temperature 
distribution (downward displacement is negative; displacements scaled ten times). ........ 107 

Figure 3–72. Vertical displacement of isolated east wall model of WTC 2 for Case C temperature 
distribution at 60 min (downward displacement is negative; displacements scaled ten 
times).................................................................................................................................. 108 

Figure 3–73. Out-of-plane displacement of isolated east wall model of WTC 2 for Case C 
temperature condition (inward displacement is positive; displacements scaled ten 
times).................................................................................................................................. 109 

Figure 3–74. Out-of-plane displacement of isolated east wall model of WTC 2 for Case C 
temperature distribution at 60 min (inward displacement is positive; displacements 
scaled ten times)................................................................................................................. 110 

Figure 3–75. Axial load on columns of isolated east wall model of WTC 2 under Case C 
temperature condition (compression is negative). ............................................................. 111 

Figure 3–76. Axial load on columns of isolated east wall model of WTC 2 for Case C temperatures 
distribution at 60 min (compression is negative). .............................................................. 112 



List of Figures 

xii NIST NCSTAR 1-6D, WTC Investigation 

Figure 3–77. Comparison of axial load in columns at Floor 83 of isolated east wall model of 
WTC 2 at 60 min for Case C temperature conditions and the global model without 
creep for Case Ci conditions (compression is positive). .................................................... 113 

Figure 3–78. Vertical and out-of-plane displacements of isolated east wall model of WTC 2 after 
column forces were corrected to those of global modal without creep for Case Ci 
conditions (displacements scaled ten times). ..................................................................... 113 

Figure 3–79. Vertical and out-of-plane displacements of isolated east wall model of WTC 2 after 
Case C temperature condition and push down analysis (displacements scaled five 
times).................................................................................................................................. 114 

Figure 3–80. Axial load on east wall columns of isolated east wall model of WTC 2 after Case C 
temperature condition and push-down (compression is negative). .................................... 114 

Figure 3–81. Additional vertical load versus additional vertical displacement during push–down 
analysis of isolated east wall model of WTC 2 for Case C temperature condition............ 115 

Figure 3–82. Variation of additional vertical load applied to columns of isolated east wall model of 
WTC 2 at different levels of additional vertical displacements imposed after Case C 
temperature condition (compression is positive). .............................................................. 115 

Figure 3–83. Column temperatures on the east wall of WTC 2 for Case D temperature condition at 
10 min, 20 min, and 30 min. .............................................................................................. 117 

Figure 3–84. Column temperatures on the east wall of WTC 2 for Case D temperature condition at 
40 min, 50 min, and 60 min. .............................................................................................. 118 

Figure 3–85. Location of the out-of-plane supports and floor/wall disconnections between exterior 
wall and the floor (WTC 2 east wall for Case D conditions at 60 min)............................. 119 

Figure 3–86. Vertical displacement of isolated east wall model of WTC 2 for Case D temperature 
condition (downward displacement is negative; displacements scaled ten times)............. 120 

Figure 3–87. Vertical displacement of isolated east wall model of WTC 2 for Case D temperature 
condition at 60 min (downward displacement is negative; displacements scaled ten 
times).................................................................................................................................. 121 

Figure 3–88. Out-of-plane displacement of isolated east wall model of WTC 2 for Case D 
temperature condition (inward displacement is positive; displacements scaled ten 
times).................................................................................................................................. 122 

Figure 3–89. Out-of-plane displacement of isolated east wall model of WTC 2 for Case D 
temperature condition at 60 min (inward displacement is positive; displacements 
scaled ten times)................................................................................................................. 123 

Figure 3–90. Axial load on east wall columns of isolated east wall model of WTC 2 for Case D 
temperature condition (compression is negative). ............................................................. 124 

Figure 3–91. Axial load on east wall columns of isolated east wall model of WTC 2 for Case D 
temperature condition at 60 min (compression is negative). ............................................. 125 

Figure 3–92. Comparison of axial load in columns at Floor 83 of isolated east wall model of 
WTC 2 at 60 min for Case D temperature conditions and the global model without 
creep for Case Ci structural damage condition and Case Di temperature condition  
(compression is positive). .................................................................................................. 126 



List of Figures 

NIST NCSTAR 1-6D, WTC Investigation xiii 

Figure 3–93. Vertical and out-of-plane displacements of columns of isolated east wall model of 
WTC 2 after column forces were corrected to those of global model without creep for 
Case Ci structural damage condition and Case Di temperature condition 
(displacements scaled ten times)........................................................................................ 126 

Figure 3–94. Vertical and out-of-plane displacements of isolated east wall model of WTC 2 after 
Case D temperature condition and push down (displacements scaled five times)............. 127 

Figure 3–95. Axial load on east wall columns of isolated east wall model of WTC 2 after Case D 
temperature condition and push down (compression is negative). .................................... 127 

Figure 3–96. Additional vertical load applied to columns versus additional vertical during 
displacement for push-down analysis of isolated east wall model of WTC 2 for after 
Case D temperature condition (compression is positive; see Fig. 3–95 for column 
locations)............................................................................................................................ 128 

Figure 3–97. Variation of additional vertical load applied to columns of isolated east wall model of 
WTC 2 at different levels of additional vertical displacements imposed after Case D 
temperature condition (compression is positive). .............................................................. 128 

Figure 3–98. Out-of-plane displacements of the east wall of WTC 2 estimated by NIST from 
photographs (inward displacement is positive; displacements are in in.). ......................... 129 

Figure 3–99. Out-of-plane displacement of isolated east wall model of WTC 2 with 0.5 kip and 5.0 
kip pull-in force with uniform magnitude distribution at 20 min and 18 min (inward 
displacement is positive).................................................................................................... 130 

Figure 3–100. Out-of-plane displacement of isolated east wall model of WTC 2 with 0.5 kip pull-in 
force with uniform magnitude distribution at 32 min (inward displacement is 
positive).............................................................................................................................. 130 

Figure 3–101. Out-of-plane displacement of isolated east wall model of WTC 2 with nonuniform 
pull-in force with magnitude of 1.0 kip on the south half and 4.0 kip on the north half 
(inward displacement is positive). ..................................................................................... 132 

Figure 3–102. Out-of-plane displacement of isolated east wall model of WTC 2 with nonuniform 
pull-in force with magnitude of 1.5 kip on the south half and 5.0 kip on the north half 
(inward displacement is positive). ..................................................................................... 133 

Figure 3–103. Isolated core models........................................................................................................... 134 

Figure 3–104. Vertical displacement of isolated core model of WTC 1 after aircraft impact 
(downward displacement is negative)................................................................................ 136 

Figure 3–105. Vertical displacement of isolated core model of WTC 1 for Case A temperature 
condition at 10 min (downward displacement is negative)................................................ 136 

Figure 3–106. Vertical displacement of isolated core model of WTC 1 for Case A temperature 
condition at 20 min (downward displacement is negative)................................................ 137 

Figure 3–107. Vertical displacement of isolated core model of WTC 1 for Case A temperature 
condition at 30 min (downward displacement is negative)................................................ 137 

Figure 3–108. Vertical displacement of isolated core model of WTC 1 for Case A temperature 
condition at 40 min (downward displacement is negative)................................................ 138 

Figure 3–109. Vertical displacement of isolated core model of WTC 1 for Case A temperature 
condition at 50 min (downward displacement is negative)................................................ 138 



List of Figures 

xiv NIST NCSTAR 1-6D, WTC Investigation 

Figure 3–110. Vertical displacement of isolated core model of WTC 1 for Case A temperature 
condition at 70 min (downward displacement is negative)................................................ 139 

Figure 3–111. Vertical displacement of isolated core model of WTC 1 for Case A temperature 
condition at 100 min (downward displacement is negative).............................................. 139 

Figure 3–112. Horizontal displacement of isolated core model of WTC 1 for Case A temperature 
condition at 100 min. ......................................................................................................... 140 

Figure 3–113. Axial load in columns of isolated core model of WTC 1 after aircraft impact 
(compression is negative)................................................................................................... 141 

Figure 3–114. Axial load in columns of isolated core model of WTC 1 for Case A temperature 
condition at 100 min (compression is negative). ............................................................... 142 

Figure 3–115. Plastic strain in columns of isolated core model of WTC 1 for Case A temperature 
condition at 100 min (compressive strain is negative)....................................................... 143 

Figure 3–116. Vertical displacement after push down of isolated core model of WTC 1 for Case A 
temperature condition (downward displacement is negative)............................................ 144 

Figure 3–117. Total additional vertical load versus additional vertical displacement during push-
down analysis of isolated core model of WTC 1 for Case A temperature condition 
(compression is positive). .................................................................................................. 144 

Figure 3–118. Additional axial load (kip) in columns at Floor 98 when the total axial load reached 
the maximum during push down analysis of isolated core model of WTC 1 for 
Case A temperature condition (compression is positive)................................................... 145 

Figure 3–119. Vertical displacement of isolated core model of WTC 1 for Case B temperature 
condition at 10 min (downward displacement is negative)................................................ 146 

Figure 3–120. Vertical displacement of isolated core model of WTC 1 for Case B temperature 
condition at 20 min (downward displacement is negative)................................................ 146 

Figure 3–121. Vertical displacement of isolated core model of WTC 1 for Case B temperature 
condition at 30 min (downward displacement is negative)................................................ 147 

Figure 3–122. Vertical displacement of isolated core model of WTC 1 for Case B temperature 
condition at 40 min (downward displacement is negative)................................................ 147 

Figure 3–123. Vertical displacement of isolated core model of WTC 1 for Case B temperature 
condition at 50 min (downward displacement is negative)................................................ 148 

Figure 3–124. Vertical displacement of isolated core model of WTC 1 for Case B temperature 
condition at 70 min (downward displacement is negative)................................................ 148 

Figure 3–125. Vertical displacement of isolated core model of WTC 1 for Case B temperature 
condition at 100 min (downward displacement is negative).............................................. 149 

Figure 3–126. Horizontal displacement of isolated core model of WTC 1 for Case B temperature 
condition at 100 min. ......................................................................................................... 150 

Figure 3–127. Axial load in columns of isolated core model of WTC 1 for Case B temperature 
condition at 100 min (compression is negative). ............................................................... 151 

Figure 3–128. Plastic strain in columns of isolated core model of WTC 1 for Case B temperature 
condition at 100 min (compressive strain is negative)....................................................... 152 

Figure 3–129. Vertical displacement after push down of isolated core model of WTC 1 for Case B 
temperature condition (downward displacement is negative)............................................ 153 



List of Figures 

NIST NCSTAR 1-6D, WTC Investigation xv 

Figure 3–130. Total additional vertical load versus additional vertical displacement relationship 
obtained from push down analysis of isolated core model of WTC 1 for Case B 
temperature condition (compression is positive). .............................................................. 153 

Figure 3–131. Additional axial load (kip) in columns at Floor 98 when the total axial load reached 
the maximum during push down analysis of the WTC 1 core for Case B temperature 
condition (compression is positive). .................................................................................. 154 

Figure 3–132. Vertical displacement of isolated core model of WTC 2 for Case C temperature 
condition (downward displacement is negative)................................................................ 156 

Figure 3–133. Vertical displacement of isolated core model of WTC 2 for Case C temperature 
condition at 60 min (downward displacement is negative)................................................ 157 

Figure 3–134. Axial load in core columns of isolated core model of WTC 2 for Case C temperature 
condition at 60 min (compression is negative). ................................................................. 158 

Figure 3–135. Axial plastic strains in core columns of isolated core model of WTC 2 for Case C 
temperature condition at 60 min (compressive strain is negative)..................................... 159 

Figure 3–136. Vertical displacement after push down of isolated core model of WTC 2 for Case C 
temperature condition (downward displacement is negative)............................................ 160 

Figure 3–137. Additional average vertical load versus additional vertical displacement during push-
down analysis of isolated core model of WTC 2 for Case C temperature condition 
(compression is positive; core column locations are shown in Fig. 3–136). ..................... 160 

Figure 3–138. Vertical displacement of isolated core model of WTC 2 for Case D temperature 
condition (downward displacement is negative)................................................................ 162 

Figure 3–139. Vertical displacement of isolated core model of WTC 2 for Case D temperature 
condition at 60 min (downward displacement is negative)................................................ 163 

Figure 3–140. Axial load in core columns of isolated core model of WTC 2 for Case D temperature 
condition at 60 min (compression is negative). ................................................................. 164 

Figure 3–141. Axial plastic strains in core columns of isolated core model of WTC 2 for Case D 
temperature condition at 60 min (compressive strain is negative)..................................... 165 

Figure 3–142. Vertical displacement after push down of isolated core model of WTC 2 for Case D 
temperature condition (downward displacement is negative)............................................ 166 

Figure 3–143. Additional average vertical load versus additional vertical displacement during push-
down analysis of isolated core model of WTC 2 for Case D temperature condition......... 166 

 

Figure 4–1. Coordinate system used in the analysis models. ................................................................ 167 

Figure 4–2. Office and core area floors and core beams. ...................................................................... 169 

Figure 4–3. Location and IDs of outriggers and supporting columns. .................................................. 170 

Figure 4–4. Displaced shape of WTC 1 at the end of gravity analysis. ................................................ 171 

Figure 4–5. Displaced shape of WTC 2 at the end of gravity analysis. ................................................ 171 

Figure 4–6. Comparison of vertical displacement between WTC 1 models with and without 
construction sequence. ....................................................................................................... 177 

Figure 4–7. Comparison of vertical displacement between WTC 2 models with and without 
construction sequence. ....................................................................................................... 178 



List of Figures 

xvi NIST NCSTAR 1-6D, WTC Investigation 

Figure 4–8. Vertical displacement of exterior wall of WTC 1 before aircraft impact (downward 
displacement is negative). .................................................................................................. 186 

Figure 4–9. Vertical displacement of exterior wall of WTC 1 after aircraft impact for Case B 
conditions (downward displacement is negative). ............................................................. 187 

Figure 4–10. Vertical displacement of exterior wall of WTC 1 at 80 min for Case B conditions 
(downward displacement is negative)................................................................................ 188 

Figure 4–11. Vertical displacement of exterior wall of WTC 1 at 100 min for Case B conditions 
(downward displacement is negative)................................................................................ 189 

Figure 4–12. Vertical displacement of north wall of WTC 1 before aircraft impact. ............................. 190 

Figure 4–13. Vertical displacement of north wall of WTC 1 after aircraft impact for Case B 
conditions (downward displacement is negative). ............................................................. 190 

Figure 4–14. Vertical displacement of north wall of WTC 1 at 80 min for Case B conditions 
(downward displacement is negative)................................................................................ 191 

Figure 4–15. Vertical displacement of north wall of WTC 1 at 100 min for Case B conditions with 
5 kip pull-in forces (downward displacement is negative). ............................................... 191 

Figure 4–16. Vertical displacement of east wall of WTC 1 before aircraft impact (downward 
displacement is negative). .................................................................................................. 192 

Figure 4–17. Vertical displacement of east wall of WTC 1 after aircraft impact for Case B 
conditions (downward displacement is negative). ............................................................. 192 

Figure 4–18. Vertical displacement of east wall of WTC 1 at 80 min for Case B conditions 
(downward displacement is negative)................................................................................ 193 

Figure 4–19. Vertical displacement of east wall of WTC 1 at 100 min for Case B conditions with 
5 kip pull-in forces (downward displacement is negative). ............................................... 193 

Figure 4–20. Vertical displacement of south wall of WTC 1 before aircraft impact (downward 
displacement is negative). .................................................................................................. 194 

Figure 4–21. Vertical displacement of south wall of WTC 1 after aircraft impact for Case B 
conditions (downward displacement is negative). ............................................................. 194 

Figure 4–22. Vertical displacement of south wall of WTC 1 at 80 min for Case B conditions 
(downward displacement is negative)................................................................................ 195 

Figure 4–23. Vertical displacement of south wall of WTC 1 at 100 min for Case B conditions with 
5 kip pull-in forces (downward displacement is negative). ............................................... 195 

Figure 4–24. Vertical displacement of core of WTC 1 before aircraft impact (downward 
displacement is negative). .................................................................................................. 196 

Figure 4–25. Vertical displacement of core of WTC 1 after aircraft impact for Case B conditions 
(downward displacement is negative)................................................................................ 197 

Figure 4–26. Vertical displacement of core of WTC 1 at 50 min for Case B conditions (downward 
displacement is negative). .................................................................................................. 198 

Figure 4–27. Vertical displacement of core of WTC 1 at 80 min for Case B conditions (downward 
displacement is negative). .................................................................................................. 199 

Figure 4–28. Vertical displacement of core of WTC 1 at 100 min for Case B conditions with 5 kip 
pull-in forces (downward displacement is negative). ........................................................ 200 



List of Figures 

NIST NCSTAR 1-6D, WTC Investigation xvii  

Figure 4–29. Vertical displacement of core columns of WTC 1 before aircraft impact (downward 
displacement is negative). .................................................................................................. 201 

Figure 4–30. Vertical displacement of core columns of WTC 1 after aircraft impact for Case B 
conditions (downward displacement is negative). ............................................................. 202 

Figure 4–31. Vertical displacement of core columns of WTC 1 at 80 min for Case B conditions 
(downward displacement is negative)................................................................................ 203 

Figure 4–32. Vertical displacement of core columns of WTC 1 at 100 min for Case B conditions 
with 5 kip pull-in forces (downward displacement is negative). ....................................... 204 

Figure 4–33. Vertical displacement at Floor 99 of WTC 1 before aircraft impact. ................................ 205 

Figure 4–34. Change in vertical displacement at Floor 99 of WTC 1 from the time before impact to 
the time after impact for Case B conditions....................................................................... 205 

Figure 4–35. Change in vertical displacement at Floor 99 of WTC 1 from the time before impact to 
50 min for Case B conditions............................................................................................. 206 

Figure 4–36. Change in vertical displacement at Floor 99 of WTC 1 from the time before impact to 
80 min for Case B conditions............................................................................................. 206 

Figure 4–37. Change in vertical displacement at Floor 99 of WTC 1 from the time before impact to 
100 min for Case B conditions with 5 kip pull-in forces. .................................................. 207 

Figure 4–38. Out-of-plane displacement of south wall of WTC 1 before aircraft impact (inward 
displacement is positive).................................................................................................... 208 

Figure 4–39. Out-of-plane displacement of south wall of WTC 1 after aircraft impact for Case B 
conditions (inward displacement is positive)..................................................................... 208 

Figure 4–40. Out-of-plane displacement of south wall of WTC 1 at 80 min (at the end of Analysis 
Step 17) for Case B conditions (inward displacement is positive). ................................... 209 

Figure 4–41. Out-of-plane displacement of south wall of WTC 1 at 100 min for Case B conditions 
with 5 kip pull-in forces (inward displacement is positive). .............................................. 209 

Figure 4–42. Time history of maximum out-of-plane displacement of south wall of WTC 1 for 
Case B conditions with 5 kip pull-in forces (from Analysis Step 18 to Step 21). ............. 210 

Figure 4–43. Out-of-plane displacement of south wall of WTC 1 at 100 min for Case B conditions 
with 4 kip pull-in forces (inward displacement is positive). .............................................. 210 

Figure 4–44. Axial load in exterior columns of north wall of WTC 1 before aircraft impact 
(compression is negative)................................................................................................... 211 

Figure 4–45. Axial load in exterior columns of north wall of WTC 1 after aircraft impact for 
Case B conditions (compression is negative)..................................................................... 211 

Figure 4–46. Axial load in exterior columns of north wall of WTC 1 at 80 min for the Case B 
conditions (compression is negative). ................................................................................ 212 

Figure 4–47. Axial load in exterior columns of north wall of WTC 1 at 100 min for Case B 
conditions with 5 kip pull-in forces (compression is negative). ........................................ 212 

Figure 4–48. Axial load in exterior columns of east wall of WTC 1 before aircraft impact 
(compression is negative)................................................................................................... 213 

Figure 4–49. Axial load in exterior columns of east wall of WTC 1 after aircraft impact for Case B 
conditions (compression is negative). ................................................................................ 213 









List of Figures 

NIST NCSTAR 1-6D, WTC Investigation xxi 

Figure 4–107. Axial load in the south wall of WTC 2 for Case D conditions (compression is 
negative)............................................................................................................................. 274 

Figure 4–108. Axial load in the north wall of WTC 2 for Case D conditions (compression is 
negative)............................................................................................................................. 275 

Figure 4–109. Axial load in the north wall of WTC 2 for Case D conditions (compression is 
negative)............................................................................................................................. 276 

Figure 4–110. Axial load in the east and the west wall columns at Floor 83 of WTC 2 for Case D 
conditions (compression is positive).................................................................................. 277 

Figure 4–111. Axial load in the south and the north wall columns at Floor 83 of WTC 2 for Case D 
conditions (compression is positive).................................................................................. 278 

Figure 4–112. Axial load in 800 series core columns of WTC 2 for Case D conditions (compression 
is negative). ........................................................................................................................ 279 

Figure 4–113. Axial load in 800 series core columns of WTC 2 for Case D conditions (compression 
is negative). ........................................................................................................................ 280 

Figure 4–114. Axial load in 900 series core columns of WTC 2 for Case D conditions (compression 
is negative). ........................................................................................................................ 281 

Figure 4–115. Axial load in 900 series core columns of WTC 2 for Case D conditions (compression 
is negative). ........................................................................................................................ 282 

Figure 4–116. Axial load in 1000 series core columns of WTC 2 for Case D conditions 
(compression is negative)................................................................................................... 283 

Figure 4–117. Axial load in 1000 series core columns of WTC 2 for Case D conditions 
(compression is negative)................................................................................................... 284 

Figure 4–118. Core column loads (kip) at Floor 83 of WTC 2 for Case D conditions (compression is 
positive).............................................................................................................................. 285 

Figure 4–119. Core column loads (kip) at Floor 83 of WTC 2 for Case D conditions (compression is 
positive).............................................................................................................................. 286 

Figure 4–120. Axial load in Floor 83 columns of WTC 2 for Case D conditions (compression is 
positive).............................................................................................................................. 287 

Figure 4–121. Maximum elastic-plus-plastic strains for columns between Floor 78 and Floor 83 of 
WTC 2 for Case D conditions (compressive strain is positive; strain values are in 
percent). ............................................................................................................................. 288 

Figure 4–122. Maximum elastic-plus-plastic strains for columns between Floor 78 and Floor 3 of 
WTC 2 for Case D conditions (compressive strain is positive; strain values are in 
percent). ............................................................................................................................. 289 

Figure 4–123. Maximum elastic-plus-plastic-plus-creep strains for columns between Floor 78 and 
Floor 83 of WTC 2 for Case D conditions (compressive strain is positive; strain 
values are in percent). ........................................................................................................ 290 

Figure 4–124. Axial load in core columns (kip) at Floor 105 (at hat truss level) of WTC 2 for 
Case D conditions (compression is positive). .................................................................... 291 

Figure 4–125. Axial load in core columns (kip) at Floor 105 (at hat truss level) of WTC 2 for 
Case D conditions (compression is positive). .................................................................... 292 



List of Figures 

xxii NIST NCSTAR 1-6D, WTC Investigation 

Figure 4–126. Progressive failure of core column splices at Floor 105 of WTC 2 (compression is 
positive; values are in kip). ................................................................................................ 293 

Figure 4–127. State of core column splices at Floor 105 of WTC 2. ........................................................ 294 

Figure 4–128. Axial force in hat truss members of WTC 2 for Case D conditions (tension is 
positive).............................................................................................................................. 295 

Figure 4–129. Axial force in hat truss members of WTC 2 for Case D conditions (tension is 
positive).............................................................................................................................. 296 

Figure 4–130. Axial stress in hat truss members of WTC 2 for Case D conditions (tension is 
positive).............................................................................................................................. 297 

Figure 4–131. Axial stress in hat truss members of WTC 2 for Case D conditions (tension is 
positive).............................................................................................................................. 298 

Figure 4–132. Primary load path within the hat truss of WTC 2. ............................................................. 301 

Figure 4–133. Location of hat truss connections that were in the primary load path................................ 301 

 

Figure 5–1. Vertical displacement of the truss model under thermal loading....................................... 311 

Figure 5–2. Catenary action in the floor system.................................................................................... 311 

Figure 5–3. Total column loads at Floor 98 of the south wall of WTC 2 global model for Case B 
conditions (compression is positive).................................................................................. 315 

Figure 5–4. Vertical displacements of full floor models of WTC 1 for Case Bi temperature 
condition at 100 min (downward displacement is negative).............................................. 316 

Figure 5–5. Loss of vertical supports obtained in Floor 97 and Floor 98 full floor models of 
WTC 1 for Case Bi temperature condition at 100 min (1x displacement 
magnification). ................................................................................................................... 316 

Figure 5–6. Inward bowing of exterior columns of the South wall of WTC 1 at 10:23 a.m. 
(97 min after impact).  Displacements were estimated by NIST from the analysis of 
this photograph................................................................................................................... 317 

Figure 5–7. Inward bowing of south wall of WTC 1 global model with creep at 100 min for 
Case B conditions with 5 kip pull-in forces (5x displacement magnification). ................. 318 

Figure 5–8. Collapse initiation and tilting of WTC 1 (view from the northeast). ................................. 318 

Figure 5–9. Vertical displacements of full floor models of WTC 2 for Case Di temperature 
condition at 40 min (downward displacement is negative)................................................ 323 

Figure 5–10. Floor sagging observed on the east wall of WTC 2 at different times............................... 324 

Figure 5–11. Total column loads at Floor 83 of the east wall of WTC 2 global model for Case D 
conditions (compression is positive).................................................................................. 325 

Figure 5–12. Maximum elastic + plastic + creep strain magnitudes for columns between Floor 78 
and Floor 83 of WTC 2 global model for Case D conditions at 20 min, 30 min, and 
40 min (compressive strain is positive; strain values are in percent)................................. 326 

Figure 5–13. Inward bowing of the east wall of WTC 2 global model for Case D conditions at 
43 min at the instant of collapse initiation (deformed shape scaled four times). ............... 327 

Figure 5–14. Inward bowing of exterior columns of the west wall of WTC 2 just before collapse........ 327 



List of Figures 

NIST NCSTAR 1-6D, WTC Investigation xxiii 

Figure 5–15. Total displacements of WTC 2 global model above Floor 86 for Case D conditions at 
43 min at collapse initiation (note the tilt toward east and south; deformed shape 
magnified 20 times). .......................................................................................................... 328 

Figure 5–16. Initiation of Collapse of WTC 2.  Note the tilt toward east and south............................... 328 

Figure 5–17. Full floor model of Floor 96 of WTC 1 for Case Bi temperature condition at 100 min. ... 330 



List of Figures 

xxiv NIST NCSTAR 1-6D, WTC Investigation 

 

This page intentionally left blank. 
 

 

 



 

NIST NCSTAR 1-6D, WTC Investigation xxv 

LIST OF TABLES 

Table P–1 Federal building and fire safety investigation of the WTC disaster.................................xxxii 

Table P–2 Public meetings and briefings of the WTC Investigation ................................................ xxxv 

 

Table 2–1. Element types used in the global models. .............................................................................. 8 

Table 2–2. Temperatures of exterior seats at east wall of Floor 82 of WTC 2. ..................................... 51 

Table 2–3. Demand-to-capacity ratios of exterior seats at east wall of Floor 82 of WTC 2 
predicted by the full floor model.......................................................................................... 52 

 

Table 3–1. Analysis steps conducted on WTC 1 isolated exterior wall model...................................... 64 

Table 3–2. Analysis steps conducted on WTC 2 isolated exterior wall model...................................... 64 

 

Table 4–1. Conversion from SAP2000 element types to ANSYS element types. ............................... 168 

Table 4–2. Comparison of maximum displacements and base reactions of WTC 1 from 
translated ANSYS and SAP2000 models. ......................................................................... 172 

Table 4–3. Comparison of maximum displacements and base reactions of WTC 2 obtained from 
translated ANSYS and SAP2000 models. ......................................................................... 172 

Table 4–4. Comparison of axial forces in randomly selected elements from WTC 1 model at the 
end of gravity analysis. ...................................................................................................... 172 

Table 4–5. Comparison of axial forces in randomly selected elements from WTC 2 model at the 
end of gravity analysis. ...................................................................................................... 173 

Table 4–6. Global model properties before and after modifications for computational efficiency. .... 174 

Table 4–7. Comparison of total column loads between WTC 1 models with and without 
construction sequence ........................................................................................................ 176 

Table 4–8. Comparison of total column loads between WTC 2 models with and without 
construction sequence ........................................................................................................ 176 

Table 4–9. Analysis steps of WTC 1 ANSYS global model. .............................................................. 180 

Table 4–10. Total column loads at Floor 98 of WTC 1 for Case B conditions. .................................... 225 

Table 4–11. Total column loads at Floor 105 of WTC 1 for Case B conditions. .................................. 225 

Table 4–12. Total column loads on the north wall of WTC 1 for Case B conditions............................ 226 

Table 4–13. Change in total column loads on the north wall of WTC 1 for Case B conditions from 
the state before aircraft impact........................................................................................... 226 

Table 4–14. Total column loads on the east wall of WTC 1 for Case B conditions. ............................. 227 

Table 4–15. Change in total column loads on the east wall of WTC 1 for Case B conditions from 
the state before aircraft impact........................................................................................... 227 



List of Tables 

xxvi NIST NCSTAR 1-6D, WTC Investigation 

Table 4–16. Total column loads on the south wall of WTC 1 for Case B conditions............................ 228 

Table 4–17. Change in total column loads on the south wall of WTC 1 for Case B conditions from 
the state before aircraft impact........................................................................................... 228 

Table 4–18. Summation of total column loads on the west wall of WTC 1 for Case B conditions....... 229 

Table 4–19. Change in total column loads on the west wall of WTC 1 for Case B conditions from 
the state before aircraft impact........................................................................................... 229 

Table 4–20. Total column loads on the core of WTC 1 for Case B conditions. .................................... 230 

Table 4–21. Change in total column loads on the core of WTC 1 for Case B conditions from the 
state before aircraft impact................................................................................................. 230 

Table 4–22. Change in total column loads before and after aircraft impact. (Loads after impact) – 
(Loads before impact) ........................................................................................................ 231 

Table 4–23. Change in total column loads after aircraft impact and at 80 min for Case B 
conditions. (Loads at 80 min) – (Loads After Impact)....................................................... 231 

Table 4–24. Change in total column loads at 80 min and at 100 min for Case B conditions. (Loads 
at 100 min) – (Loads at 80 min)......................................................................................... 231 

Table 4–25. Tension capacity of core column splices at Floor 106....................................................... 239 

Table 4–26. Axial load in core columns at Floor 105 of WTC 1 for Case B conditions ....................... 240 

Table 4–27. Demand-to-capacity ratio for axial load in outriggers of WTC 1 for Case B 
conditions (outrigger IDs are indicated in Fig. 4–3). ......................................................... 242 

Table 4–28. Demand to capacity ratio for axial load in exterior columns supporting outriggers at 
Floor 107 of WTC 1 for Case B conditions. ...................................................................... 242 

Table 4–29. Demand and capacity of the hat truss connections (kip) in the primary load path at 80 
min (connection IDs are shown in Fig. 4–85).................................................................... 244 

Table 4–30. Analysis Steps of WTC 2 ANSYS global model with Case D conditions. ....................... 245 

Table 4–31. Total column loads (kip) at Floor 105 at different stages of splice failures at 40 min 
(compression is positive). .................................................................................................. 294 

Table 4–32. Demand-to-capacity ratios for outriggers of WTC 2 for Case D conditions (outrigger 
IDs are shown in Fig. 4–3)................................................................................................. 299 

Table 4–33. Demand to capacity ratios for columns supporting outriggers at  Floor 107 of WTC 2 
for Case D conditions......................................................................................................... 300 

Table 4–34. Demand and capacity of the hat truss connections (kip) in the primary load path at 40 
min (connection IDs are shown in Fig. 4–133).................................................................. 302 

Table 4–35. Total column loads at Floor 83 of WTC 2 for Case D conditions. .................................... 302 

Table 4–36. Total column loads at Floor 105 of WTC 2 for Case D conditions. .................................. 303 

Table 4–37. Change in total column loads before and after aircraft impact. (Loads After Impact) – 
(Loads Before Impact) ....................................................................................................... 303 

Table 4–38. Change in total column loads between 40 min and 43 min. (Loads at 43 min) – 
(Loads at 40 min) ............................................................................................................... 303 

Table 4–39. Total column loads over the height for the east wall of WTC 2 for Case D conditions. ... 304 



List of Tables 

NIST NCSTAR 1-6D, WTC Investigation xxvii 

Table 4–40. Total column loads over the height for the south wall of WTC 2 for Case D 
conditions. .......................................................................................................................... 305 

Table 4–41. Total column loads over the height for the north wall of WTC 2 for Case D 
conditions. .......................................................................................................................... 306 

Table 4–42. Total column loads over the height for the west wall of WTC 2 for Case D 
conditions. .......................................................................................................................... 307 

Table 4–43. Total column loads over the height for the core of WTC 2 for Case D conditions. .......... 308 

 

Table 5–1. Summary of main events that led to the collapse of WTC 1. ............................................ 312 

Table 5–2. Observations on WTC 1 provided by NIST....................................................................... 312 

Table 5–3. Total column loads at Floor 98 and Floor 105 of WTC 1 global model for Case B 
conditions. .......................................................................................................................... 315 

Table 5–4. Summary of main events that led to the collapse of WTC 2 ............................................. 319 

Table 5–5. Observations on WTC 2 provided by NIST....................................................................... 319 

Table 5–6. Total column loads at Floor 83 and Floor 105 of WTC 2 for Case D conditions.............. 322 

 

 

 



List of Tables 

xxviii NIST NCSTAR 1-6D, WTC Investigation 

 

This page intentionally left blank. 
 

 



 

NIST NCSTAR 1-6D, WTC Investigation xxix 

LIST OF ACRONYMS AND ABBREVIATIONS 

Acronyms  

ARA  Applied Research Associates, Inc. 

ASTM  American Society for Testing and Materials 

BPS  Building Performance Study 

CAEAI  Computer Aided Engineering Associates, Inc. 

FEMA  Federal Emergency Management Agency 

FEA  finite element analysis 

LERA  Leslie E. Robertson Associates 

NIST  National Institute of Standards and Technology 

PANYNJ The Port Authority of New York and New Jersey 

SEAoNY Structural Engineers Association of New York 

SGH  Simpson Gumpertz & Heger Inc. 

USC  United States Code 

WTC  World Trade Center 

 

Abbreviations  

°C  degrees Celsius 

°F  degrees Fahrenheit 

ft  feet 

in.  inch 

L  liter 

m  meter 

µm  micrometer 

min  minute 

s  second 

lb  pound 

kip  a force equal to 1,000 pounds 

pcf  pound per cubic foot 



List of Acronyms and Abbreviations 

xxx NIST NCSTAR 1-6D, WTC Investigation 

psf  pound per square foot 

psi  pound per square inch 

ksi  1,000 pounds per square inch 

 



 

NIST NCSTAR 1-6D, WTC Investigation xxxi 

PREFACE 

Genesis of This Investigation 

Immediately following the terrorist attack on the World Trade Center (WTC) on September 11, 2001, the 
Federal Emergency Management Agency (FEMA) and the American Society of Civil Engineers began 
planning a building performance study of the disaster.  The week of October 7, as soon as the rescue and 
search efforts ceased, the Building Performance Study Team went to the site and began its assessment.  
This was to be a brief effort, as the study team consisted of experts who largely volunteered their time 
away from their other professional commitments.  The Building Performance Study Team issued its 
report in May 2002, fulfilling its goal “to determine probable failure mechanisms and to identify areas of 
future investigation that could lead to practical measures for improving the damage resistance of buildings 
against such unforeseen events.” 

On August 21, 2002, with funding from the U.S. Congress through FEMA, the National Institute of 
Standards and Technology (NIST) announced its building and fire safety investigation of the WTC 
disaster.  On October 1, 2002, the National Construction Safety Team Act (Public Law 107-231), was 
signed into law.  The NIST WTC Investigation was conducted under the authority of the National 
Construction Safety Team Act. 

The goals of the investigation of the WTC disaster were: 

• To investigate the building construction, the materials used, and the technical conditions that 
contributed to the outcome of the WTC disaster. 

• To serve as the basis for: 

− Improvements in the way buildings are designed, constructed, maintained, and used; 

− Improved tools and guidance for industry and safety officials; 

− Recommended revisions to current codes, standards, and practices; and 

− Improved public safety. 

The specific objectives were: 

1. Determine why and how WTC 1 and WTC 2 collapsed following the initial impacts of the 
aircraft and why and how WTC 7 collapsed; 

2. Determine why the injuries and fatalities were so high or low depending on location, 
including all technical aspects of fire protection, occupant behavior, evacuation, and 
emergency response;  

3. Determine what procedures and practices were used in the design, construction, operation, 
and maintenance of WTC 1, 2, and 7; and 

4. Identify, as specifically as possible, areas in current building and fire codes, standards, and 
practices that warrant revision. 
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NIST is a nonregulatory agency of the U.S. Department of Commerce’s Technology Administration.  The 
purpose of NIST investigations is to improve the safety and structural integrity of buildings in the United 
States, and the focus is on fact finding.  NIST investigative teams are authorized to assess building 
performance and emergency response and evacuation procedures in the wake of any building failure that 
has resulted in substantial loss of life or that posed significant potential of substantial loss of life.  NIST 
does not have the statutory authority to make findings of fault nor negligence by individuals or 
organizations.  Further, no part of any report resulting from a NIST investigation into a building failure or 
from an investigation under the National Construction Safety Team Act may be used in any suit or action 
for damages arising out of any matter mentioned in such report (15 USC 281a, as amended by Public 
Law 107-231). 

Organization of the Investigation 

The National Construction Safety Team for this Investigation, appointed by the then NIST Director, 
Dr. Arden L. Bement, Jr., was led by Dr. S. Shyam Sunder.  Dr. William L. Grosshandler served as 
Associate Lead Investigator, Mr. Stephen A. Cauffman served as Program Manager for Administration, 
and Mr. Harold E. Nelson served on the team as a private sector expert.  The Investigation included eight 
interdependent projects whose leaders comprised the remainder of the team.  A detailed description of 
each of these eight projects is available at http://wtc.nist.gov.  The purpose of each project is summarized 
in Table P–1, and the key interdependencies among the projects are illustrated in Fig. P–1.   

Table P–1.  Federal building and fire safety investigation of the WTC disaster. 
Technical Area and Project Leader Project Purpose 

Analysis of Building and Fire Codes and 
Practices; Project Leaders: Dr. H. S. Lew 
and Mr. Richard W. Bukowski 

Document and analyze the code provisions, procedures, and 
practices used in the design, construction, operation, and 
maintenance of the structural, passive fire protection, and 
emergency access and evacuation systems of WTC 1, 2, and 7. 

Baseline Structural Performance and 
Aircraft Impact Damage Analysis; Project 
Leader: Dr. Fahim H. Sadek 

Analyze the baseline performance of WTC 1 and WTC 2 under 
design, service, and abnormal loads, and aircraft impact damage on 
the structural, fire protection, and egress systems. 

Mechanical and Metallurgical Analysis of 
Structural Steel; Project Leader: Dr. Frank 
W. Gayle 

Determine and analyze the mechanical and metallurgical properties 
and quality of steel, weldments, and connections from steel 
recovered from WTC 1, 2, and 7. 

Investigation of Active Fire Protection 
Systems; Project Leader: Dr. David 
D. Evans; Dr. William Grosshandler 

Investigate the performance of the active fire protection systems in 
WTC 1, 2, and 7 and their role in fire control, emergency response, 
and fate of occupants and responders. 

Reconstruction of Thermal and Tenability 
Environment; Project Leader: Dr. Richard 
G. Gann 

Reconstruct the time-evolving temperature, thermal environment, 
and smoke movement in WTC 1, 2, and 7 for use in evaluating the 
structural performance of the buildings and behavior and fate of 
occupants and responders. 

Structural Fire Response and Collapse 
Analysis; Project Leaders: Dr. John 
L. Gross and Dr. Therese P. McAllister 

Analyze the response of the WTC towers to fires with and without 
aircraft damage, the response of WTC 7 in fires, the performance 
of composite steel-trussed floor systems, and determine the most 
probable structural collapse sequence for WTC 1, 2, and 7. 

Occupant Behavior, Egress, and Emergency 
Communications; Project Leader: Mr. Jason 
D. Averill 

Analyze the behavior and fate of occupants and responders, both 
those who survived and those who did not, and the performance of 
the evacuation system. 

Emergency Response Technologies and 
Guidelines; Project Leader: Mr. J. Randall 
Lawson 

Document the activities of the emergency responders from the time 
of the terrorist attacks on WTC 1 and WTC 2 until the collapse of 
WTC 7, including practices followed and technologies used.  
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• Robert Hanson, Professor Emeritus, University of Michigan 

• Charles Thornton, Co-Chairman and Managing Principal, The Thornton-Tomasetti Group, 
Inc. 

• Kathleen Tierney, Director, Natural Hazards Research and Applications Information Center, 
University of Colorado at Boulder 

• Forman Williams, Director, Center for Energy Research, University of California at San 
Diego 

This National Construction Safety Team Advisory Committee provided technical advice during the 
Investigation and commentary on drafts of the Investigation reports prior to their public release.  NIST 
has benefited from the work of many people in the preparation of these reports, including the National 
Construction Safety Team Advisory Committee.  The content of the reports and recommendations, 
however, are solely the responsibility of NIST. 

Public Outreach 

During the course of this Investigation, NIST held public briefings and meetings (listed in Table P–2) to 
solicit input from the public, present preliminary findings, and obtain comments on the direction and 
progress of the Investigation from the public and the Advisory Committee. 

NIST maintained a publicly accessible Web site during this Investigation at http://wtc.nist.gov.  The site 
contained extensive information on the background and progress of the Investigation. 

NIST’s WTC Public-Private Response Plan 

The collapse of the WTC buildings has led to broad reexamination of how tall buildings are designed, 
constructed, maintained, and used, especially with regard to major events such as fires, natural disasters, 
and terrorist attacks.  Reflecting the enhanced interest in effecting necessary change, NIST, with support 
from Congress and the Administration, has put in place a program, the goal of which is to develop and 
implement the standards, technology, and practices needed for cost-effective improvements to the safety 
and security of buildings and building occupants, including evacuation, emergency response procedures, 
and threat mitigation. 

The strategy to meet this goal is a three-part NIST-led public-private response program that includes: 

• A federal building and fire safety investigation to study the most probable factors that 
contributed to post-aircraft impact collapse of the WTC towers and the 47-story WTC 7 
building, and the associated evacuation and emergency response experience. 

• A research and development (R&D) program to (a) facilitate the implementation of 
recommendations resulting from the WTC Investigation, and (b) provide the technical basis 
for cost-effective improvements to national building and fire codes, standards, and practices 
that enhance the safety of buildings, their occupants, and emergency responders. 
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Table P–2.  Public meetings and briefings of the WTC Investigation. 
Date Location Principal Agenda 

June 24, 2002 New York City, NY Public meeting: Public comments on the Draft Plan for the 
pending WTC Investigation. 

August 21, 2002 Gaithersburg, MD Media briefing announcing the formal start of the Investigation. 
December 9, 2002 Washington, DC Media briefing on release of the Public Update and NIST request 

for photographs and videos. 
April 8, 2003 
 

New York City, NY Joint public forum with Columbia University on first-person 
interviews. 

April 29–30, 2003 Gaithersburg, MD 
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EXECUTIVE SUMMARY 

E.1 INTRODUCTION 

Simpson Gumpertz & Heger Inc. (SGH) developed global models of the World Trade Center (WTC) 
towers using finite elements and performed analyses of the global models to gain an understanding of the 
roles of the aircraft impact damage and the subsequent fires in the WTC towers in the structural stability 
and sequential failures of components and subsystems and to determine the probable sequence of 
structural responses that let to the global collapse initiation.  The study was conducted as part of the 
investigation of the WTC disaster by the National Institute of Standards and Technology (NIST). 

The work presented in this report was performed as a part of Project 6 of the NIST WTC investigation.  
This report complements the work performed by SGH on the structural response to the fire environment 
of connections such as truss seats and knuckles, components such as trusses and columns, and subsystems 
including full floors and exterior walls of the WTC towers. 

Global analyses of the WTC towers were also guided by observations.  NIST examined photos and videos 
for visual evidence, damage estimates, and timeline of the collapse process in NIST NCSTAR 1-5A.  A 
trial and error procedure was used in this study, which was (1) to identify the major observations at 
different times during the collapse process, (2) to determine the deviation between the observations and 
calculations, and to identify the likely assumptions that led to such deviations, and (3) to use the 
observations to correct the state of the structure at that time and continue the calculation to collapse 
initiation point.  Actual observations based on NIST’s examination of photos and videos are summarized 
in Tables E–1 and E–2 for WTC 1 and WTC 2, respectively.  Columns that are referenced by column 
numbers can be located in Fig. E–1. 
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Table E–1.  Observations on WTC 1 provided by NIST. 

Time 

Time 
from 

Impact 
(min) Observation 

8:46:26 0 Aircraft impact on the north wall of WTC 1 between Floor 93 and Floor 99 and Columns 112 
and 151. 

9:25:28 39 Fire on west side of south wall. 
9:40 54 No bowing of columns was observed between Columns 301 and 323 on the east side of south 

wall. 
10:18:43 92 Smoke suddenly expelled on Floor 92 north wall; Floor 94 east side of north wall; Floor 95 

to Floor 98 on west side of north wall; Floor 95 and Floor 98 on north side of west wall; 
lower floor on south side. 

10:22:59 97 Inward bowing from Floor 95 to about Floor 99 between Columns 308 and 326 (maybe to 
340) on the south wall, maximum amplitude approximately 55 in. at Floor 97. 

10:28:18 102 Smoke puff out of north edge and center of west wall; smoke and debris clouds out of the 
north, east, and west walls on Floor 98.  Fire out of windows on the north, east, west, and 
south walls between Floor 92 and Floor 98, and on Floor 104. 

10:28:20 102 WTC 1 began to collapse.  First exterior sign of collapse was at Floor 98.  Rotation of at least 
8 degrees to the south occurred before the building section began to fall vertically under 
gravity. 

Table E–2.  Observations on WTC 2 provided by NIST. 

Time 

Time 
from 

Impact 
(min) Observation 

9:03 0 Aircraft impact on the south wall of WTC 2 between Floors 77 and 85, Columns 404 to 443.  
9:21 18 Columns of the east wall bowed inward over the entire width of Floors 78 to 83; maximum of 

7–9 in. at Floor 80. 
9:38 35 Floor 83 disconnections on the east wall appeared to extend.   
9:54 51 Columns of the east wall bowed inward between Floor 78 and Floor 84, 12–20 in. at Floor 80. 

East side of Floor 83 draped between Columns 310 to 342. 
9:59 56 WTC 2 began to collapse.  

Column splices failed at every third panel and columns sprung back from inward bowing as 
collapse initiated on the east wall near the northeast corner  
Smoke and debris clouds were expelled from Floor 81 on the east, north, and west walls of the 
building.  
WTC 2 appeared to tilt around the base of Floor 82 and initial downward motion was visible at 
the same location.   
Tilt of approximately 3 to 4 degrees to the south and 7 to 8 degrees to the east occurred before 
building section fell. 
Kink (change in slope) on the southeast corner near Floor 94 (halfway along building section 
above failure). 
Kink (change in slope) and offset about at the Floor 106. 
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Figure E–1.  Column designations. 
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E.2 GLOBAL MODEL ANALYSIS 

E.2.1 Global Models 

SGH developed global finite-element structural models of WTC towers in ANSYS to perform collapse 
analysis of WTC 1 and WTC 2 subjected to the combined effects of gravity and thermal loads.  The 
geometry, the connectivity, and the member shapes of the global models for WTC 1 and WTC 2 were 
obtained from an ANSYS model converted from the reference SAP2000 model developed by NIST 
(NIST NCSTAR 1-2) and the study conducted by SGH on components and subsystems of the WTC 
towers.  The global models were then modified by truncating the models below the aircraft impact zone 
and including changes to the modeling of columns, trusses, and slabs to capture the failure modes 
calculated in the structural analysis of components, connections, and subsystems of the WTC towers.  
Material properties of steel were modified to include: temperature-dependent material properties, such as 
thermal expansion, elastic properties, isotropic hardening plasticity, and creep.  In addition, global models 
allowed geometrically nonlinear analysis and large deflection effects needed for elastic and inelastic 
structural instability at high temperatures. 

E.2.2 Impact Damage 

Aircraft impact damage to the structural members and the fireproofing of steel members of the WTC 
towers were determined in NIST NCSTAR 1-2 and NIST NCSTAR 1-6.  In the global analysis the 
severed exterior wall columns, spandrels, core columns, core beams, and parts of the floors were removed 
at the appropriate stage of analysis. 

The NIST investigation identified four aircraft impact damage sets (two damage sets for each tower) 
consisting of an impact damage condition and a fireproofing damage condition.  These damage sets were 
named Case A and Case B for WTC 1 and Case C and Case D for WTC 2.  Case B and Case D damage 
sets were used in the final global analyses.  Case B and Case D impact damage sets for columns are 
shown in Figs. E–2 to E–5, where severed columns are shown as missing vertical lines.  For comparison, 
core columns and beams before aircraft impact are shown in Figs. E–6 and E–7 for WTC 1 and WTC 2, 
respectively.  (Note that the global models included only core beams that had moment connections; 
hence, Figs E-3 and E-5 do not show all the core beams that existed in the WTC towers.) 

 

Figure E–2.  Structural damage condition on the exterior walls of WTC 1 for all cases of 
impact damage.   
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Figure E–3.  Case B structural damage condition on the core columns of WTC 1 
(including heavily damaged columns). 

 

 

Figure E–4.  Structural damage condition on the exterior walls of WTC 2 for all cases of 
impact damage. 
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Figure E–5.  Case D structural damage condition on the core columns of WTC 2 
(including heavily damaged columns). 

 

 

Figure E–6.  Core columns and core beams in the WTC 1 global model without aircraft 
impact damage. 
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Figure E–7.  Core columns and core beams in the WTC 2 global model without aircraft 
impact damage. 

E.2.4 Loads and Boundary Conditions in the Global Models 

The global models were fully restrained at the base of the vertical springs.  The loads on the structure 
consisted of gravity loads and temperature loads.  The gravity loads included dead load and live load 
(equal to 25 percent of the design live load).  Temperature loads consisted of temperature time histories 
provided by NIST based on their fire dynamics and heat transfer analyses performed for different 
conditions of structural and fireproofing damage.  Temperature data were provided for every structural 
node at 10 min intervals.  Temperatures between the 10 min intervals were determined by linear 
interpolation. 

E.2.5 Fire-Induced Damage 

It was not practical to develop global models that could capture all the failure modes found in the study of 
components, connections, and subsystems, and to perform global analyses within a reasonable time 
period.  Since detailed modeling of the floors was not included in the global models, important floor 
behavioral modes could not be captured directly from the global analyses.  Key floor behavioral modes 
include sagging that imposed pull-in forces on the exterior wall and failure of support of the trusses at the 
exterior wall resulting in local disconnection of the floor from the exterior wall.  Moreover, the sagging 
and the resulting bowing of the exterior walls calculated from the full floor model did not match the 
observed inward bowing.  To account for these effects, the pull-in forces on the exterior wall and 
floor/wall disconnections were input into the global models as fire-induced damage at certain points in 
time, as illustrated in Figure E–8.  Fire-induced damage calculated by the full floor models were then 
calibrated to the damage observed by NIST through their examination of photographs and videos during 
the heating period up to the final collapse.  In addition, the magnitudes of pull-in forces were determined 
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by trial and error to match the observed inward bowing of exterior walls using the isolated exterior wall 
models from the global models. 

 

 

Figure E–8.  Examples of locations of floor/wall disconnections and pull-in forces used in 
the collapse analyses of the global model with creep. 



Executive Summary 

NIST NCSTAR 1-6D, WTC Investigation li 

E.3 COLLAPSE SEQUENCE 

The final global models were developed based on the following assumptions: 

• Floor subsystem was modeled by plate elements with elastic properties without ability to 
simulate sagging and its effect on the development of pull-in forces and floor/wall 
disconnections. Pull-in forces resulting from floor sagging and floor/wall disconnections were 
determined based on the results of full floor models and isolated wall models and modified by 
visual observations.  They were input in the global model analyses at different times as fire-
induced damage. 

• Spandrels were modeled by beam elements.  Axial degree of freedom of the beam elements 
representing spandrels was released to enhance numerical efficiency and avoid thermally-
induced buckling.  The exterior wall subsystem analysis showed that large deformations and 
buckling of spandrels would not affect the stability of exterior columns significantly. 

• Columns were modeled to capture inelastic buckling, but not the kink-type buckling initiated 
by the local buckling of plates and resulting in significant distortion of the cross section.   The 
analysis of columns showed that when buckling occurs on a column that spans several floors 
and is at high temperatures, inelastic buckling, rather than kink-type buckling, governs its 
load deformation characteristic.   

• The sections below the impact zones were removed, and the vertical stiffness of the removed 
sections was replaced with equivalent vertical springs.  Preliminary analyses of the global 
models showed that sections below the impact zone did not contribute much to the overall 
behavior of the towers. 

• Construction sequence was not considered to enhance computational efficiency.  A 
comparative study showed that the total column load on each face of the exterior wall 
increased by 7 to 15 percent, and the total column load on the core decreased by about 
10 percent, by neglecting the construction sequence. 

• Structural members that were severed or heavily damaged by aircraft impact were removed 
from the final global models before gravity loads were applied to enhance computational 
efficiency. 

• Break elements were not used in the final global models to represent component failures such 
as failure of column splices.  However, the results of the global model analyses were 
examined to determine whether any component failure occurred and to what extent its failure 
impacted the collapse sequence.  

The key structural events common to both towers are discussed below. 

• Sagging of floors caused by the elevated steel temperatures resulting from loss of 
fireproofing.  Elevated temperature caused buckling of the truss web diagonals, with the floor 
deforming into a catenary.  The catenary action in this study refers to the combined action 
that results when the bending capacity of the truss is exceeded and additional load is carried 
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by the floor system acting as a tensile structure.  Sagging of the floor resulted in pull-in forces 
at floor/exterior wall connections, and led to inward bowing of the exterior wall 

• Bowing and buckling of the entire exterior wall of a tower under the combined effects of 
temperature, the redistributed gravity load, pull-in force from sagging floors, and loss of 
lateral support due to sagging or floor/wall disconnections.  Floors deformed into catenaries 
did not restrain the exterior wall columns from buckling. 

• Downward displacement of the core due to severed core columns from the aircraft impact and 
redistributed column loads to non-severed core columns, and shortening of the core columns 
caused by buckling, plasticity, and creep of core columns at elevated temperatures. 

• Redistribution of gravity loads among exterior and interior columns resulting from damage 
due to aircraft impact, restrained thermal expansion, shortening of core columns, tilting of the 
tower above the impact region, and bowing and buckling of exterior walls.  Redistribution of 
the loads from aircraft impact or fire-induced damaged columns, both in the core and exterior 
walls, was primarily to the neighboring columns.  Redistribution of gravity loads from the 
core to the exterior walls and from the exterior walls to the core was primarily through the hat 
truss.  Redistribution between adjacent exterior walls was primarily through the spandrels, 
and to a lesser extent through the hat truss.  Major load redistribution mechanisms were as 
follows:  

− Aircraft impact reduced the load on the impacted wall and on the opposite wall through 
the pivoting action of the hat truss, and increased the load on side walls. 

− Thermal expansion caused increased loads in thermally restrained members.   

− Shortening of core columns caused a redistribution of the load from the core to the 
exterior walls.   

− Tilting of the tower redistributed the load among the exterior walls, resulting in increased 
load on the compressed part of the exterior walls.   

− Buckling of the exterior wall caused rapid unloading of the buckled wall and of the 
opposite wall through the pivoting action of the stiff hat truss and increased the load on 
the other two exterior walls.  

The collapse sequences of the two towers are discussed separately below. 

E.3.1 WTC 1 Collapse Sequence 

The aircraft impacted the north wall of WTC 1 at 8:46 a.m.  The aircraft severed exterior columns and 
floors on the north side of the tower and core columns and floor members between Floor 93 and Floor 98.  
The subsequent fires weakened structural subsystems, including the core columns, floors, and exterior 
walls.  The core displaced downward, the floors sagged, and the south exterior wall bowed inward.  At 
10:28 a.m., about 102 min after the aircraft impact, WTC 1 began to collapse.  The collapse sequence of 
WTC 1 consists of five main structural events: 1) aircraft impact, 2) unloading of core, 3) sagging of 
floors and floor/wall disconnections, 4) inward bowing of south wall, and 5) buckling of south wall and 
collapse initiation. 
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Aircraft Impact.  The aircraft impacted WTC 1 at the north wall.  The aircraft severed or heavily damaged 
Columns 112 to 151 between Floors 94 and 98 on the north wall.  After breaching the building’s 
perimeter, the aircraft continued to penetrate into the building.  The north office area floor system 
sustained severe structural damage between Columns 112 and 145 at Floors 94 to 98.  Core Columns 503, 
504, 505, 506, 604, 704, 706, 805, and 904 were severed or heavily damaged between Floor 92 and 
Floor 97.  The aircraft also severed a single exterior panel at the center of the south wall from Columns 
329 to 331 between Floor 93 and Floor 96.  In summary, 38 of 59 columns of the north wall, three of 59 
columns of the south wall, and nine of 47 core columns were severed or heavily damaged.  In addition, 
thermal insulation on floor framings and columns were damaged from the impact area to the south 
perimeter wall, primarily through the center of WTC 1 and over one-third to one-half of the core width. 

Gravity loads in the columns that were severed were redistributed mostly to the neighboring columns. 
Due to the severe impact damage to the north wall, the wall section above the impact zone moved 
downward.  The hat truss resisted the downward movement of the north wall and rotated about its east-
west axis, which reduced the load on the south wall.  As a result, the north and south walls each carried 
about 7 percent less gravity loads at Floor 98 after impact, the east and west walls each carried about 
7 percent more loads, and the core carried about 1 percent more gravity loads at Floor 98 after impact.  
Column 705 buckled, and Columns 605 and 804 showed minor buckling. 

Unloading of Core.  Temperatures in the core area rose quickly, and thermal expansion of the core was 
greater than the thermal expansion of the exterior walls in early stages of the fire.  This increased the 
gravity loads in the core columns until 10 min after impact.  The additional gravity loads from adjacent 
severed columns and high temperatures caused high plastic and creep strains to develop in the core 
columns in the early stages of the fire.  More columns buckled inelastically due to high temperatures.  
Creep strain continued to increase to the point of collapse.  By 30 min, the plastic-plus-creep strains 
exceeded thermal expansion strains.  Due to high plastic and creep strains and inelastic buckling of core 
columns, the core columns shortened, and the core displaced downward.  At 100 min, the downward 
displacement of the core at Floor 99 became 2.0 in. on the average. 

The shortening of core columns was resisted by the hat truss, which unloaded the core with time and 
redistributed the gravity loads from the core to the exterior walls.  As a result, the north, east, south, and 
west walls at Floor 98 carried about 12 percent, 27 percent, 10 percent, and 22 percent more gravity loads, 
respectively, at 80 min than the state immediately after the impact, and the core carried about 20 percent 
less loads.  The net increase in the total column load on the south wall, where exterior wall failure 
initiated, was only about 10 percent due to core downward displacement.  At 80 min, the total core 
column loads reached their maximum.  As the floor pulled in starting at 80 min on in the south side, the 
south exterior wall began to shed load to adjacent walls and the core. 

Sagging of Floors and Floor/Wall Disconnections.  The long-span trusses of Floor 95 through Floor 99 
sagged due to high temperatures.  While the fires were on the north side and the floors on the north side 
sagged first, the fires later reached the south side and the floors on the south side sagged.  Full floor 
models underestimated the extent of sagging because cracking and spalling of concrete and creep in steel 
under high temperatures were not modeled, and because the extent of insulation damage was 
conservatively estimated.  The sagging floors pulled in the south wall columns over Floors 95 to 99.  In 
addition, the exterior seats on the south wall in the hot zone of Floors 97 and 98 began to fail due to their 
reduced vertical shear capacity at around 80 min, and by 100 min about 20 percent of the exterior seats on 



Executive Summary 

liv NIST NCSTAR 1-6D, WTC Investigation 

the south wall of Floors 97 and 98 failed.  Partial collapse of floor may have occurred at Floors 97 and 98, 
resulting from the exterior seat failures, as indicated by the observed smoke puff at 92 min (10:19 a.m.), 
but this phenomenon was not modeled. 

Bowing of South Wall.  The exterior columns on the south wall bowed inward as they were subjected to 
high temperatures, pull-in forces from the floors beginning at 80 min, and additional gravity loads 
redistributed from the core.  Figure E–9 shows the observed and the estimated inward bowing of the south 
wall at 97 min after impact (10:23 a.m.).  Since no bowing was observed on the south wall at 69 min 
(9:55 a.m.), it is estimated that the south wall began to bow inward at around 80 min when the floors on 
the south side began to substantially sag.  The inward bowing of the south wall increased with time due to 
continuing floor sagging and increased temperatures on the south wall (Fig. E–10).  At 97 min 
(10:23 a.m.), the maximum bowing observed was about 55 in. 

Buckling of South Wall and Collapse Initiation.  With continuously increased bowing, as more columns 
buckled, the entire width of the south wall buckled inward.  Instability started at the center of the south 
wall and rapidly progressed horizontally toward the sides.  As a result of the buckling of the south wall, 
the south wall significantly unloaded, redistributing its load to the softened core through the hat-truss and 
to the south side of the east and west walls through the spandrels.  At 100 min, the north, east, and west 
walls at Floor 98 carried about 7 percent, 35 percent, and 30 percent more gravity loads than the state 
immediately after impact, and the south wall and the core carried about 7 percent and 20 percent less 
loads, respectively.  The section of the building above the impact zone tilted to the south (observed at 
about 8˚) as column instability progressed rapidly from the south wall along the adjacent east and west 
walls (see Fig. E–11), resulting in increased gravity load on the core columns.  The release of potential 
energy due to downward movement of building mass above the buckled columns exceeded the strain 
energy that could be absorbed by the structure.  Global collapse ensued. 
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Figure E–9.  Inward bowing of the south wall of WTC 1 at 10:23 a.m.  Displacement 
estimated by NIST. 
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Figure E–10.  Inward bowing of south wall of WTC 1 global model with creep at 100 min 
for Case B conditions with 5 kip pull-in forces (5x displacement magnification). 

 

 

Figure E–11.  Collapse initiation and tilting of WTC 1 (view from the northeast).  
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Figure E–12.  Floor sagging observed on the east wall of WTC 2 at different times. 

 

 

(a) After impact damage 

(b) South side at 9:38 a.m. 
(35 min after impact) 

(c) North side at 9:38 a.m. 
(35 min after impact) 

(d) At 9:54 a.m. 
(51 min after impact) 
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Figure E–13.  Inward bowing of the east wall of WTC 2 global model for Case D 

conditions at 43 min at the instant of collapse initiation (deformed shape scaled four 
times). 

 

 
Figure E–14.  Inward bowing of exterior columns of the west wall of WTC 2 just before 

collapse. 
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Figure E–15.  Total displacements of WTC 2 global model above Floor 86 for Case D 
conditions at 43 min at collapse initiation (note the tilt toward east and south; deformed 

shape magnified 20 times). 

 
Figure E–16.  Initiation of collapse of WTC 2.  Note the tilt toward east and south. 

 

1

MN

MX

X
Y

Z

 WTC-2 Severe Case Temperature Analysis                                         

3.298
5.332

7.366
9.399

11.433
13.467

15.5
17.534

19.568
21.601

MAR 14 2005
12:38:28

NODAL SOLUTION

STEP=7
SUB =1
TIME=.007
USUM     (AVG)
RSYS=0
DMX =21.601
SMN =3.298
SMX =21.601

N

Undeformed 
building edge

1

MN

MX

X
Y

Z

 WTC-2 Severe Case Temperature Analysis                                         

3.298
5.332

7.366
9.399

11.433
13.467

15.5
17.534

19.568
21.601

MAR 14 2005
12:38:28

NODAL SOLUTION

STEP=7
SUB =1
TIME=.007
USUM     (AVG)
RSYS=0
DMX =21.601
SMN =3.298
SMX =21.601

N

Undeformed 
building edge

FL86

FL110



Executive Summary 

lxii NIST NCSTAR 1-6D, WTC Investigation 

 

This page intentionally left blank.



NIST NCSTAR 1-6D, WTC Investigation 1 

Chapter 1 
INTRODUCTION 

1.1 OBJECTIVE 

The objective of this report is to present the results of finite element analyses (FEA) performed by 
Simpson Gumpertz and Heger Inc. (SGH) on global models of the World Trade Center (WTC) towers.  
The purpose of the analyses is to determine the roles of aircraft impact damage and of subsequent fires in 
the probable sequence of structural responses that led to global collapse of the WTC towers. 

This report complements the work that SGH performed on the structural response of components in the 
WTC towers, such as trusses and columns, connections such as truss seats and knuckles, and subsystems 
including full floors and exterior walls to the fire environment.  Results were reported in NIST 
NCSTAR 1-6C1.  

1.2 BACKGROUND 

On the morning of September 11, 2001, two Boeing 767 aircraft were hijacked after they left Boston’s 
Logan International Airport for Los Angeles.  At 8:46 a.m., American Airline Flight 11, traveling from 
the north at an estimated speed of 440 miles per hour, impacted near the center of the north face of 
WTC 1 between Floor 94 and Floor 98, 1,100 ft above the plaza level.  At 9:03 a.m., United Airlines 
Flight 175, traveling at an estimated speed of 540 miles per hour from the south, impacted the south face 
of WTC 2 between Floor 78 and Floor 84, 901 ft above the plaza level (NIST NCSTAR 1). 

Although both WTC towers suffered substantial damage over several floors, they withstood the aircraft 
impact damage without global collapse.  Subsequent fires, ignited with aircraft fuel and fed by the 
building and aircraft contents, led to the collapse of the two towers.  The collapse of WTC 2 occurred at 
9:59 a.m., 56 min after impact, and the collapse of WTC 1 occurred at 10:28 a.m., 102 min after impact 
(NIST NCSTAR 1). 

Since the collapse of these tall steel frame buildings were unprecedented, questions were raised about the 
safety of tall steel buildings in fires.  Before drawing conclusions regarding the safety of tall steel 
buildings in fire, it is necessary to understand how and why the WTC towers collapsed.  Various aspects 
of the WTC towers and their collapses have been investigated by many researchers and engineers (Bažant 
and Zhou 2002, FEMA 2002, Kausel et al. 2002, Levy and Abboud 2002, Usmani et al. 2003).  NIST 
initiated a comprehensive investigation of the WTC disaster on August 21, 2002, and SGH was retained 
under contract in October, 2003.  The work presented in this report was performed by SGH as part of 
Project 6 of the NIST WTC Investigation. 

                                                      
1 This reference is to one of the companion documents from this Investigation.  A list of these documents appears in the Preface 

to this report. 
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Aircraft impact damage to the structural components of the WTC buildings were investigated and 
reported in NIST NCSTAR 1-2 and NIST NCSTAR 1-2B.  These studies assessed structural damage and 
thermal insulation damage caused by aircraft impact.  Although the computed aircraft impact damage to 
the exterior wall system of each building can be validated from the many photographs and videos taken, 
aircraft impact damage to the interior columns and floor systems and to the insulation cannot be validated 
using this same technique. 

NIST performed a fire dynamics study to estimate the thermal input to the building following the aircraft 
impact.  The fire dynamics analysis depends on the distribution of the building and aircraft contents 
following the impact, the spread of aircraft fuel throughout the structure upon impact, the amount of fuel 
that ignited and burned off immediately upon impact, and the availability of air in fire-involved areas, 
flowing through broken windows and through damaged interior partitions and structures to support 
continued combustion.  Of these factors, only the distribution of broken windows on the exterior of the 
building can be verified, through examination of photographic and video evidence.  Other factors were 
estimated and validated against recorded smoke plumes and other data.  These calculations were 
performed by NIST and were reported in NIST NCSTAR 1-5 and NIST NCSTAR 1-5F. 

Based on the results of the fire dynamics model, NIST calculated the steel and concrete temperatures at 
various times from the time of aircraft impact for the estimated extent of remaining insulation.  Before 
aircraft impact, WTC 1 had thicker insulation on floor trusses in the areas principally involved in the fires 
than did WTC 2.  The columns, spandrels, and core beams had similar insulation in both of the towers.  
No insulation had been applied to the steel deck supporting the concrete slabs in either building, though 
there was overspray from application of insulation to the trusses.  Based on the path of the debris 
determined from the aircraft impact analysis, NIST estimated the extent of the insulation that was 
dislodged from the structural components of the WTC towers.  These estimates considered insulation to 
be removed only in areas where direct impact from debris was predicted.  Possible additional 
dislodgement of insulation due to the shock and resulting vibration from the aircraft impact was 
neglected.  The extent of dislodged insulation predicted by the aircraft impact analysis is discussed in 
NIST NCSTAR 1-6A, and the calculation of steel and concrete temperatures is presented in NIST 
NCSTAR 1-5G. 

NIST determined mechanical and metallurgical properties of structural steel recovered from the WTC 
towers.  NIST also estimated the mechanical properties of WTC steel for elevated temperatures.  Results 
were reported in NIST NCSTAR 1-3 and NIST NCSTAR 1-3D.  Temperature-dependent mechanical 
properties of WTC steel include modulus of elasticity, Poisson’s ratio, coefficient of thermal expansion, 
yield strength, tensile strength, and nonlinear stress-strain relationship.  NIST also predicted temperature-
dependent creep properties for the WTC steels. 

Prior to the development of the global finite element models of the WTC towers, SGH used hand and 
finite element analyses to study the structural behavior of subcomponents such as knuckles and 
connections, components, and subsystems.  Results from structural analyses of truss seats and knuckles 
were used in a detailed model of a slice of a floor that included a single truss and a section of slab, which 
was referred to as the truss model.  It was found that when subjected to elevated temperatures, the trusses 
sagged after diagonal web members buckled.  Based on the truss model analyses, a simplified truss model 
was constructed and used in a model of a typical full floor.  Full floor model analyses showed that in a 
fire environment floors sagged significantly at areas where insulation was dislodged, and exterior seats 
failed under extreme temperatures causing floors to disconnect from the exterior wall.  The structural 
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performance of columns and exterior walls was studied with the analysis of single column and exterior 
wall subsystem models, which gave guidance in choosing element size and type for exterior columns in 
the global model that captured inelastic buckling behavior under elevated temperatures. 

SGH developed global models that would simulate the key failure modes discovered in the analysis of 
components and subsystems.  In addition, certain damage that could not be accurately modeled without 
significant loss of computational efficiency, such as certain fire-induced damage, were introduced to the 
global models at appropriate times.  Types of fire-induced damage that were important in the collapse 
analysis of the global model included sagging of the floors that applied pull-in forces on the exterior 
columns and disconnections of floors from the exterior walls.  The fire-induced damage incorporated in 
the global model is discussed in detail in Section 2.5. 

1.3 METHOD OF APPROACH 

SGH developed global finite element structural models of the WTC towers in ANSYS, based on reference 
structural models developed in SAP2000 (NIST NCSTAR 1-2A), and based on the studies that SGH 
conducted on components and subsystems of the WTC towers (NIST NCSTAR 1-6C).  Owing to the 
existing limits of computational software and hardware, all potential structural behaviors and failure 
modes that could contribute to the collapse of the WTC towers were not explicitly included in the global 
models.  A single global model that included all structural behaviors and failure modes would not be 
practical due to the extremely large time period required for analyses.   

An alternative approach, a trial and error procedure, was used in this study to (1) perform global structural 
time history analyses for an assumed set of fire-induced damage, (2) identify major observations of 
subsequent fire-induced structural damage at different times up to the initiation of collapse, (3) determine 
the deviation between the calculated and observed fire-induced damage, (4) develop a structural 
explanation of the deviation, and (5) use the observed fire-induced damage to correct the state of the 
structure at that time and continue the calculation.  This approach reduced the error margin (hence 
increased the accuracy) of the results due to epistemic uncertainties in modeling and load estimation by 
updating the response of the WTC towers according to observed facts at specific time points. 

In developing the global models, the knowledge obtained from extensive investigation of components’ 
and subsystems’ responses to various temperature-dependent nonlinear actions was utilized.  The 
pertinent structural actions and failure modes between and within components and subsystems that were 
obtained from the isolated model investigations allowed us to include or represent in a more efficient way 
all essential nonlinear responses in the global models without sacrificing accuracy and computation time.  
The important features of the detailed component and subsystem models and their influence on the global 
building response during the collapse process are discussed in NIST NCSTAR 1-6C.  Similar discussions 
for two additional substructure models isolated from the global models (isolated core and exterior wall 
models) are provided in Chapter 3 of this report. 

As discussed earlier, collapse analyses of the WTC towers were also guided by observations from the 
photos and videos taken during the collapse process.  Visual evidence, damage estimates, and the timeline 
of the collapse process are reported in NIST NCSTAR 1-5A.  The key observations of collapse sequences 
of the WTC towers are presented in Chapter 5. 



Chapter 1   

4 NIST NCSTAR 1-6D, WTC Investigation 

The global and subsystem models were capable of capturing material nonlinearities due to plasticity and 
creep in steel, geometric nonlinearities due to large deflection, and elastic and inelastic buckling of the 
columns and other structural members at high temperatures. 

The global models developed in this study were first validated against the SAP2000 models under gravity 
loads.  Then, aircraft impact damage was included in these models by removing corresponding elements 
based on results from Project 2.  Impact damage is discussed in detail in Section 2.2.  The global models 
with impact damage were then subjected to temperature time histories derived from reconstructed fires in 
the WTC towers in Project 5. 

Based on the results from FEA of the isolated and global models and the results of component and 
subsystem models, collapse sequences of WTC 1 and WTC 2 were identified as a conclusion of this 
study. 

1.4 REPORT ORGANIZATION 

This report presents results from the isolated models and the global models of the WTC towers.  All the 
results are based on FEA and hand calculations.  The “observed values” when used refer to the estimates 
obtained from photographs and videos. 

This report consists of six chapters: 

• Chapter 1 serves as an introduction of this report and includes objectives, background, and 
methods of approach of this study. 

• Chapter 2 introduces the global models of WTC 1 and WTC 2.  It gives general descriptions 
of the global models and of temperatures and aircraft impact and fire-induced damage used in 
the global model analyses. 

• Chapter 3 gives the results from FEA of isolated wall and core models subjected to gravity 
and thermal loadings.  The results shown in this chapter do not form a major link in the chain 
of collapse sequence arguments and may be skipped by those interested only in this chain of 
arguments. 

• Chapter 4 describes the details of the global models and presents the results of FEA of the 
global models with creep subjected to gravity and thermal loadings. 

• Chapter 5 presents the collapse sequences of WTC 1 and WTC 2 concluded from this study 
and provides supporting evidence. 

• Chapter 6 provides a list of references. 

This report also includes three appendices: 

• Appendix A summarizes the results from FEA of full floor models. 

• Appendix B summarizes a study on dynamic response of a floor to impact from collapse of a 
floor above. 
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• Appendix C summarizes the results of FEA of the global models without creep subjected to 
gravity and thermal loadings.  The analyses presented in this appendix are preliminary global 
analyses and were primarily used to get a better understanding of the interaction between 
various structural components in the overall global response of the towers. 

 



Chapter 1   

6 NIST NCSTAR 1-6D, WTC Investigation 

 

This page intentionally left blank. 
 



NIST NCSTAR 1-6D, WTC Investigation 7 

Chapter 2 
GLOBAL MODELS 

2.1 DESCRIPTION OF GLOBAL MODELS 

Simpson Gumpertz& Heger Inc. (SGH) developed two different finite element models to simulate the 
global structural behavior of the World Trade Center towers, WTC 1 and WTC 2, incorporating the 
aircraft impact damage and the fire environment that followed the impact.  The finite element models of 
the towers were developed using ANSYS commercial structural analysis software package.  The finite 
element models were developed to determine the roles of aircraft impact damage and of subsequent fires 
in the probable sequence of structural responses that led to global collapse of the WTC towers.  

SGH obtained the basic building geometry, member types and cross sections, and their connectivity from 
models developed by Leslie E. Robertson Associates (LERA) as described in Chapter 4 of the National 
Instiutute of Standards and Technology (NIST) NCSTAR 1-6C.  LERA developed the original models 
using SAP2000 structural analysis software.   

The observation of photographic and video evidence of the behavior of both structures, following the time 
of aircraft impact and until collapse initiation, strongly suggested that nonlinear behavior and structural 
collapse initiation occurred within the upper portions of the structures, generally above the zone of 
aircraft impact.  Therefore, to reduce the model size and improve solution time, the model of WTC 1 was 
truncated at Floor 89, five floors below the zone of impact, and a series of equivalent vertical linear 
springs were introduced at the base of this truncated model to represent the stiffness of the interior 
columns and exterior walls beneath the level of truncation.  Similarly, the model of WTC 2 was truncated 
at Floor 73.  This truncation is believed to have negligible effect on the predicted behavior of the 
structure.   

As a first step in the analyses, the truncated SAP2000 models were converted to ANSYS.  While the 
geometry from the SAP2000 model was directly transferable to ANSYS, it was necessary to substitute the 
elements with those from ANSYS element library.  Table 2–1 summarizes the element types used in the 
ANSYS global models.  The element names used in the table correspond to specific ANSYS (ANSYS, 
Inc. 2004) element formulations.  All element types listed in Table 2–1 have temperature-dependent 
material properties. 

In the original SAP2000 models, LERA represented the structural floors as rigid constraints with no out-
of-plane stiffness.  In order to capture the potential behavior of the floor slabs in transferring loads 
between the core and the exterior walls, these rigid constraints were replaced with grids of plate elements 
with the same membrane stiffness as the composite floor system (slab and trusses).  Floors in the global 
models were not intended to capture floor response and failure modes during fires.  Important failure 
modes were identified in the truss and full floor analyses and incorporated into the global models as 
floor/wall disconnections and pull-in forces at appropriate time intervals.  See Chapter 7 in NIST 
NCSTAR 1-6C and Chapter 2 in this report for a detailed discussion of how floor behavior was modeled 
in the global analyses. 
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SGH next performed a series of modifications to the models, to simulate the structural damage resulting 
from the aircraft impacts and the effects of fire.  The damage to the exterior walls was modeled by 
removing structural elements in a pattern that replicated the damage observed in available photographic 
and video evidence.  The damage to interior structural elements was modeled based on aircraft impact 
simulations reported in NIST NCSTAR 1-2.  The effects of fire damage to the structure were also 
included in the global models, based on thermal predictions developed by NIST, and the results of 
structural analyses performed by SGH of individual structural subsystems, including individual floor 
trusses, entire floor assemblies, and portions of exterior walls.  Since projection of these subsystem 
analyses to global behavior entailed substantial uncertainty, visual photographic and video evidence of the 
behavior of the exterior structure were also used to benchmark the projections from the subsystem 
analyses. 

The models were also modified to include a number of nonlinear behavioral modes including: 

• Geometric nonlinearity associated with large deflections, 

• Nonlinearity in stress-strain behavior as a function of applied loading and thermal effects, as 
described in Chapter 3 of NIST NCSTAR 1-6C, 

• Creep behavior as the time-dependent effect of sustained stress and elevated temperatures on 
strain as described in Chapter 3 of NIST NCSTAR 1-6C, 

• Failure of a connection between elements, resulting in a complete loss of load transfer ability 
and deformation compatibility. 

The converted ANSYS models were validated against the SAP2000 models by comparing gravity load 
response, natural frequencies, and mode shapes. 

Table 2–1.  Element types used in the global models. 
Name Element Type Description Usage in the Model 

BEAM188 3-D linear finite 
strain beam 

BEAM188 is a linear (2-node) or a quadratic beam 
element in 3-D based on Timoshenko beam theory.  
Each node has six degrees of freedom or seven degrees 
of freedom (6+warping).  Shear deformation effects are 
included.  This element is supported for plasticity, creep, 
large deflection.  A cross-section can be a built-up 
section referencing more than one material.  Creep strain 
is calculated by implicit time integration method. 

Exterior columns 
Core columns 
Core beams 
Spandrels 
Hat truss members 

BEAM24 3-D thin-walled 
beam 

BEAM24 is a 3-D beam element of arbitrary open or 
closed cross-section with axial, bending, and St. Venant 
torsional capabilities.  Each node has six degrees of 
freedom.  The element has plastic, creep, large 
deflection, and shear deflection capabilities.  Creep 
strain is calculated by explicit time integration method. 

Exterior columns 
Core columns 

SHELL63 4-node elastic 
shell 

SHELL63 has both bending and membrane capabilities.  
The element has six degrees of freedom at each node: 
three translations and three rotations.  Large deflection 
capability is also included. 

Floors 
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Name Element Type Description Usage in the Model 
SHELL181 4-node finite 

strain shell 
SHELL181 is a 4-node shell element with six degrees of 
freedom at each node: three translations and three 
rotations.  Plasticity, creep, and large deflection 
capabilities are supported.  In nonlinear analyses, 
change in shell thickness is accounted for.  SHELL181 
may be used for layered applications. 

Floors 

LINK8 3-D truss LINK8 is a uniaxial tension-compression element with 
three degrees of freedom at each node.  It has plasticity, 
creep, and large deflection capabilities. 

Vertical springs at 
the base 

Damage modified the geometry and connectivity of and load distribution in the towers.  Types of damage 
included in the global models were aircraft impact damage to the exterior wall that were visible and 
documented by photos and videos and interior damage resulting from the movement of aircraft impact 
debris through the interior space of the towers which were obtained from the aircraft impact analyses. 

Structural damage caused by the fires, such as disconnection of the floor from the exterior wall, was 
determined from the structural analysis of the full floor subsystems.  Some structural behaviors caused by 
the fires were not adequately captured by the full floor analysis, such as pull-in forces at the floor/wall 
connections.  The pull-in forces were estimated through additional analyses with exterior wall models that 
were conducted to estimate the pull-in force required to match the observed inward bowing of the exterior 
walls. 

The models were then analyzed for the effects of gravity and temperature loads.  Gravity loads considered 
included: the dead load of the structure itself; superimposed dead load consisting of the estimated weights 
of ceilings, mechanical and electrical equipment, thermal insulation, and floor finishes; and live load, 
taken as 25 percent of design live load specified in the original construction documents.  The use of 25 
percent of the design live load as service live loads is discussed in NIST NCSTAR 1-2.  Wind loads were 
negligible and were not considered (see NIST NCSTAR 1-6 for the recorded wind data).  

Due to the height of the structures, substantial column shortening occurred under the application of dead 
loads.  If these loads were applied to the model while the stiffness of the hat trusses was present, the hat 
trusses would restrain the downward deflection of the columns and in the process experience higher levels 
of stress.  These stresses did not occur in the real buildings, because the columns experienced most of 
their dead load-induced shortening before the hat trusses were erected.  In order to account for this effect, 
except for those simulations in which the effect of creep was also considered, the sequence of 
construction was considered during gravity load application.  The loading of the structure was staged so 
that the stiffness of the hat trusses was not present when dead loads below Floor 106 level were applied.  
Construction sequence effects were not considered in the global analyses that included creep effects to 
enhance computational efficiency.  The effect of construction sequence is discussed in more detail in 
Section 4.2.2. 
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Thermal loading of a structure resulted in several effects: 

• restrained axial thermal expansion of members causing local redistribution of loads, e.g.,  
heated columns of WTC towers that attracted more load, 

• differential thermal expansion across member depth, resulting in bowing if unrestrained or 
bending moment if restrained, 

• reduction in the stiffness and strength of members, and 

• high creep strain when accompanied by high stress. 

SGH applied thermal loading in the form of temperature time histories.  NIST developed these 
temperature time histories using gas dynamic and heat transfer models.  Each temperature time history 
corresponded to a unique set of assumptions regarding the extent of impact damage to the structure, 
glazing, fire separation elements, and insulation.  Each temperature time history was defined discretely at 
10 min time intervals which were linearly interpolated for times in between. 

The behavior of columns in the two structures was significant to the collapse behavior of the towers. 
Throughout this report reference is made to the behavior of various columns and lines of columns, using 
the specific column numbering system found in the original PANYNJ structural drawings1.  In WTC 1, 
columns in the exterior north wall were assigned a number ranging from 101 at the west end to 159 at the 
east end.  Columns in the exterior east wall were assigned a number ranging from 201 at the north end to 
259 at the south end.  Columns in the exterior south wall were assigned a number ranging from 301 at 
east end to 359 at the west end.  Columns in the west wall were numbered sequentially from 401 at the 
south end to 459 at the north end.  Columns 100, 200, 300 and 400 were located, respectively, at the 
northwest, northeast, southeast and southwest building corners.  Within the rectangular core of the 
structure, there were six rows of either seven or eight columns each.  Columns of the northern-most row 
were numbered 501 through 508 with column 501 located at the west end and 508 at the east end.  
Successive rows of columns, reading from north to south were designated 601-608, 701-708, 801-807, 
901-908, and 1001-1008.  This numbering scheme is illustrated in Fig. 2–1 (a).  The column numbering 
system used for WTC 2 is similar.  However, for WTC 2 Columns 101-159 were located along the west 
wall, Columns 201-259 along the north wall, 301-359 along the east wall, and Columns 401-459 along 
the south wall.  Column 100 was located at the southwest corner, 200 at the northwest corner, 300 at the 
northeast corner and 400 at the southeast corner.  In the core of WTC 2, Columns 501-508 were located 
along the extreme west side of the core and Columns 1000-1008 along the extreme east side of the core 
with the 600, 700, 800, and 900 series columns arranged progressively from west to east.  Figure 2–1 (b) 
illustrates the column numbering system used in WTC 2.   

                                                      
1 The technical data required to conduct the analyses of the WTC towers reported herein were obtained from drawings that were 

provided by the Port Authority of New York and New Jersey (PANYNJ) and their contractors. 
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Figure 2–1.  Column designations. 

(a) WTC 1 

(b) WTC 2 
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2.2 IMPACT DAMAGE 

2.2.1 Introduction 

The extent of aircraft impact damage to the structural components of the WTC towers has been separately 
investigated as part of NIST Project 2 and was reported in NIST NCSTAR 1-2 and NIST NCSTAR 1-2B.  
SGH incorporated the results of these studies into the global models of the WTC towers to characterize 
the aircraft impact damage to exterior columns and spandrels, core columns, beams, and floors.  
Specifically, those elements identified in the aircraft impact studies as severed or heavily damaged were 
removed from the global models.   

NIST’s investigation initially identified two sets of aircraft impact damage for each of the two towers, 
consisting of a structural damage condition, which was damage to the structure, and a insulation damage 
condition, which affected the temperatures in members.  These damage sets represent a base case and a 
more severe case of damage estimates.  They were named as Case Ai and Case Bi for WTC 1 and Case Ci 
and Case Di for WTC 2.  These initial damage sets were used in early analyses to study the structural 
response of full floor subsystem models and global models without creep.  The results of the full floor 
subsystem analyses were presented in Section 5.4 of NIST NCSTAR 1-6C and summarized in Appendix 
A of this report.  The results of the global model analyses without creep are discussed in Section 4.1 of 
this report.   

NIST refined the initial damage sets at later stages of the investigation and renamed them as Case A and 
Case B for WTC 1 and Case C and Case D for WTC 2.  These damage sets were used in isolated wall and 
isolated core models and global models with creep.  The results of the isolated wall and core models are 
discussed in Chapter 3, and the results of the global model analyses with creep are discussed in 
Section 4.2 of this report. 

For each tower, the impact damage on the exterior columns and spandrels was primarily obtained from 
photographs and video footage that were taken before and during the collapse of the buildings.  For this 
reason, the impact damage on the exterior columns a
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Figure 2–7.  Case Ci structural damage condition on the core columns of WTC 2. 

 

 

Figure 2–8.  Revised Case Ci structural damage condition on the core columns of WTC 2. 
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Figure 2–9.  Case Ai insulation damage conditions for WTC 1 floor trusses and beams. 
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Figure 2–11.  Case Ci insulation damage conditions for WTC 2 floor trusses and beams. 
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Figure 2–13.  Case Di insulation damage conditions for WTC 2 floor trusses and beams. 
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Figure 2–14.  Case D i Structural damage conditions for WTC 2 floors. 
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2.2.3 Final Damage Sets 

NIST provided a series of final damage sets for use in the global analyses.  Two sets were provided for 
each of the two buildings, together with temperature time history data sets computed by NIST based on 
the damage set.  The final damage sets for WTC 1 were designated Case A and Case B, respectively, 
representing different scenarios of aircraft impact damage to the structure and thermal insulation.  The 
final damage sets for WTC 2 were designated Case C and Case D.  The exterior wall damage contained in 
the final damage sets are identical to those in the contained in the initial damage sets, described in the 
previous section and illustrated in Figs. 2–2 and 2–3.  However, the projected damage to floor and core 
elements differed from the initial damage sets.  The final damage sets were used in SGH analyses of the 
isolated wall models, the isolated core models, and the global analyses with creep. 

The severed columns in the core area of WTC 1 for Case A and Case B and WTC 2 for Case C and 
Case D are shown in Figs. 2–15 through 2–18.  For Case B and Case D structural damage condition, 
heavily damaged core columns were also considered as severed and removed from the analysis.  Columns 
removed from the global models are shown as missing vertical lines in these figures.  For WTC 2, core 
column 902 was assigned a moderate damage state after aircraft impact at Floor 79 and Floor 80 by NIST.  
The preliminary analyses showed that this column buckled after aircraft impact and caused numerical 
problems in the temperature time history analyses.  Therefore, in the Case D damage set, this column was 
also treated as heavily damaged and removed from the model.  The core column series that are not shown 
in Figs. 2–15 through 2–18 did not include severed columns for all the cases or heavily damaged columns 
for Case B of WTC 1 and Case D of WTC 2. 

 

 

Figure 2–15.  Case A structural damage condition on the core columns of WTC 1. 

West 
501 508 601 608 701 708 

Floor 92 

Floor 97 

Floor 94 

(a) 500 series columns (b) 600 series columns (c) 700 series columns 



Chapter 2   

24 NIST NCSTAR 1-6D, WTC Investigation 

 

Figure 2–16.  Case C structural damage condition on the core columns of WTC 2. 

 

 

 
Figure 2–17  Case B structural damage condition on the core columns of WTC 1 

(including heavily damaged columns). 
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Figure 2–18.  Case D structural damage condition on the core columns of WTC 2 

(including heavily damaged columns). 

The floor insulation and structural damage conditions are shown in Figs. 2–19 and 2–20 for Case A, in 
Figs. 2–23 and 2–24 for Case B, in Figs. 2–21 and 2–22 for Case C, and in Figs. 2–25 and 2–26 for 
Case D. 

The shell elements of the floors and beam elements of core beams were removed from the global models 
at appropriate locations to replicate the areas of structural floor damage indicated in these figures.  For the 
regions where the floor slab was coarsely meshed, the elements were removed in such a way as to capture 
force discontinuities resulting from the structural damage in that region.  This sometimes resulted 
somewhat larger floor openings than indicated in Figs. 2–20, 2–22, 2–24, and 2–26.  However, as 
discussed in Chapter 4, the dead and live loads of the floor system were applied as concentrated loads to 
the connecting columns; this minimized the effect of slightly larger floor openings. 
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Figure 2–19.  Case A insulation damage condition for WTC 1 floor trusses and beams. 
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Figure 2–20.  Case A structural damage condition for WTC 1 floors. 
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Figure 2–21.  Case C insulation damage condition for WTC 2 floor trusses and beams. 
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Figure 2–22.  Case C structural damage condition for WTC 2 floors. 
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Figure 2–23.  Case B insulation damage conditions for WTC 1 floor trusses and beams. 
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Figure 2–24.  Case B structural damage conditions for WTC 1 floors. 
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Figure 2–25.  Case D insulation damage conditions for WTC 2 floor trusses and beams. 
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Figure 2–26.  Case D structural damage conditions for WTC 2 floors. 
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2.3 TEMPERATURE EFFECTS 

The fires resulting from the combustion of the jet fuel, followed by the combustion of building contents 
and the debris from the aircraft produced high-temperature gases that in turn increased the temperature of 
the exposed structural members.  Fire is dynamic in nature.  As fire consumes combustible materials in 
the area of ignition, the high temperature gases produced by the fire spread to other areas of the building, 
heating the structure and igniting combustible contents in these other areas.  Even as the fire spreads, it 
consumes the fuel in areas already involved, extinguishing itself and allowing the structure in those areas 
to cool.  As a result of this behavior, the temperature of the exposed structural members in the two towers 
varied with time, from the instant of aircraft impact until the final collapse.  NIST performed a series of 
computational fluid dynamics analyses to predict the distribution with time of gas temperatures in various 
locations in the structures and also to produce temperature time histories for the structural members in the 
affected areas of the buildings.  These analyses are reported in NIST NCSTAR 1-5. 

In the analyses performed by NIST, a key factor in the calculation of the temperature distribution for the 
structural members was the extent of insulation that was in place after the impact.  NIST assumed that any 
damage to the insulation was by direct abrasion from flying debris created as the aircraft impacted, 
disintegrated, and transited across the building.  A series of aircraft impact analyses were performed to 
predict the pattern of debris flow as well as the probable damage to structural members inside the 
building.  In these analyses, the trajectories of the debris flow and, therefore, of the extent and distribution 
of insulation damage predicted was dependent on the estimted values for aircraft speed and direction of 
travel, point of impact on the structure, and impact trajectory.  The several damage sets (Case Ai, Case Bi, 
Case Ci, etc.) resulted from variation in the values of these parameters and, therefore, the estimated 
damage and temperature time histories.  One temperature time history data set was derived for each set of 
structural and insulation damage2.  As discussed in Section 2.2, Case Ci and revised Case Ci have the 
same temperature time histories for structural components.   

The high temperature gases produced by the fires primarily heated the floor trusses and the bottom face of 
the slabs through convection and the top face of the slabs through radiation.  The temperatures predicted 
in the structural members depended on the extent of insulation assumed to be in place and on the material 
properties and geometry of the structural members.  In the actual buildings, the temperature in the 
structural members varied through the length and cross section and changed with time.  The temperature 
at every node in the global models was calculated by interpolation of temperatures from the thermal 
analysis, which had a much finer mesh than the global structural models.  A linear temperature gradient 
was assumed across column cross sections and along the length of members.  To reduce data handling, 
the continuous temperature time histories were replaced with piecewise linear time-histories without 
significant loss of accuracy.  Consequently, snapshots of the spatial distribution of temperature were taken 
at 10 min intervals, initiating at the time of impact and extending through the time of collapse (or 
approximately the time of collapse) for each of the buildings (see NIST NCSTAR 1-5G for more 
discussion of the 10 min intervals). 

                                                      
2 Temperature cases were formerly called by different names.  Case Ai and Case Ci conditions were called “baseline case”, and 

Case Bi and Case Di conditions were called “maximum damage case”.  Case A and Case C conditions were called “best 
estimate case” or “realistic case”, and Case B and Case D conditions were called “upper bound case” or “severe case”.  These 
former temperature case names may appear on graphics produced in ANSYS. 
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Structural response of a building to fire-induced temperature is a complex phenomenon involving the 
following phenomena: 

• Axial thermal expansion of members as they heat and thermal contraction of members as they 
cool; if these members are restrained, this expansion and contraction can induce a change in 
the stress distribution in the structure. 

• Differential thermal expansion of members across their cross section if they are heated 
unevenly, resulting in bowing of the members along their length; if members are under 
significant compression, this bowing can lead to onset of buckling. 

• Significant reduction in modulus of elasticity and strength of steel and concrete as 
temperature increases beyond 500 ˚C (NIST NCSTAR 1-6C). 

• Creep in steel at high stresses and high temperatures. 

Creep is a time-dependent phenomenon and, in the analyses that SGH performed, was found to have 
resulted in shortening of core columns with high temperatures and high stresses. 

In the global models, NIST-provided temperatures were applied to structural members between Floor 93 
and Floor 99 in WTC 1 and between Floor 79 and Floor 83 in WTC 2.  In each case, the temperatures 
were applied to exterior columns, spandrels, core columns and beams, and floor slabs. 

In general, temperatures were assigned to the node locations in the global models.  The distribution of 
temperature was assumed to be uniform throughout the member cross section except in the case of the 
exterior columns where temperature gradients within the cross section were considered in the direction 
normal to the exterior walls. 

All temperatures reported in this study are in units of ˚C. 

2.4 THERMAL BEHAVIOR OF FLOORS 

It was not practically possible to develop global models that could capture all structural behaviors or 
failure modes found in the study of components and subsystems and to perform the global analysis within 
a reasonable time period.  To enhance computational efficiency, selected modeling details were omitted in 
the global models, and structural behaviors or failure modes that could not be captured by the global 
models were introduced in the global analysis as fire-induced damage at appropriate points in time. 

Key failure modes of the floor subsystem were identified in NIST NCSTAR 1-6C for components and 
subsystems subjected to temperature time histories.  These analyses indicated that as floor system 
temperature increased, web diagonals in the floor trusses buckled, allowing the floors to sag.  In extreme 
cases, the analyses showed loss of vertical support for individual trusses, as either the truss seats 
supporting the trusses lost strength and failed under the influence of vertical gravity loads or sagging of 
the trusses caused them to walk off the supporting seats.   

This floor truss behavior was incorporated into the finite element models of entire individual floors that 
are referred to as full floor models.  The models included representation of the floor slabs, trusses, beams, 
and columns that extended full height to the floors immediately above and below the level under 
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consideration.  When an entire full floor model was subjected to the temperature time histories, the 
analyses showed that the floors sagged in areas where insulation was damaged and that individual floor 
trusses lost their vertical support at the exterior wall in some areas.  However, it was found that these full 
floor models could not accurately capture the pull-in forces that the sagging floors were expected to apply 
to the exterior walls.  Discussions on these pull-in forces can be found in Section 2.5.2. 

Since detailed modeling of the floors was not included in the global analysis models, important floor 
behavioral modes could not be captured in these global analyses.  Key floor behavioral modes include 
floor sagging that imposes pull-in forces on the exterior wall and loss of support of the trusses at the 
exterior wall resulting in local disconnection of the floor from the exterior wall.  To account for these 
effects, pull-in forces on the exterior wall and disconnections of the floors from the wall were introduced 
in the global analyses at appropriate times as fire-induced damage.  In the process of developing the fire-
induced damage, the behaviors predicted by the full floor model analyses as well as the damage observed 
by NIST in their review of photographic and video evidence were both considered. 

2.5 FIRE-INDUCED DAMAGE 

Disconnections of the floors from the exterior walls caused by fire-induced connection failure between 
the floor and the exterior wall and pull-in forces on the exterior wall exerted by sagging floors were 
included in the global analyses as fire-induced damage.  The locations of the floor/wall disconnections 
and the locations and magnitudes of the pull-in forces were determined based on a combination of the 
results from the full floor model analyses, the results from the isolated wall model analyses, and the actual 
observations in photographic and video evidence of WTC 1 and WTC 2. 

2.5.1 Floor/Wall Disconnections 

In areas where the connection of the floor to the exterior wall failed and the floor was locally 
disconnected from the exterior wall, the floor could no longer provide out-of-plane support for the wall at 
the locations of floor/wall disconnections, which resulted in a reduction of the buckling capacity of the 
exterior columns.  In order to simulate this behavior in the global analyses, the connection between floor 
and wall elements was removed.  When either one of the following conditions was encountered in the full 
floor analyses, the floor was disconnected from the exterior wall in the global model as it lost vertical 
support: 

• Gusset plate failure + seat failure due to vertical shear 

• Gusset plate failure + bolt shear-off + truss walk off the truss seat 

Most disconnections obtained in the full floor models were due to the first of these conditions. 

NIST performed extensive review of the available photographic and video evidence of the condition of 
the two towers prior to their collapse.  Some of the photographs NIST reviewed were taken immediately 
after the aircraft impacts, while others were taken at various times leading up to the collapse.  From this 
visual evidence, NIST constructed a time-variant map of the locations of observed floor/wall 
disconnections.  During the global analyses, floor/wall disconnections were introduced at those locations 
and those times indicated in NIST’s damage maps, if these disconnections had not previously been 
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indicated by the full-floor analyses.  Although FEA results and the observations were generally in good 
agreement, the visual evidence suggested a somewhat greater extent of floor/wall disconnections.  

2.5.2 Pull-in Forces 

When the floor sagged while it was still connected to the exterior wall, the floor developed tensile forces 
that tended to pull the exterior wall inward.  There were four types of structural elements that connected 
the floor system to the exterior wall system: 1) diagonal strap anchors that extended from the top chords 
of trusses to the spandrel (they are referred to as strap anchors in this report), 2) headed studs on the 
spandrels that extended into the floor slab edges, 3) gusset plates that were horizontal field-welded plates 
that joined the top chords of the trusses to the spandrels, and 4) seat bolts that fastened bearing angles to 
the seats that were attached to the spandrels. 

Pull-in force was applied to the exterior column in the global analyses, where either one of the following 
conditions was encountered in the full floor analyses: 

• Gusset plate failure + bolt shear-off + significant deflection (>25 in.) of the floor slab in that 
area (floor remains vertically connected) 

• Tensile force between the exterior wall and the floor system 

However, locations and magnitudes of pull-in forces were not accurately simulated by the full floor 
models for the following reasons: 

• The full floor models did not and could not have an accurate set of boundary conditions on 
the columns.  Columns extended from one floor below to one floor above, and the top and 
bottom of exterior columns were restrained in the direction normal to the exterior wall.  
These boundary conditions could not accurately portray the thermally-induced movements of 
floors above and below the floor being analyzed and could not accurately capture the stiffness 
of columns in the exterior walls.  Photographs of the towers taken before collapse indicated 
that the exterior walls bowed inward over a height of several floors.  Bowing of exterior 
columns as observed could not be captured in the floor model because the boundary condition 
of a full floor model could not be formulated to represent the observed bowing of the exterior 
wall over several floors. 

• In the actual buildings, the strap anchors and studs must have been capable of transmitting a 
significant amount of force between the floor system and exterior wall.  However, the full 
floor analysis with the strap anchors and studs resulted in sequential failure of these 
components and an extremely slow convergence in the analyses.  Because these components 
were found to fail at early stages of fire, these elements were then removed from all the full 
floor models to obtain solution within a reasonable period of time.  Therefore, in these 
analyses, the only structural elements in the full floor model that could transfer horizontal 
interface forces between the floor system and the exterior walls were the gusset plates and 
seat bolts.  This caused premature failure of the gusset plates and seat bolts in the analyses, 
which resulted in horizontal floor/wall disconnections.  In addition, friction between bearing 
angles and seats was not modeled in the full floor analyses.  Therefore, the full-floor model 
did not show significant tension at the floor/exterior wall interface.  In the real structures, 
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tension forces could develop between the floor system and walls following failure of the 
gusset plates and seat bolts through the mechanism of friction between the truss seats and 
bearing angles and through the strap anchors that had not failed. 

− There is considerable uncertainty as to what the actual capacity of the strap anchor 
system was to transfer pull-in forces from the floors to the walls.  Assuming that the strap 
anchors were installed as shown on the PANYNJ drawings, with only the minimum 
length and size of welds specified actually installed, the tensile capacity of the strap 
anchor system was controlled by the strength of weld at the strap anchors to the truss the 
top chords.  Typically, 5/16 in., 4 in long fillet welds were specified for this joint.  For a 
pair of floor trusses, joined to the wall by a pair of diagonal strap anchors, this translates 
into a computed tensile capacity of 68 kip at room temperature and 6.6 kip at 800 ˚C.  In 
full floor model analyses that incorporated the strap anchors, these capacities were used.  
However, if longer welds were provided, say in excess of 6 in., or somewhat larger fillets 
were actually placed, the ultimate tensile strength of the strap anchor (1-1/2 in. x 5/8 in. 
flat plate) could have controlled the capacity of this system.  In such a case, the strap 
anchors for a pair of floor trusses could develop a 101 kip tension force at room 
temperature and a 9.8 kip tension force at 800 ˚C.   

− Assuming a coefficient of friction of 0.33 and vertical reaction at an exterior seat of 
13 kip, the friction force can be as much as 4.3 kip for a pair of trusses.  The capacity of 
the two 5/8 in.-diameter seat bolts present in each pair of trusses in shear is 44 kip at 
room temperature and 4.0 kip at 800 ˚C.  Therefore, at elevated temperature, the 
combined action of friction and bolts could develop on the order of an 8 kip tension force 
at the exterior seat.   

• Creep at high temperature was found to significantly increase the sag of a floor system.  A 
thermal response analysis of a simplified truss model removed from the full floor model 
showed a significant increase in vertical deflection when creep was considered, as shown in 
Fig. 2–27.  However, full floor models were made with BEAM188/189 element types and 
were not run with creep due to inherent convergence problems of BEAM188/189 when used 
under thermal loadings with materials having temperature-dependent creep property. 

• In the full floor models, crushing or cracking of the concrete slab was neglected.  Extreme 
temperatures can crack and spall concrete, further reducing the floor stiffness, and increasing 
both the floor sag and the floor/wall pull-in forces. 

• NIST may have underestimated the amount of thermal insulation that was damaged by the 
aircraft impacts.  The estimates developed by NIST were limited to the insulation on sections 
of framing that were exposed to direct abrasion by the debris field, predicted in the impact 
analyses.  Potential loss of insulation due to impact shock and vibration effects was not 
included.  More severe insulation damage would have resulted in higher temperatures of the 
trusses than those used in the full floor analyses.  This in turn would result in larger areas in 
which the floors would have sagged.   
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Figure 2–27.  Comparison of vertical displacement of a simplified truss model at 
Column 333 extracted from the full floor model of Floor 96 of WTC 1 for Case Bi 

temperature condition at 40 min with and without creep. 

Given these uncertainties and inaccuracies in the evaluation of the likely magnitude and location of pull-
in forces on the exterior wall, in the global analyses, pull-in forces were applied in some locations where 
the full floor analyses did not predict the development of such behavior.  The magnitude and location of 
pull-in forces were selected by trial and error to produce a computed bowing of the exterior walls that 
matched that observed in the photographic and video evidence, as discussed in Chapter 3. 

In the actual buildings, floor attachment to the exterior wall occurred continuously along the length of the 
wall.  Headed studs were spaced uniformly along the length of the wall.  Pairs of trusses, with truss seats 
and gusset plates were present at alternate column locations, and diagonal strap anchors connected to the 
columns between those supporting trusses.  Therefore, pull-in forces were applied to columns attached to 
trusses as well as those attached to strap anchors. 

2.5.3 Floor/Wall Disconnections and Pull-in Forces Included in the Global Model 

In the global models, nodal couplings tied the exterior columns to the floors.  The nodal couplings were 
removed at locations of floor/wall disconnections.  If disconnections were projected to occur or were 
observed in visual evidence at a time intermediate to the 10 min intervals used in the analyses, for 
example, between 10 min and 20 min, they were imposed starting at the earlier time point, in this 
example, at 10 min.  Once a portion of a floor was disconnected from the exterior wall, it remained 
disconnected for the remainder of the analysis.  Similarly, pull-in forces were also applied to the global 
models at the beginning of the 10 min time intervals in which they were predicted to occur or were 
observed, and they were maintained at a constant level for the 10 min time interval.   

Outward expansion of the floors was not included in the global models.  Floor analyses showed that the 
floors initially pushed exterior column outward by a few inches.  However, significant outward bowing 
was not observed and several inches of outward deflection of exterior columns would not affect the global 
stability of the towers.   
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WTC 1 

Figures 2–28 to 2–37 show the locations of floor/wall disconnections and pull-in forces imposed on the 
WTC 1 global model for Case B conditions.  Each figure covers a 10 min time interval, the first initiating 
at 0 min, when the initial impact occurred, and the last initiating at 90 min.  Until 80 min, the locations of 
floor/wall disconnections and pull-in forces were determined solely on the basis of full floor model 
analyses.  After 80 min, the observations from the photographic and video evidence were also considered 
in determining these events to capture floor/wall disconnections and pull-in locations that were not 
evident in the full floor analyses.  Section 3.2.1 discusses the process used to incorporate the actual 
observations.   

As is discussed in Chapter 5, inward bowing of the exterior south wall of WTC 1 was actually observed at 
10:23 a.m., about 97 min after the aircraft impact (NIST NCSTAR 1-6), while inward bowing of the 
south wall was not observed in photos or videos at 9:55 a.m. (about 69 min after the aircraft impact).  The 
observed inward bowing extended from Floors 95 to 99 between Columns 308 to 326 (possibly to 340), 
and the maximum bowing estimated by NIST from photographs was about 55 in. at Floor 97.  Subsystem 
analyses of the full floors and the exterior walls suggested that this observed bowing of the south wall 
was caused by sagging of the floors.  As the floors sagged, they imposed tension force on the exterior 
wall, and the exterior wall was pulled in.  However, sagging of floors in such a wide range over five 
floors was not predicted by the full floor model analyses.  Possible reasons for floor sagging in areas not 
predicted by the full floor analyses include loss of insulation outside of the areas considered by NIST 
when formulating the temperature time histories, the additional structural softening caused by concrete 
cracking and spalling, and debris weight from different sources including the aircraft, accumulation of 
debris from the impact, and partial floor collapse, none of which were modeled in the full floor analyses.  
To match the observations, the south wall was assumed to be pulled in by the floors between Floor 95 and 
Floor 99 across the entire width of the wall except at locations of floor/wall disconnections, starting at 80 
min.  The magnitude of the pull-in force was determined, by trial and error, by matching the observed 
bowing magnitude as discussed in Section 3.2.1.  The pull-in forces were selected as 4 or 5 kip per 
column.  Results from the analysis with 5 kip pull-in forces are presented in Chapter 4. 
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Figure 2–28.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 1  
between 0 min and 10 min for Case B conditions. 

(a) North face (b) East face 

(c) South face (d) West face 
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Figure 2–29.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 1  
between 10 min and 20 min for Case B conditions. 
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Figure 2–30.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 1  
between 20 min and 30 min for Case B conditions. 
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Figure 2–31.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 1  
between 30 min and 40 min for Case B conditions. 
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Figure 2–32.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 1  
between 40 min and 50 min for Case B conditions. 
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Figure 2–33.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 1  
between 50 min and 60 min for Case B conditions. 
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Figure 2–34.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 1  
between 60 min and 70 min for Case B conditions. 
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Figure 2–35.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 1  
between 70 min and 80 min for Case B conditions. 
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Figure 2–36.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 1  
between 80 min and 90 min for Case B conditions. 
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Figure 2–37.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 1  
between 90 min and 100 min for Case B conditions. 
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WTC 2 

Figures 2–38 to 2–43 show the locations of floor/wall disconnections and pull-in forces imposed on the 
WTC 2 global model for Case D conditions.  Each figure covers a 10 min time interval, the first initiating 
at 0 min, when the initial impact occurred, and the last initiating at 50 min.   

In determining the locations of floor/wall disconnections from the full floor models, the results of Case Ci 
and Case Di temperature conditions were considered jointly for the uncertainties in truss seat 
temperatures.  This uncertainty is illustrated in Tables 2–2 and 2–3.  Table 2–2 compares the temperature 
predicted for the exterior truss seats at selected columns of the east wall at Floor 82 at times of 30 min, 40 
min, 50 min, and 60 min.  Table 2–3 shows demand-to-capacity ratios for vertical support of these same 
exterior seats.  Temperatures of the exterior seats at the east wall of Floor 82 rapidly dropped after 40 min 
in Case Di; whereas, in Case Ci they continued to increase with time.  Due to this difference, the truss 
seats that were very close to failure (such as the seat at Column 303) at 40 min of Case Di did not fail at 
50 min in the full floor analysis.  If high temperatures had continued for a few more minutes for Case Di, 
these seats would have failed.  The actual temperature time history may not have descended rapidly 
between 40 min and 50 min, as is deduced from the consideration of piecewise linear temperature time 
history in this study. 

The state of the floor/wall connections in the full floor analysis were reevaluated considering the effects 
of uncertainties in the seat capacities by comparing the demands to the seat capacities that were 
10 percent lower than the calcuated seat capacities.  As a result of this comparison, the seats adjacent to 
the already disconnected seats at Floors 82 and 83 were found to be progressively failing, and the extent 
of floor/wall disconnection was extended to nearly the entire width of the east wall.  These worst-case 
floor/wall disconnections were included in the floor/wall disconnections for Case D conditions in the 
global analysis. 

Table 2–2.  Temperatures of exterior seats at east wall of Floor 82 of WTC 2. 
Case Ci Temperatures (°C) Case Di Temperatures (°C) 

Column ID 30 min 40 min 50 min 60 min 30 min 40 min 50 min 60 min 
301 
303 
305 
307 
309 
311 
313 
315 
317 

763 
752 
750 
750 
727 
677 
636 
591 
574 

788 
774 
769 
769 
748 
698 
657 
605 
580 

811 
809 
807 
804 
787 
738 
700 
632 
615 

813 
808 
804 
799 
790 
758 
724 
662 
637 

818 
822 
823 
823 
822 
816 
809 
816 
815 

819 
820 
821 
821 
816 
804 
803 
794 
799 

507 
509 
513 
511 
485 
458 
487 
481 
494 

345 
348 
348 
342 
334 
328 
342 
347 
351 
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Table 2–3.  Demand-to-capacity ratios of exterior seats at east wall of Floor 82 of WTC 2 
predicted by the full floor model. 

Case Ci Temperatures (°C) Case Di Temperatures (°C) 
Column ID 30 min 40 min 50 min 60 min 30 min 40 min 50 min 60 min 

301 
303 
305 
307 
309 
311 
313 
315 
317 

0.35 
0.66 
0.39 
0.41 
0.35 
0.38 
0.23 
0.20 
0.10 

0.31 
0.81 
0.53 
0.51 
0.43 
0.46 
0.27 
0.24 
0.09 

failed 
failed 
failed 
failed 
failed 
failed 
failed 
failed 
0.96 

failed 
failed 
failed 
failed 
failed 
failed 
failed 
failed 
failed 

0.63 
0.92 
0.63 
0.59 
0.60 
0.87 
0.64 
0.49 
0.45 

0.54 
0.97 
0.70 
0.60 
0.60 
0.71 
0.48 
0.41 
0.50 

0.02 
0.18 
0.20 
0.15 
0.13 
0.09 
0.10 
0.08 
0.14 

0.08 
0.14 
0.19 
0.13 
0.13 
0.05 
0.09 
0.09 
0.13 

In addition to the reevaluation of the seat capacities, the location of floor/wall disconnections estimated 
from full floor analyses were compared and were updated based on the floor/wall disconnections 
observed in the photographs and videos.  Observed floor/wall disconnections were provided for the east 
wall at 9:03 a.m., 9:38 a.m., and 9:55 a.m. and for the north wall at 9:10 a.m., 9:14 a.m., and 9:58 a.m.  
All observed floor/wall disconnections were included in the global analysis for Case D conditions at 
appropriate points in time, whether predicted by the full floor analyses or not.   

As previosusly described above for the case of WTC  1, the photographic and video evidence was also 
reviewed by NIST to determine the extent of inward bowing of the east wall of WTC 2.  These 
displacement measurements were used to update the location and the magnitude of the pull-in forces 
applied to the global model.  The earliest observations of inward bowing for WTC 2 were made at 
9:21 a.m., 18 min after impact (NIST NCSTAR 1-6), when the east wall was observed to be bowing 
inward between Column 301 and Column 345 between Floor 78 and Floor 83.  At this time, NIST 
estimated the maximum inward deformation to be about 10 in. at Floors 80 and 81 between Column 322 
and Column 329.  To replicate this inward bowing, pull-in forces were applied at Floors 79, 80, 81, and 
82.  The full floor analyses correctly predicted the floors that were pulled in, but underestimated the 
location of the pull-in forces across the width of the east wall, relative to that required to replicate the 
observed bowing.  The locations of pull-in forces predicted by the full-floor analyses were concentrated 
toward the south side of the east wall and typically ranged between Columns 329 and 359 at Floor 82 and 
between Columns 357 and 359 at Floor 79.  The locations of pull-in forces estimated from the 
observation were used to augment those obtained from the full floor analyses.  Based on this augmented 
data, at 20 min after imact, pull-in forces were applied over the entire width of the east wall at Floors 79, 
80, 81, and 82 in the global analysis. 

The photographic and video evidence, obtained at 9:53 a.m., about 50 min after impact (NIST 
NCSTAR 1-6), show the east wall bowing inward from Column 301 to Column 353 between Floor 77 
and Floor 84.  At this instant, NIST estimated the maximum inward deformation to be about 15 in. to 
20 in. at Floor 81 between Column 320 and Column 330.  To replicate this observed bowing geometry, a 
combination of pull-in forces and floor/wall disconnections were applied between Floor 77 and Floor 84.  
Except for Floor 78, which was not analyzed using a full floor model, the full floor analyses correctly 
predicted the floor levels at which the exterior wall was observed to be pulled in, but underestimated the 
locations of pull-in forces.  The locations of the pull-in forces estimated from the full floor analyses were 
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concentrated toward the south side of the east wall and typically ranged between Column 333 and 
Column 359 at Floor 81 and between Column 355 and Column 359 at Floor 79.  Based on the full floor 
analyses and the reevaluated seat capacities, Floor 83 was disconnected from the east wall between 
Column 302 and Column 357, and Floor 82 was disconnected between Column 301 and Column 349.  
For this reason, no pull-in forces were applied at these column locations.  The locations of the pull-in 
forces estimated from the observations at 50 min were used to augment those estimated from the full floor 
analyses.  As a result of this addition, at 50 min after impact, pull-in forces were applied over the entire 
width of the east wall at Floors 78, 79, 80, and 81, and between Column 350 and Column 359 at Floor 82. 

As is discussed in Section 3.2.2, the magnitude of the pull-in force was estimated through a trial and error 
process by applying different levels of pull-in forces to the isolated wall models and by comparing the 
resulting inward bowing to that estimated from observations at 9:21 a.m. and 9:53 a.m.  From these 
comparative analyses, the magnitude of pull-in forces were determined to range from 1.0 to 2.0 kip on the 
south side of the east wall and 4.0 to 5.0 kip on the north side of the east wall.  It was necessary to apply 
larger pull-in forces on the north side than on the south side of the east wall because column temperatures 
on the north side were higher than the column temperatures on the south side of the east wall.  Higher 
temperatures resulted in more outward bowing of columns, and thus larger pull-in forces were required to 
overcome this outward bowing. 

 

 



 

 

C
hapter 2 

54 
N

IS
T N

C
S

TA
R

 1-6D
, W

TC
 Investigation

 

Figure 2–38.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 2  
between 0 min and 10 min for Case D conditions. 
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Figure 2–39.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 2  
between 10 min and 20 min for Case D conditions. 
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Figure 2–40.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 2  
between 20 min and 30 min for Case D conditions. 
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Figure 2–41.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 2  
between 30 min and 40 min for Case D conditions. 
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Figure 2–42.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 2  
between 40 min and 50 min for Case D conditions. 
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Figure 2–43.  Locations of floor/wall disconnections and pull-in forces for the global analysis of WTC 2  
between 50 min and 60 min for Case D conditions. 
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Figure 3–1.  Isolated exterior wall segments from WTC 1 and WTC 2 
(horizontal lines show spandrels and vertical lines show column). 

 

 
Figure 3–2.  Boundary conditions applied on the isolated exterior wall segment on the 

south wall of WTC 1. 

The applied boundary conditions for both isolated exterior wall models were identical and are shown for 
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springs.  In the out-of-plane direction (direction y) they were supported at floor levels.  At predetermined 
points in times, these supports were removed at locations where either calculations or observations 
showed floor/wall disconnections.   For the east wall of WTC 2, there were floor/wall disconnections or 
pull-in forces calculated by the full floor models along the edges of the model (Column 301 and 
Column 359).  In the analyses of the isolated wall model for Case C and Case D temperature conditions, 
the out-of-plane supports were removed at disconnections located on the edges of the model.  However, in 
the analysis of the pull-in forces needed to match the observed bowing (see Section 3.2.2), the 
disconnections on the edges of the model were not modeled, and all nodes along the vertical edges of the 
model were restrained.  

To represent the column loads after aircraft impact, a set of axial loads and moments were applied at the 
top of the isolated wall segments.  These axial loads and moments, taken from the preliminary global 
model analyses with Case A (for WTC 1) and Case C and Case D (for WTC 2) structural damage 
conditions, represented the axial load and moment in the columns at the floor right above the top of the 
isolated wall segments after aircraft impact.  For instance, for the WTC 2 exterior wall segment, the 
isolated wall terminates at Floor 90.  In order to represent the axial load coming from Floor 90 and above, 
the axial loads from the columns between Floor 90 and Floor 91 of the global model were extracted at the 
end of the aircraft impact analysis and were applied on the top of the isolated wall model of WTC 2.  In 
addition to the set of vertical loads applied at the top of the isolated walls, loads representing the dead and 
25 percent of the design live loads of the floors were applied at each column node at floor levels. 

The isolated exterior wall models were subjected to a set of loading conditions as summarized in 
Table 3–1 for WTC 1 and Table 3–2 for WTC 2.  After the gravity analysis, the isolated exterior wall 
models were subjected to temperature loads at 10 min increments.  The analyses were conducted with 
Case A and Case B temperature conditions for WTC 1 and Case C and Case D temperature conditions for 
WTC 2.  For each temperature analysis, the column and spandrel temperatures at time t were ramped to 
the column and spandrel temperatures at time = t + 10 min.  Before applying the temperatures, the out-of-
plane supports were removed at disconnected column to exterior wall connections at or prior to t + 
10 min.  Once the temperature analyses were completed (WTC 1 was analyzed to 100 min and WTC 2 to 
60 min), both isolated exterior wall models were pushed down by imposing additional displacements to 
determine additional axial-load-carrying capacity remaining in the exterior wall system.  For push-down 
analysis, the vertical displacements at the top of the isolated exterior wall models at the end of 
temperature analyses were extracted.  These displacements were applied on top of the isolated exterior 
wall models, and additional uniform displacement increments were imposed in a displacement-controlled 
analysis.  During push-down analysis, the temperature of the columns and spandrels were kept constant at 
the values specified at the end of the temperature analyses (WTC 1 column and spandrel temperatures 
were kept at 100 min temperatures and WTC 2 column and spandrel temperatures were kept at 60 min 
temperatures).  The results of isolated exterior wall model analyses are discussed in the following 
sections. 
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Table 3–1.  Analysis steps conducted on WTC 1 isolated exterior wall model. 
Analysis Step Description 

1 Gravity Apply gravity loads with aircraft impact 
2 Temperature 

at 10 min 
Remove the out-of-plane supports at floor to exterior wall connections disconnected at or prior 

to 10 min.  Apply column and spandrel temperatures at 10 min. 
3 Temperature 

at 20 min 
Remove the out-of-plane supports at floor to exterior wall connections disconnected at or prior 

to 20 min.  Apply column and spandrel temperatures at 20 min. 
4 Temperature 

at 30 min 
Remove the out-of-plane supports at floor to exterior wall connections disconnected at or prior 

to 30 min.  Apply column and spandrel temperatures at 30 min. 
5 Temperature 

at 40 min 
Remove the out-of-plane supports at floor to exterior wall connections disconnected at or prior 

to 40 min.  Apply column and spandrel temperatures at 40 min. 
6 Temperature 

at 50 min 
Remove the out-of-plane supports at floor to exterior wall connections disconnected at or prior 

to 50 min.  Apply column and spandrel temperatures at 50 min. 
7 Temperature 

at 60 min 
Remove the out-of-plane supports at floor to exterior wall connections disconnected at or prior 

to 60 min.  Apply column and spandrel temperatures at 60 min. 
8 Temperature 

at 70 min 
Remove the out-of-plane supports at floor to exterior wall connections disconnected at or prior 

to 70 min.  Apply column and spandrel temperatures at 70 min. 
9 Temperature 

at 80 min 
Remove the out-of-plane supports at floor to exterior wall connections disconnected at or prior 

to 80 min.  Apply column and spandrel temperatures at 80 min. 
10 Temperature 

at 90 min 
Remove the out-of-plane supports at floor to exterior wall connections disconnected at or prior 

to 90 min.  Apply column and spandrel temperatures at 90 min. 
11 Temperature 

at 100 min 
Remove the out-of-plane supports at floor to exterior wall connections disconnected at or prior 

to 100 min.  Apply column and spandrel temperatures at 100 min. 
12 Push Down Extract the vertical displacements at the top of the isolated wall model and impose these 

displacements and additional uniform displacement increments with column and spandrel 
temperatures kept at 100 min. 

 

Table 3–2.  Analysis steps conducted on WTC 2 isolated exterior wall model. 
Analysis Step Description 

1 Gravity Apply gravity loads right after aircraft impact 
2 Temperature 

at 10 min 
Remove the out-of-plane supports at floor to exterior wall connections that were disconnected 

at or prior to 10 min.  Apply column and spandrel temperatures at 10 min. 
3 Temperature 

at 20 min 
Remove the out-of-plane supports at floor to exterior wall connections that were disconnected 

at 20 min.  Apply column and spandrel temperatures at 20 min. 
4 Temperature 

at 30 min 
Remove the out-of-plane supports at floor to exterior wall connections that were disconnected 

at 30 min.  Apply column and spandrel temperatures at 30 min. 
5 Temperature 

at 40 min 
Remove the out-of-plane supports at floor to exterior wall connections that were disconnected 

at 40 min.  Apply column and spandrel temperatures at 40 min. 
6 Temperature 

at 50 min 
Remove the out-of-plane supports at floor to exterior wall connections that were disconnected 

at 50 min.  Apply column and spandrel temperatures at 50 min. 
7 Temperature 

at 60 min 
Remove the out-of-plane supports at floor to exterior wall connections that were disconnected 

at 60 min.  Apply column and spandrel temperatures at 60 min. 
8 Push Down Extract the vertical displacements at the top of the isolated wall model and impose these 

displacements and additional uniform displacement increments with column and spandrel 
temperatures kept at 60 min. 
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3.2.1 Finite Element Analysis of WTC 1 Exterior Wall 

Case A Temperature Condition 

As calculated in the full-floor model analyses for Case Ai condition, described in Appendix A, the floors 
were assumed to remain connected to the south wall of WTC 1 throughout the temperature history for 
Case A condition. 

Figures 3–3 to 3–12 show the temperature distributions of Case A condition in columns of the WTC 1 
south wall from 10 min to 100 min.  A linear temperature gradient in the direction normal to the exterior 
wall was assumed to exist in the cross section of beam elements for exterior columns.  As Figs. 3–3 to  
3–12 show, temperatures on the south wall were not very high; the peak temperature was only 455°C for 
Case A temperature condition.  The temperature distributions of Case A condition in spandrels are shown 
in Figs. 3–13 to 3–22.  Temperatures were assumed to be uniform over the entire cross section of beam 
elements for spandrels. 

Figure 3–23 shows vertical displacements, out-of-plane displacements, and axial loads in columns of the 
WTC 1 south wall after the impact.  In contour plots created by ANSYS, “MN” and “MX” indicate the 
locations of the minimum and maximum values, respectively.  Columns from Column 329 to Column 331 
between Floor 93 and Floor 97 were severed by the aircraft impact, and the maximum displacement 
occurred at Column 330 at Floor 106.  Column 328 and Column 332 between Floor 93 and Floor 97 on 
both sides of the aircraft impact damage area were heavily loaded, and the maximum axial load was 377 
kip at Column 332. 

Figures 3–24 to 3–26 show vertical displacements, out-of-plane displacements, and axial loads in the 
columns of the WTC 1 south wall for Case A temperature condition, respectively.  At 100 min, the 
maximum vertical displacement was nearly the same as the vertical displacement of 2.6 in. after the 
impact.  The out-of-plane displacement was insignificant during thermal loading.  The maximum out-of-
plane displacement was 0.35 in. outward, occurring at Column 332 between Floor 96 and Floor 97.  
During thermal loading, the axial load in Column 332 between Floor 96 and Floor 97 increased from 377 
kip to 756 kip.   

Figure 3–27 shows plastic strains in columns at 100 min.  The maximum plastic strain of 4 percent 
occurred in Column 332 between Floor 96 and Floor 97. 

As described in Appendix C for the preliminary global model without creep and in Chapter 4 for the final 
global model with creep, gravity loads on the south wall varied under thermal loads as the loads were 
redistributed within the tower through the hat truss and the spandrels.  Figure 3–28 compares the axial 
loads in columns derived from the preliminary global model without creep and with Case Ai structural 
damage condition to those of the isolated model wall model with Case A structural damage and 
temperature conditions.  The preliminary global model without creep was the only available source for 
this comparison at that time.  The differences in the axial loads were applied to the columns at Floor 99 as 
corrective loads.  Figure 3–29 shows the response of the south wall after applying these corrective loads.  
The WTC 1 south wall remained stable after the application of these corrective loads. 

To determine the additional load-carrying capacity of the south wall at the end of the temperature analysis 
at 100 min, the top of the isolated exterior wall model was pushed down by converting the model from a 



Chapter 3 

66 NIST NCSTAR 1-6D, WTC Investigation 

force-control analysis to a displacement-control analysis and by imposing additional vertical displacement 
increments on top of the isolated model.  The analysis was terminated at an additional vertical 
displacement of 13.2 in.  This model reached a peak total vertical load at an additional vertical 
displacement of 11.3 in.  Figure 3–30 shows the relationship between the total additional vertical load and 
the additional vertical displacement.  Figure 3–31 shows additional vertical load per column at different 
additional vertical displacements of 2 in., 4 in., 6 in., 8 in., and 10 in.  Figure 3–32 shows the response of 
the WTC 1 south wall at the additional displacement of 13.2 in.  When an additional 2 in. of vertical 
displacement was imposed, the variation among the additional vertical loads on columns was within 
50 kip for the average additional vertical load of about 160 kip.  However, at an additional displacement 
of 10 in., the variation became large, indicating some columns were softer than others; the softer columns 
had reached their load-carrying capacities and were in the post-buckling regime.  The WTC 1 south wall 
model carried an additional vertical load of 33,000 kip (560 kip per column on the average).  Therefore, 
the south wall possessed significant reserve capacity after the application of Case A temperature 
condition. 

 
Figure 3–3.  Case A temperature condition of south wall columns of WTC 1 at 10 min. 

 
Figure 3–4.  Case A temperature condition of south wall columns of WTC 1 at 20 min. 
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Figure 3–5.  Case A temperature condition of south wall columns of WTC 1 at 30 min. 

 
Figure 3–6. Case A temperature condition of south wall columns of WTC 1 at 40 min. 

 
Figure 3–7. Case A temperature condition of south wall columns of WTC 1 at 50 min. 
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Figure 3–8. Case A temperature condition of south wall columns of WTC 1 at 60 min. 

 
Figure 3–9. Case A temperature condition of south wall columns of WTC 1 at 70 min. 

 
Figure 3–10. Case A temperature condition of south wall columns of WTC 1 at 80 min. 
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Figure 3–11. Case A temperature condition of south wall columns of WTC 1 at 90 min. 

 
Figure 3–12.  Case A temperature condition of south wall columns of WTC 1 at 100 min. 

 

 
Figure 3–13.  Case A temperature condition of south wall spandrels of WTC 1 at 10 min. 
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Figure 3–14.  Case A temperature condition of south wall spandrels of WTC 1 at 20 min. 

 
Figure 3–15.  Case A temperature condition of south wall spandrels of WTC 1 at 30 min. 

 

 
Figure 3–16.  Case A temperature condition of south wall spandrels of WTC 1 at 40 min. 
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Figure 3–17.  Case A temperature condition of south wall spandrels of WTC 1 at 50 min. 

 
Figure 3–18.  Case A temperature condition of south wall spandrels of WTC 1 at 60 min. 

 

 
Figure 3–19.  Case A temperature condition of south wall spandrels of WTC 1 at 70 min. 
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Figure 3–20.  Case A temperature condition of south wall spandrels of WTC 1 at 80 min. 

 

Figure 3–21.  Case A temperature condition of south wall spandrels of WTC 1 at 90 min. 

 

 

Figure 3–22.  Case A temperature condition of south wall spandrels of WTC 1 at 100 min. 
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Figure 3–24.  Vertical displacements of isolated south wall model of WTC 1 for Case A 

temperature condition (downward displacement is negative). 

1

MN

MX

XY
Z

WTC1 Isolated South Wall - Best Estimate Temperature at 1200 sec                

-2.7
-2.4

-2.1
-1.8

-1.5
-1.2

-.9
-.6

-.3
0

DEC 27 2004
15:51:37

NODAL SOLUTION

STEP=4
SUB =17
TIME=1200
UZ       (AVG)
RSYS=0
DMX =2.488
SMN =-2.488

1

MN

MX

XY
Z

WTC1 Isolated South Wall - Best Estimate Temperature at 2400 sec                

-2.7
-2.4

-2.1
-1.8

-1.5
-1.2

-.9
-.6

-.3
0

DEC 27 2004
15:54:58

NODAL SOLUTION

STEP=8
SUB =19
TIME=2400
UZ       (AVG)
RSYS=0
DMX =2.328
SMN =-2.327

1

MN

MX

XY
Z

WTC1 Isolated South Wall - Best Estimate Temperature at 3600 sec                

-2.7
-2.4

-2.1
-1.8

-1.5
-1.2

-.9
-.6

-.3
0

DEC 27 2004
15:58:27

NODAL SOLUTION

STEP=12
SUB =21
TIME=3600
UZ       (AVG)
RSYS=0
DMX =2.126
SMN =-2.119

1

MN

MX

XY
Z

WTC1 Isolated South Wall - Best Estimate Temperature at 4800 sec                

-2.7
-2.4

-2.1
-1.8

-1.5
-1.2

-.9
-.6

-.3
0

DEC 27 2004
16:02:05

NODAL SOLUTION

STEP=16
SUB =45
TIME=4800
UZ       (AVG)
RSYS=0
DMX =2.049
SMN =-2.049

1

MN

MX

XY
Z

WTC1 Isolated South Wall - Best Estimate Temperature at 6000 sec                

-2.7
-2.4

-2.1
-1.8

-1.5
-1.2

-.9
-.6

-.3
0

DEC 27 2004
16:05:46

NODAL SOLUTION

STEP=20
SUB =25
TIME=6000
UZ       (AVG)
RSYS=0
DMX =2.032
SMN =-2.032

(a) At 20 min (b) At 40 min 

(c) At 60 min (d) At 80 min 

(e) At 100 min 

FL91
FL93
FL95
FL97
FL99

FL91
FL93
FL95
FL97
FL99

FL91
FL93
FL95
FL97
FL99

FL91
FL93
FL95
FL97
FL99

FL91
FL93
FL95
FL97
FL99

COL359 COL359 

COL359 COL359 

COL359 

(in.) (in.)

(in.) (in.)

(in.)



Isolated Wall and Core Model Analyses 

NIST NCSTAR 1-6D, WTC Investigation 75 

 
Figure 3–25.  Out-of-plane displacements of isolated south wall model of WTC 1 for Case 

A temperature condition (inward displacement is positive). 
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Figure 3–26.  Axial load in columns of isolated south wall model of WTC 1 for Case A 

temperature condition (compression is negative). 
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Figure 3–27.  Plastic strain in columns of isolated south wall model of WTC 1 for Case A 

temperature condition at 100 min (compressive strain is negative). 
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Figure 3–28.  Axial load in columns of south wall of WTC 1 at 100 min: isolated wall 

model for Case A temperature condition compared to global model without creep for 
Case Ai conditions (compression is positive). 
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Figure 3–29.  Responses of isolated south wall model of WTC 1 after corrective loads 

from the global model were applied (Case A temperature condition at 100 min). 
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Figure 3–30.  Total additional vertical load versus additional vertical displacement during 

push-down analysis of isolated south wall model of WTC 1 for Case A temperature 
condition (compression is positive). 
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Figure 3–31.  Additional vertical load per column at different additional vertical 

displacements during push-down analysis of isolated south wall model of WTC 1 for 
Case A temperature condition (compression is positive). 
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Figure 3–32.  Response of isolated south wall model of WTC 1 to Case A temperature 

condition and push down at the end of the push-down analysis. 
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Figures 3–54 to 3–56 show the vertical displacements, the out-of-plane displacements, and the axial 
loads, respectively, in the south wall columns of WTC 1 for Case B temperature condition.  Throughout 
the temperature time history the maximum vertical displacement changed negligibly, starting at 2.64 in. 
immediately after impact and ending at 2.60 in. at 100 min.  The maximum inward out-of-plane 
displacement was 0.66 in. at Column 336 at Floor 98 at 100 min, while the maximum outward out-of-
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Figure 3–35.  Case B temperature condition of south wall columns of WTC 1 at 20 min. 

 
Figure 3–36.  Case B temperature condition of south wall columns of WTC 1 at 30 min. 

 
Figure 3–37.  Case B temperature condition of south wall columns of WTC 1 at 40 min. 
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Figure 3–38.  Case B temperature condition of south wall columns of WTC 1 at 50 min. 

 
Figure 3–39.  Case B temperature condition of south wall columns of WTC 1 at 60 min. 

 
Figure 3–40.  Case B temperature condition of south wall columns of WTC 1 at 70 min. 
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Figure 3–41.  Case B temperature condition of south wall columns of WTC 1 at 80 min. 

 
Figure 3–42.  Case B temperature condition of south wall columns of WTC 1 at 90 min. 

 
Figure 3–43.  Case B temperature condition of south wall columns of WTC 1 at 100 min. 

1

X Y

Z

 WTC1 South Wall Model (FL93-FL99) - Upper Bound Temperature at 6000 sec        

0
100

200
300

400
500

600
700

800
850

APR 29 2005
16:06:53

ELEMENTS

TEMPERATURES
TMIN=0
TMAX=801.048

1

XY

Z

 WTC1 South Wall Model (FL93-FL99) - Upper Bound Temperature at 6000 sec        

0
100

200
300

400
500

600
700

800
850

APR 29 2005
16:06:48

ELEMENTS

TEMPERATURES
TMIN=0
TMAX=801.048

(a) Outside (b) Inside 

COL301COL359 

93
94
95
96
97
98
99

Floors
93
94
95
96
97
98
99

Floors

COL359COL301

˚C ˚C 

1

X Y

Z

 WTC1 South Wall Model (FL93-FL99) - Upper Bound Temperature at 5400 sec        

0
100

200
300

400
500

600
700

800
850

APR 29 2005
16:06:27

ELEMENTS

TEMPERATURES
TMIN=0
TMAX=782.431

1

XY

Z

 WTC1 South Wall Model (FL93-FL99) - Upper Bound Temperature at 5400 sec        

0
100

200
300

400
500

600
700

800
850

APR 29 2005
16:06:23

ELEMENTS

TEMPERATURES
TMIN=0
TMAX=782.431

(a) Outside (b) Inside 

COL301COL359 

93
94
95
96
97
98
99

Floors
93
94
95
96
97
98
99

Floors

COL359COL301

˚C ˚C 

1

X Y

Z

 WTC1 South Wall Model (FL93-FL99) - Upper Bound Temperature at 4800 sec        

0
100

200
300

400
500

600
700

800
850

APR 29 2005
16:06:04

ELEMENTS

TEMPERATURES
TMIN=0
TMAX=671.611

1

XY

Z

 WTC1 South Wall Model (FL93-FL99) - Upper Bound Temperature at 4800 sec        

0
100

200
300

400
500

600
700

800
850

APR 29 2005
16:05:59

ELEMENTS

TEMPERATURES
TMIN=0
TMAX=671.611

(a) Outside (b) Inside 

COL301COL359 

93
94
95
96
97
98
99

Floors
93
94
95
96
97
98
99

Floors

COL359COL301

˚C ˚C 



Chapter 3 

86 NIST NCSTAR 1-6D, WTC Investigation 

 
Figure 3–44.  Case B temperature condition of south wall spandrels of WTC 1 at 10 min. 

 

 
Figure 3–45.  Case B temperature condition of south wall spandrels of WTC 1 at 20 min. 

 

 
Figure 3–46.  Case B temperature condition of south wall spandrels of WTC 1 at 30 min. 
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Figure 3–47.  Case B temperature condition of south wall spandrels of WTC 1 at 40 min. 

 

 
Figure 3–48.  Case B temperature condition of south wall spandrels of WTC 1 at 50 min. 

 

 
Figure 3–49.  Case B temperature condition of south wall spandrels of WTC 1 at 60 min. 
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Figure 3–50.  Case B temperature condition of south wall spandrels of WTC 1 at 70 min. 

 

 
Figure 3–51.  Case B temperature condition of south wall spandrels of WTC 1 at 80 min. 

 

 
Figure 3–52.  Case B temperature condition of south wall spandrels of WTC 1 at 90 min. 
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Figure 3–53.  Case B temperature condition of south wall spandrels of WTC 1 at 100 min. 
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Figure 3–54.  Vertical displacement of isolated south wall model of WTC 1 for Case B 

temperature condition (downward displacement is negative). 
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Figure 3–55.  Out-of-plane displacement of isolated south wall model of WTC 1 for Case 

B temperature condition (inward displacement is positive). 
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Figure 3–56.  Axial load in columns of isolated south wall model of WTC 1 for Case B 

temperature condition (compression is negative). 

1

MN

MX

XY
Z

WTC1 Isolated South Wall - Upper Bound Temperature at 6000 sec                  

-630000
-540000

-450000
-360000

-270000
-180000

-90000
0

90000
180000

DEC 29 2004
15:16:48

ELEMENT SOLUTION

STEP=20
SUB =540
TIME=6000
SMIS1
TOP
DMX =2.904
SMN =-628195
SMX =-32260

1

MN

MX

XY
Z

WTC1 Isolated South Wall - Upper Bound Temperature at 4800 sec                  

-630000
-540000

-450000
-360000

-270000
-180000

-90000
0

90000
180000

DEC 29 2004
15:12:54

ELEMENT SOLUTION

STEP=16
SUB =37
TIME=4800
SMIS1
TOP
DMX =2.315
SMN =-588385
SMX =70301

1

MN MX

XY
Z

WTC1 Isolated South Wall - Upper Bound Temperature at 3600 sec                  

-630000
-540000

-450000
-360000

-270000
-180000

-90000
0

90000
180000

DEC 29 2004
15:09:02

ELEMENT SOLUTION

STEP=12
SUB =114
TIME=3600
SMIS1
TOP
DMX =2.226
SMN =-479151
SMX =129250

1

MNMX

XY
Z

WTC1 Isolated South Wall - Upper Bound Temperature at 2400 sec                  

-630000
-540000

-450000
-360000

-270000
-180000

-90000
0

90000
180000

DEC 29 2004
15:05:39

ELEMENT SOLUTION

STEP=8
SUB =60
TIME=2400
SMIS1
TOP
DMX =2.231
SMN =-465284
SMX =56700

1

MN

MX

XY
Z

WTC1 Isolated South Wall - Upper Bound Temperature at 1200 sec                  

-630000
-540000

-450000
-360000

-270000
-180000

-90000
0

90000
180000

DEC 29 2004
15:01:58

ELEMENT SOLUTION

STEP=4
SUB =63
TIME=1200
SMIS1
TOP
DMX =2.421
SMN =-384626
SMX =-32529

(a) At 20 min (b) At 40 min 

(c) At 60 min (d) At 80 min 

(e) At 100 min 

FL91
FL93
FL95
FL97
FL99

FL91
FL93
FL95
FL97
FL99

FL91
FL93
FL95
FL97
FL99

FL91
FL93
FL95
FL97
FL99

FL91
FL93
FL95
FL97
FL99

COL359 COL359 

COL359 COL359 

COL359 

COL359 

(lb) (lb)

(lb) (lb)

(lb)



Isolated Wall and Core Model Analyses 

NIST NCSTAR 1-6D, WTC Investigation 93 

 
Figure 3–57.  Plastic strain in columns of isolated south wall model of WTC 1 for Case B 

temperature condition at 100 min (compressive strain is negative). 
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Figure 3–58.  Axial load in columns of south wall of WTC 1 at 100 min: isolated wall 

model for Case B temperature condition compared to global model without creep for 
Case Ai conditions (compression is positive). 
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Figure 3–59.  Response of isolated south wall model of WTC 1 after corrective loads from 
the global model were applied (Case B temperature condition at 100 min). 
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Figure 3–62.  Response of isolated south wall model of WTC 1 to Case B temperature 

condition and push-down. 

Pull-in Forces to Cause Observed Bowing 

As discussed in Chapter 5, inward bowing of the exterior wall on the south face of WTC 1 can be seen in 
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south wall is evident at 9:55 am (about 68 min after the aircraft impact).  The inward bowing at 97 min 
extended from Floors 95 to 99 between Columns 308 to 326 (possibly to 340); NIST estimated the 
maximum bowing to be 55 in. at Floor 97.   

The isolated south wall model of WTC 1 did not bow inward under Case A temperature condition, and it 
bowed slightly over a very limited area under Case B temperature condition.  The isolated wall model 
results did not capture the actual bowing. 
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The most plausible explanation for the discrepancy between the observed and modeled bowing of the 
exterior walls is that the pull-in forces were not captured in the full floor models, and floors sagged to a 
greater extent than these models predicted.  Following are reasons the floor models likely underestimated 
sagging and did not accurately calculate pull-in forces. 

• The exterior wall boundary conditions used in the floor models were realistic only if a single 
floor was heated.  The floor trusses were supported on exterior columns that extended one 
story above and one story below the floor modeled. The far ends of the columns were 
restrained against translation in the direction normal to the exterior wall and rotation about 
the axis parallel to the exterior wall. This boundary condition was much stiffer in translation 
normal to the exterior wall than actually occurred for sequential floors heating 
simultaneously. 

• The floor models did not include creep behavior in the steel or cracking of the concrete 
floors. 

• The floor models did not include strap anchors or studs. 

• More thermal insulation may have been dislodged from the trusses than estimated from the 
impact analysis.  The impact analysis did not account for the effect of impact or vibrations on 
dislodging insulation. 

• The floor models assumed a uniform live load.  Debris accumulated in large piles was 
observed in some floor areas. 

To model the effect of pull-in forces on inward bowing of the columns, trial values of pull-in forces were 
applied to the exterior columns of the south wall over five floors from Floor 95 to Floor 99 where bowing 
was observed. 

The magnitudes of the pull-in forces were determined by trial and error, matching the observed inward 
bowing of exterior walls for Case B temperature condition.  The Case B temperature condition was used 
because temperatures of the south office area floors and south wall columns were much higher than those 
of the Case A temperature condition, and because the full floor models with the Case Bi temperature 
condition showed much larger floor sagging in the south office area than did the floor models with the 
Case Ai temperature condition. 

The floor models for Case B temperature condition showed that floors began to disconnect from the south 
wall about 80 min after impact.  In the temperature time histories of the Case B condition, temperatures of 
the south wall and south office area had begun to rise again after 80 min, having been relatively constant 
for some time.  Consequently, pull-in forces were applied to the exterior wall model starting at 80 min 
and, the temperature time history was analyzed with these pull-in forces to 100 min.  Figure 3–63 shows 
locations of floor/wall disconnections and pull-in forces for this analysis. 

Figures 3–64, 3–65, and 3–66 show the results of the analysis performed with a 6 kip pull-in force per 
column.  After applying 6 kip pull-in forces at 80 min, the maximum inward bowing increased to 12.2 in. 
as shown in Fig. 3–64.  At 90 min, the maximum inward bowing became 19.0 in., and at 100 min, it 
reached 31.3 in., as shown in Figs. 3–65 and 3–66.  The thermal loading from 80 min to 100 min 
increased the inward bowing significantly where there was inward bowing initially.  Figure 3–67 shows 
the axial loads in columns between Floors 98 and 99 at 80 min, 90 min, and 100 min.  At 100 min, 
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Columns 320 to 346 were in the post-buckling regime and were unloading.  The maximum bowing of 
31.3 in. was smaller than the observed maximum bowing of 55 in..  The wall remained stable at 100 min. 

In the global model, the exterior wall boundary conditions were different from the isolated wall model: 
generally the stiffness against inward bowing in the global models was softer.  In addition, the exterior 
walls were expected to carry additional gravity loads redistributed from the core due to downward 
displacement of the core resulting from creep and inelastic buckling.  Consequently, it is likely that the 
inward bowing of the global model would be significantly larger than 31 in. with the same 6 kip pull-in 
forces.  Therefore, 4 or 5 kip pull-in forces were selected for the WTC 1 global analysis. 

 
Figure 3–63.  Locations of floor/wall disconnections and pull-in forces used between 

80 min and 100 min of Case B temperature for south wall of WTC 1. 
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Figure 3–64.  Response of isolated south wall model of WTC 1 at 80 min of Case B 

temperature condition with floor/wall disconnections and 6 kip pull-in forces over five 
floors. 

1

MN MX

XY
Z

WTC1 Isolated South Wall - Upper Bound Temp at 4800 sec (NIST w/ 6kip)          

-.005428
-.004421

-.003415
-.002408

-.001402
-.395E-03

.611E-03
.001618

.002625
.003631

MAR  4 2005
16:55:32

ELEMENT SOLUTION

STEP=17
SUB =5
TIME=4800
EPPLX    (NOAVG)
RSYS=0
DMX =12.321
SMN =-.005428
SMX =.003631

1

MN

MX

XY
Z

WTC1 Isolated South Wall - Upper Bound Temp at 4800 sec (NIST w/ 6kip)          

-577072
-509085

-441097
-373110

-305123
-237135

-169148
-101160

-33173
34814

MAR  4 2005
16:54:21

ELEMENT SOLUTION

STEP=17
SUB =5
TIME=4800
SMIS1
TOP
DMX =12.307
SMN =-577072
SMX =34814

1

MN

MX

XY
Z

WTC1 Isolated South Wall - Upper Bound Temp at 4800 sec (NIST w/ 6kip)          

-.353471
1.041

2.435
3.829

5.223
6.617

8.012
9.406

10.8
12.194

MAR  4 2005
16:54:19

NODAL SOLUTION

STEP=17
SUB =5
TIME=4800
UY       (AVG)
RSYS=0
DMX =12.31
SMN =-.353471
SMX =12.194

1

MN

MX

XY
Z

WTC1 Isolated South Wall - Upper Bound Temp at 4800 sec (NIST w/ 6kip)          

-2.583
-2.296

-2.009
-1.722

-1.435
-1.148

-.860939
-.573959

-.28698
0

MAR  4 2005
16:54:18

NODAL SOLUTION

STEP=17
SUB =5
TIME=4800
UZ       (AVG)
RSYS=0
DMX =12.31
SMN =-2.583

(a) Vertical displacement (downward displacement 
is negative, 10X displacement magnification) 

(b) Out-of-plane displacement (inward displacement 
is positive, 10X displacement magnification) 

FL91
FL93
FL95
FL97
FL99

FL91
FL93
FL95
FL97
FL99

COL359 COL359 

FL91
FL93
FL95
FL97
FL99

COL359 

(c) Axial force in columns (compressive is 
negative, 10X displacement magnification) 

(d) Plastic strain in columns (compressive strain 
is negative, 10X displacement magnification) 

FL91
FL93
FL95
FL97
FL99

COL359 

1

MN
MX

XY
Z

WTC1 Isolated South Wall - Upper Bound Temp at 4800 sec (NIST w/ 6kip)          

-.029593
-.026305

-.023017
-.019728

-.01644
-.013152

-.009864
-.006576

-.003287
.736E-06

MAR  4 2005
16:55:54

ELEMENT SOLUTION

STEP=17
SUB =5
TIME=4800
EPCRX    (NOAVG)
RSYS=0
DMX =12.321
SMN =-.029593
SMX =.736E-06

(e) Creep strain in columns (compressive strain is negative, 10X displacement magnification)

FL91
FL93
FL95
FL97
FL99

COL359 

(in.) (in.)

(lb) (in./in.)

(in./in.)



Chapter 3 

100 NIST NCSTAR 1-6D, WTC Investigation 

 
Figure 3–65.  Response of isolated south wall model of WTC 1 at 90 min of Case B 

temperature condition with floor/wall disconnections and 6 kip pull-in forces over five 
floors. 
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Figure 3–66.  Response of isolated south wall model of WTC 1 at 100 min of Case B 

temperature condition with floor/wall disconnections and 6 kip pull-in forces over five 
floors. 
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Figure 3–67.  Axial load in columns between Floors 98 and 99 of isolated south wall 

model of WTC 1 at 80 min, 90 min, and 100 min of Case B temperature condition with 
floor/wall disconnections and 6 kip pull-in forces over five floors (compression is 

positive). 

3.2.2 FEA of WTC 2 Exterior Wall 

Case C Temperature Condition 

Figures 3–68 and 3–69 show Case C temperature distributions in the columns of the isolated east exterior 
wall of WTC 2.  The highest temperature, 850°C, occurred at 60 min in Column 303 between Floor 81 
and Floor 82 for Case C temperature condition.  Column temperatures were higher on the inside face of 
the exterior wall.  Figure 3–70 shows the locations of the out-of-plane supports for Case C conditions at 
60 min. 

The vertical and the out-of-plane displacements at the end of the gravity load step after aircraft impact 
and at the end of each temperature step are shown in Figs. 3–71, 3–72, 3–73, and 3–74.  The maximum 
vertical displacement of 3.6 in. occurred at Column 301 at Floor 90 at 60 min.  The maximum out-of-
plane deflection of 4.0 in. occurred at Column 302 at Floor 82 at 60 min (out-of-plane displacement is 
positive outward).  The south side of the isolated east exterior wall displaced vertically after aircraft 
impact more than other parts of the east wall, as the impact damage was concentrated mostly on the 
southeast corner of the WTC 2.  The maximum vertical displacement shifted to the north during the 
heating period.  As time approached 60 min after the aircraft impact, the columns on the north side 
buckled, and the out-of-plane displacement increased.  

The axial load distributions of the columns at the end of the gravity load step and each 10 min time 
interval are shown in Figs. 3–75 and 3–76.  The maximum axial load occurred at Column 332 between 
Floor 83 and Floor 84 at 50 min.  The axial load in this column increased from 330 kip after the aircraft 
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impact to 750 kip at 50 min.  The axial load on the buckled columns on the north side of the isolated wall 
remained approximately constant throughout the temperature time history. 

To consider the effect of load redistribution within the tower, the same corrective technique described 
earlier in this chapter for WTC 1 was used.  The axial loads in columns between Floor 83 and Floor 84 in 
the isolated east wall model were compared with those obtained from the preliminary global model 
analysis without creep and with Case Ci temperature and impact damage conditions (Appendix C).  
Column loads obtained from the preliminary global model and isolated exterior wall model at 60 min are 
shown in Fig. 3–77.  The difference between the two column loads was applied to the columns of the 
isolated wall model at Floor 84 as corrective loads.  The resulting vertical and out-of-plane displacements 
are shown in Fig. 3–78.  The additional column loads increased the maximum vertical displacement by 
only 0.1 in., and the maximum out-of-plane displacement by less than 0.1 in.   

Also as described earlier for the WTC 1 isolated wall model, a push-down analysis of the WTC 2 isolated 
exterior wall model was performed.  At an additional 5.6 in. of vertical displacement the model failed to 
converge, and the analysis was terminated.  The vertical and out-of-plane displacements at the end of 
5.6 in. of push down are shown in Fig. 3–79.  At the end of push down, the maximum total vertical 
displacement increased to 9.4 in., and the maximum out-of-plane displacement increased to 17.2 in.  
Axial column loads are shown in Fig. 3–80.  This figure also shows the location of the columns for which 
the load-deflection relationships are shown in Fig. 3–81.  As can be seen from Fig. 3–81, the buckled 
columns on the north side of the isolated east exterior wall carried, on average, an additional 300 kip at 60 
min temperatures, compared to 470 kip for the average of the entire east wall columns.  The additional 
axial loads on individual columns at different additional vertical displacements are shown in Fig. 3–82. 
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Figure 3–68.  Column temperatures on the east wall of WTC 2 for Case C temperature 

condition at 10 min, 20 min, and 30 min. 
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(e) Outside at 30 min (f) Inside at 30 min 
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Figure 3–69.  Column temperatures on the east wall of WTC 2 for Case C temperature 

condition at 40 min, 50 min, and 60 min. 
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Figure 3–70.  Location of the out-of-plane supports and floor/wall disconnections 

between exterior wall and the floor (WTC 2 east wall for Case C conditions at 60 min). 
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Figure 3–71.  Vertical displacement of isolated east wall model of WTC 2 for Case C 

temperature distribution (downward displacement is negative; displacements scaled ten 
times). 
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Figure 3–72.  Vertical displacement of isolated east wall model of WTC 2 for Case C 

temperature distribution at 60 min (downward displacement is negative; displacements 
scaled ten times). 
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Figure 3–73.  Out-of-plane displacement of isolated east wall model of WTC 2 for Case C 

temperature condition (inward displacement is positive; displacements scaled ten times). 
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Figure 3–74.  Out-of-plane displacement of isolated east wall model of WTC 2 for Case C 

temperature distribution at 60 min (inward displacement is positive; displacements 
scaled ten times). 
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Figure 3–75.  Axial load on columns of isolated east wall model of WTC 2 under Case C 

temperature condition (compression is negative). 
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Figure 3–76.  Axial load on columns of isolated east wall model of WTC 2 for Case C 

temperatures distribution at 60 min (compression is negative). 
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Figure 3–77.  Comparison of axial load in columns at Floor 83 of isolated east wall model 

of WTC 2 at 60 min for Case C temperature conditions and the global model without 
creep for Case Ci conditions (compression is positive). 

 

 
Figure 3–78.  Vertical and out-of-plane displacements of isolated east wall model of 

WTC 2 after column forces were corrected to those of global modal without creep for 
Case Ci conditions (displacements scaled ten times). 
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Figure 3–79.  Vertical and out-of-plane displacements of isolated east wall model of 
WTC 2 after Case C temperature condition and push down analysis (displacements 

scaled five times). 

 

 
Figure 3–80.  Axial load on east wall columns of isolated east wall model of WTC 2 after 

Case C temperature condition and push-down (compression is negative). 
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Figure 3–81.  Additional vertical load versus additional vertical displacement during 
push–down analysis of isolated east wall model of WTC 2 for Case C temperature 

condition (compression is positive; see Fig. 3–80 for column locations). 

 
Figure 3–82.  Variation of additional vertical load applied to columns of isolated east wall 

model of WTC 2 at different levels of additional vertical displacements imposed after 
Case C temperature condition (compression is positive). 
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Case D Temperature Condition 

Figures 3–83 and 3–84 show Case D temperature distributions in the columns of the isolated east exterior 
wall model of WTC 2.  The highest temperature, 845°C, occurred at 20 min in Column 307 between 
Floor 81 and Floor 82.  Column temperatures were higher on the inside face of the exterior wall.  Figure 
3–85 shows the locations of the out-of-plane supports for Case D conditions at 60 min. 

The vertical and the out-of-plane displacements at the end of the gravity load step after aircraft impact  
and at the end of each temperature step are shown in Figs. 3–86, 3–87, 3–88, and 3–89.  The maximum 
vertical displacement of 3.2 in. occurred at Column 359 at Floor 90 immediately after aircraft impact.  
The maximum out-of-plane displacement of 7.8 in. occurred at Column 359 at Floor 81 at 60 min.  (The 
out-of-plane displacement is positive inward.)  The south side of the isolated exterior wall displaced 
vertically after aircraft impact more than other parts of the east wall, as impact damage was concentrated 
mostly on the southeast corner of the WTC 2.  As time approached 60 min, the columns on the south side 
buckled, and the out-of-plane displacements increased. 

The axial load distributions on the columns at the end of the gravity load step and each time interval are 
shown in Figs. 3–90 and 3–91.  The maximum axial load occurred at Column 301 between Floor 82 and 
Floor 83 at 10 min.  The axial load in this column increased from 200 kip after aircraft impact to 920 kip 
at 10 min.  The axial load of 920 kip was very close to the theoretical local buckling load of 985 kip for 
Column 301 at 314 ˚C and less than the yielding or Euler buckling load of the column.  Since local 
buckling of plates in exterior columns could not be captured by the beam elements that were used in the 
model of the exterior wall, the model overestimated the buckling capacity of exterior columns.  The axial 
loads on the buckled columns on the south side of the isolated wall remained approximately constant 
throughout the temperature time history. 

To consider the effect of load redistribution within WTC 2, the same corrective technique as described 
earlier in this chapter for WTC 1 was used.  The axial loads at 60 min in columns between Floor 83 and 
Floor 84 in the isolated exterior wall model were compared to the corresponding values from the global 
model without creep and with Case Ci structural damage condition and Case Di temperature condition, as 
shown in Fig. 3–92.  The difference between the two curves in Fig. 3–92 was then applied to the columns 
at Floor 84 as corrective loads.  The resulting vertical and out-of-plane displacements are shown in 
Fig. 3–93.  As can be seen, the additional loads increased the maximum vertical displacement by 0.4 in. 
and the maximum out-of-plane displacement by about 0.8 in.   

Also as described earlier for the WTC 1 isolated wall models, a push-down analysis of the WTC 2 
isolated exterior wall model was performed.  At an additional 5.3 in. of vertical displacement the model 
failed to converge, and the analysis was terminated.  The vertical and out-of-plane displacements at the 
end of 5.3 in. of push down are shown in Fig. 3–94.  At the end of push down, the maximum vertical 
displacement reached 8.0 in. and the maximum out-of-plane displacement reached 26.1 in.  Figure 3–95 
shows the column loads.  This figure also shows the location of the columns, for which the load-
deflection relationships are shown in Fig. 3–96.  As can be seen from Fig. 3–96, the buckled columns on 
the south side of the isolated east exterior wall carried, on the average, an additional load of 410 kip at 60 
min, compared to 630 kip for the average of the entire east wall columns.  The additional axial loads on 
individual columns at different levels of additional vertical displacements are shown in Fig. 3–97. 
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Figure 3–83.  Column temperatures on the east wall of WTC 2 for Case D temperature 

condition at 10 min, 20 min, and 30 min. 
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Figure 3–85.  Location of the out-of-plane supports and floor/wall disconnections 

between exterior wall and the floor (WTC 2 east wall for Case D conditions at 60 min). 
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Figure 3–86.  Vertical displacement of isolated east wall model of WTC 2 for Case D 

temperature condition (downward displacement is negative; displacements scaled ten 
times). 

(c) At 20 min (d) At 30 min 

(a) After aircraft impact (b) At 10 min 

(e) At 40 min (f) At 50 min 
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Figure 3–87.  Vertical displacement of isolated east wall model of WTC 2 for Case D 

temperature condition at 60 min (downward displacement is negative; displacements 
scaled ten times). 

1

MN

MX

XY
Z

WTC2 Isolated Wall Model 3600s                                                  

-2.625
-2.333

-2.042
-1.75

-1.458
-1.167

-.875051
-.583368

-.291684
0

JAN 11 2005
16:39:10

NODAL SOLUTION

STEP=14
SUB =1
TIME=90
UZ       (AVG)
RSYS=0
DMX =8.206
SMN =-2.625

FL77 

FL79 

FL81 

FL83 

FL85 

COL359 

(in.)



Chapter 3 

122 NIST NCSTAR 1-6D, WTC Investigation 

 
Figure 3–88.  Out-of-plane displacement of isolated east wall model of WTC 2 for Case D 

temperature condition (inward displacement is positive; displacements scaled ten times). 

(c) At 20 min (d) At 30 min 
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Figure 3–89  Out-of-plane displacement of isolated east wall model of WTC 2 for Case D 
temperature condition at 60 min (inward displacement is positive; displacements scaled 

ten times). 
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Figure 3–90.  Axial load on east wall columns of isolated east wall model of WTC 2 for 

Case D temperature condition (compression is negative). 

(c) At 20 min (d) At 30 min 

(a) After aircraft impact (b) At 10 min 

(e) At 40 min (f) At 50 min 
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Figure 3–91.  Axial load on east wall columns of isolated east wall model of WTC 2 for 

Case D temperature condition at 60 min (compression is negative). 

 

1

MN

MX

XY
Z

WTC2 Isolated Wall Model 3600s                                                  

-592646
-515797

-438948
-362099

-285251
-208402

-131553
-54704

22145
98994

JAN 11 2005
16:39:14

ELEMENT SOLUTION

STEP=14
SUB =1
TIME=90
SMIS1
TOP
DMX =8.206
SMN =-592646
SMX =98994

FL77 

FL79 

FL81 

FL83 

FL85 

COL359 

(lb)



Chapter 3 

126 NIST NCSTAR 1-6D, WTC Investigation 

 
Figure 3–92.  Comparison of axial load in columns at Floor 83 of isolated east wall model 

of WTC 2 at 60 min for Case D temperature conditions and the global model without 
creep for Case Ci structural damage condition and Case Di temperature condition  

(compression is positive). 

 

 
Figure 3–93.  Vertical and out-of-plane displacements of columns of isolated east wall 
model of WTC 2 after column forces were corrected to those of global model without 

creep for Case Ci structural damage condition and Case Di temperature condition 
(displacements scaled ten times). 
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Figure 3–94.  Vertical and out-of-plane displacements of isolated east wall model of 

WTC 2 after Case D temperature condition and push down (displacements scaled five 
times). 

 

 
Figure 3–95.  Axial load on east wall columns of isolated east wall model of WTC 2 after 

Case D temperature condition and push down (compression is negative). 
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Figure 3–96.  Additional vertical load applied to columns versus additional vertical during 
displacement for push-down analysis of isolated east wall model of WTC 2 for after Case 
D temperature condition (compression is positive; see Fig. 3–95 for column locations). 

 
Figure 3–97.  Variation of additional vertical load applied to columns of isolated east wall 

model of WTC 2 at different levels of additional vertical displacements imposed after 
Case D temperature condition (compression is positive). 
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Pull-in Forces to Cause Observed Bowing 

As discussed in Section 2.5, the pull-in forces and their locations and the calculated floor/wall 
disconnections and pull-in locations were updated based on the observations from the photographs and 
videos.  This section describes the analyses performed on the isolated wall model to estimate the 
magnitude of pull-in forces on the east wall of WTC 2, which would result in an inward bowing shape 
similar to that estimated from the photographs and videos.  The estimated pull-in forces were used in the 
global analysis with Case D temperature condition. 

The load steps that were used in the current analyses are similar to the load steps used in the earlier wall 
runs.  At the beginning of each temperature load step, disconnections and lateral pull-in forces were 
applied to each floor connection to the east wall, as shown in Section 2.5.  The magnitude and the 
distribution of the pull-in forces were obtained by trial and error.  The magnitude of the pull-in force was 
kept constant till the end of the analysis, unless the column-floor connection fully disconnected before the 
analysis ended; at which point the pull-in force was set to zero.  For each trial, the wall model was 
analyzed from the beginning (time = 0 min), accounting for large deflections and temperature-dependent 
plasticity and creep.  The out-of-plane displacements calculated at the end of 20 min and 50 min were 
compared to the displacements estimated at the same points in time from the photographs, as shown in 
Fig. 3–98.   

 
Figure 3–98.  Out-of-plane displacements of the east wall of WTC 2 estimated by NIST 

from photographs (inward displacement is positive; displacements are in in.). 
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For the first set of trials, the pull-in forces were assumed to be uniformly distributed over the entire width 
of the model.  Two different magnitudes for pull-in forces were tried: 0.5 kip and 5.0 kip.  The analysis 
for 0.5 kip ran to 32 min, at which point it failed to converge.  As shown in Fig. 3–99(a), the wall 
primarily bowed outward at 20 min (positive displacement direction is inward).  These results disagreed 
with what was observed in the photographs and videos, indicating that the assumed magnitude of pull-in 
force of 0.5 kip was not sufficient to cause inward bowing.  In a second trial, the 5.0 kip pull-in force was 
used.  This analysis ran to 18 min, at which point it failed to converge.  Contrary to the first trial with 
0.5 kip pull-in force, the wall bowed inward, as shown in Fig. 3–99(b).  The maximum inward 
displacement in this trial was 31 in.  This value is about three times larger than the displacement 
estimated from photographs, indicating that the 5.0 kip pull-in force is greater than the actual magnitude 
of pull-in force.  Based on these two runs, it was concluded that the magnitude of the pull-in forces for a 
uniform distribution is between 0.5 kip and 5.0 kip.   

 
Figure 3–99.  Out-of-plane displacement of isolated east wall model of WTC 2 with 0.5 kip and 5.0 

kip pull-in force with uniform magnitude distribution at 20 min and 18 min (inward displacement is 
positive). 

 
Figure 3–100.  Out-of-plane displacement of isolated east wall model of WTC 2 with 0.5 kip pull-in 

force with uniform magnitude distribution at 32 min (inward displacement is positive). 
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From these two runs, it was also possible to learn about the distribution of the pull-in forces over the 
width of the east wall.  When a uniform distribution of a 0.5 kip pull-in force was used at 20 min over the 
entire width of the east wall, the resulting out-of-plane displacements were inward on the south side and 
outward on the north side of the wall, as shown in Fig. 3–99.  The primary reasons for the outward 
bowing on the north side of the east wall are as follows: (1) the higher temperatures in the north side of 
the wall resulted in restrained thermal expansion and larger column loads; (2) the higher temperatures of 
the inside face of the columns, relative to the outside, caused higher plastic and creep strains and resulted 
in differential shortening of the inside relative to the outside; and (3) the plastic softening and creep of the 
inside caused an outward shift in the neutral axis, and a resulting outward bow of the columns.   This 
phenomenon can be seen in the displacement results presented in Figs. 3–99 and 3–100, where inward 
displacements on the south side of the east wall became smaller and smaller and eventually changed to 
outward displacements toward the north side of the east wall.  Consequently, a simple non-uniform pull-
in force distribution was selected with higher loads on the north side to ensure inward bowing as observed 
in photographs and videos.   

Two cases were analyzed for the second set of trials.  In the first case, the magnitude of the pull-in forces 
on the south half of the east wall was set to 1.0 kip and the magnitude of the pull-in forces on the north 
half was set to 4.0 kip.  The wall analysis with these pull-in force magnitudes ran to 60 min.   
Figure 3–101 shows the out-of-plane displacements at different stages of the analysis.  As can be seen, the 
maximum inward bowing was 7.5 in. at 20 min, located approximately at the middle of Floor 81 of the 
east wall.  This agreed well with the observed displacements, which showed maximum inward 
displacement of about 10 in. around the middle of Floor 81.  In the earlier trial with a uniform 0.5 kip 
magnitude of pull-in force, the inward bowing started to decrease with increasing time after 20 min, and 
at around 40 min it bowed outward  The bowing at 50 min was mostly outward, disagreeing with the 
observed displacements.  In the second trial, the magnitude of the pull-in force on the south half was 
increased from 1.0 to 1.5 kip, and on the north half was increased from 4.0 to 5.0 kip.  This analysis ran to 
50 min, at which point the analysis failed to converge.  Figure 3–102 shows the magnitude of inward 
bowing at different stages of the analysis.  The maximum inward bowing in this trial was 9.5 in. at 20 
min, located approximately at the middle of Floor 81 of the east wall.  This result agreed well with the 
observed displacements.  The inward bowing continued to increase with time and reached a maximum of 
37 in. at 50 min.  As seen in Fig. 3–102, the location of the maximum displacements agreed well with the 
observations.  However, the magnitude of the calculated displacements was about twice the magnitude of 
the observed displacements.   

From these trial runs, it was concluded that the magnitude of pull-in forces ranged from 1.0 kip to 1.5 kip 
on the south half and from 4.0 kip to 5.0 kip on the north half of the east wall.  Based on these ranges, and 
also considering the possible increase in column loads of the east face after impact for Case D conditions, 
a pull-in force of 1.0 kip on the south half and 4.0 kip on the north half of the east wall was initially 
selected for the global model analysis with creep.  As will be discussed in Chapter 4, at 30 min, the 
magnitude of the pull-in force was increased to 1.5 kip on the south half and decreased to 3.0 kip on the 
north half of the east wall and kept constant after that time. 
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Figure 3–101.  Out-of-plane displacement of isolated east wall model of WTC 2 with 

nonuniform pull-in force with magnitude of 1.0 kip on the south half and 4.0 kip on the 
north half (inward displacement is positive). 
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Figure 3–102.  Out-of-plane displacement of isolated east wall model of WTC 2 with 

nonuniform pull-in force with magnitude of 1.5 kip on the south half and 5.0 kip on the 
north half (inward displacement is positive). 
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3.3 CORE COLUMN SHORTENING AND DOWNWARD DISPLACEMENT OF 
CORE 

To examine whether or not the core columns shortened and the core displaced downward when subjected 
to fire-induced temperature loads, the core models were isolated from the global models of WTC 1 and 
WTC 2.  The isolated core models extended from Floor 89 to Floor 106 for WTC 1 and from Floor 73 to 
Floor 106 for WTC 2, and did not include any parts of their hat trusses.  At the base of the models, 
vertical springs connected Floor 89 and Floor 73 to fixed ground; the spring stiffness represented the 
vertical stiffness of the columns below.  The isolated core models included core columns, core beams, and 
core slabs, as in the global models (see Chapter 4 for details).   

The WTC 2 core model was restrained in two horizontal directions at every floor level to represent the 
lateral restraint of the exterior walls.  Without the lateral restraints, the WTC 2 core model would tilt 
significantly, due to the extensive impact damage to the southeast part of the core.  The WTC 1 core 
model was not restrained in the horizontal directions at floor levels. 

Gravity dead and live loads were directly obtained from the global models and applied to the core model 
nodes.  Internal forces and moments of the columns of Floor 106 of the global models after aircraft 
impact were imposed at the ends of the Floor 106 columns of the isolated core models.  Only the Case A 
structural damage condition was used for the WTC 1 core model, and only the Case C structural damage 
condition was used for the WTC 2 core model.  The isolated core models with Case B and Case D 
structural damage conditions were also run, but the models did not converge, even with lateral restraints. 

The models were then subjected to two temperature conditions for each tower: Case A and Case B (for 
WTC 1) and Case C and Case D (for WTC 2).  Temperature data were provided at 10 min intervals up to 
100 min for WTC 1 and up to 60 min for WTC 2. 

Since the models included only the core, the load transfer between the core and the exterior wall through 
either the hat truss or floors was not captured. 

 

 
Figure 3–103.  Isolated core models. 
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3.3.1 FEA of WTC 1 Core 

Case A Temperature Condition 

Figures 3–104 to 3–111 show the vertical displacements of the WTC 1 isolated core model subjected to 
Case A temperatures from aircraft impact to 100 min.  At 30 min, the vertical displacement of the 
northwest corner at Column 501 became large above Floor 98, and grew larger with time.  The core 
started to tilt toward the northwest corner at 30 min, and the analysis was terminated due to 
nonconvergence.  The analysis was restarted at 30 min by restraining corner Column 501 in the horizontal 
directions at floor levels above Floor 98 to represent lateral restraint from the exterior walls and office 
floors.  At 100 min, the maximum vertical displacement of 21.7 in. occurred at Column 501.  Figures  
3–114 and 3–115 show axial loads and plastic strains in the core columns at 100 min.  Columns at the 
northwest corner experienced large plastic strains.  The maximum plastic strain was about 14 percent. 

The vertical displacement at Floor 106 at 100 min ranged from 3.3 in. to 21.7 in.  The maximum vertical 
displacement of the south side was limited to 11.2 in. at Column 1004.  The average vertical displacement 
of Floor 106 was 7.4 in.  The average vertical displacement of the south side at Floor 106 was 6.0 in.  
Considering the average vertical displacement of 5 in. after the aircraft impact, the average additional 
downward displacement of the core due to thermal loads was about 2 in. 

To determine the additional axial load-carrying capacity of the core, the isolated core model at 100 min 
was pushed down by imposing additional incremental vertical displacement.  The analysis was converted 
from a force-control analysis to a displacement-control analysis by imposing the vertical displacements 
calculated at 100 min under force control and then imposing additional vertical displacement increments 
on the top of the columns at Floor 106.  The analysis was terminated when the additional vertical 
displacement reached 9.5 in. Figure 3–116 shows the total vertical displacements of the model at the end 
of the push-down analysis.  Figure 3–117 shows the relationship between the total additional vertical 
force and the additional vertical displacement.  The additional vertical force reached its maximum at 7.2 
in. of additional vertical displacement.  Figure 3–118 shows the additional axial loads in columns of Floor 
98 when the total additional vertical force is at its maximum.  The maximum total additional vertical force 
of 37,142 kip was about 95 percent of the total column force at Floor 98 prior to push-down.  Therefore, 
the core still had significant reserve capacity at the end of Case A temperature condition. 
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Figure 3–104.  Vertical displacement of isolated core model of WTC 1 after aircraft impact 

(downward displacement is negative). 

 

 
Figure 3–105.  Vertical displacement of isolated core model of WTC 1 for Case A 

temperature condition at 10 min (downward displacement is negative). 
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Figure 3–106.  Vertical displacement of isolated core model of WTC 1 for Case A 

temperature condition at 20 min (downward displacement is negative). 

 

 
Figure 3–107.  Vertical displacement of isolated core model of WTC 1 for Case A 

temperature condition at 30 min (downward displacement is negative). 
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Figure 3–108.  Vertical displacement of isolated core model of WTC 1 for Case A 

temperature condition at 40 min (downward displacement is negative). 

 

 
Figure 3–109.  Vertical displacement of isolated core model of WTC 1 for Case A 

temperature condition at 50 min (downward displacement is negative). 
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Figure 3–110.  Vertical displacement of isolated core model of WTC 1 for Case A 

temperature condition at 70 min (downward displacement is negative). 

 
Figure 3–111.  Vertical displacement of isolated core model of WTC 1 for Case A 

temperature condition at 100 min (downward displacement is negative). 

1 MN

MX

X

Y
Z

WTC1 Core - Best Estimate Temperature at 6000 sec                               

-21.711
-19.298

-16.886
-14.474

-12.061
-9.649

-7.237
-4.825

-2.412
0

JAN 12 2005
10:11:08

NODAL SOLUTION

STEP=13
SUB =187
TIME=6000
UZ       (AVG)
RSYS=0
DMX =22.922
SMN =-21.711

1

MN

MX

X Y

Z

WTC1 Core - Best Estimate Temperature at 6000 sec                               

-21.711
-19.298

-16.886
-14.474

-12.061
-9.649

-7.237
-4.825

-2.412
0

JAN 12 2005
10:11:08

NODAL SOLUTION

STEP=13
SUB =187
TIME=6000
UZ       (AVG)
RSYS=0
DMX =22.922
SMN =-21.711

(a) North and east sides (b) South and east sides 

N 
N 

FL90 

FL95 

FL100 

FL90

FL95

FL100

1

X Y

Z

WTC1 Core - Best Estimate Temperature at 6000 sec                               

-21.711
-19.298

-16.886
-14.474

-12.061
-9.649

-7.237
-4.825

-2.412
0

JAN 15 2005
14:07:51

NODAL SOLUTION

STEP=13
SUB =187
TIME=6000
UZ       (AVG)
RSYS=0
DMX =22.922
SMN =-21.711

1

MX

X
Y

Z

WTC1 Core - Best Estimate Temperature at 6000 sec                               

-21.711
-19.298

-16.886
-14.474

-12.061
-9.649

-7.237
-4.825

-2.412
0

JAN 15 2005
14:07:19

NODAL SOLUTION

STEP=13
SUB =187
TIME=6000
UZ       (AVG)
RSYS=0
DMX =22.922
SMN =-21.711

(c) Northwest corner 
(5X displacement magnification)

(b) South side 
(5X displacement magnification) 

FL96 

FL97 

FL95

(in.) (in.)

(in.) (in.)

1 MN

MX

X

Y
Z

WTC1 Core - Best Estimate Temperature at 4200 sec                               

-21.59
-19.191

-16.792
-14.393

-11.994
-9.595

-7.197
-4.798

-2.399
0

JAN 12 2005
10:10:47

NODAL SOLUTION

STEP=10
SUB =79
TIME=4200
UZ       (AVG)
RSYS=0
DMX =22.808
SMN =-21.59

1

MN

MX

X Y

Z

WTC1 Core - Best Estimate Temperature at 4200 sec                               

-21.59
-19.191

-16.792
-14.393

-11.994
-9.595

-7.197
-4.798

-2.399
0

JAN 12 2005
10:10:47

NODAL SOLUTION

STEP=10
SUB =79
TIME=4200
UZ       (AVG)
RSYS=0
DMX =22.808
SMN =-21.59

(a) North and east sides (b) South and east sides 

N 
N 

FL90 

FL95 

FL100 

FL90

FL95

FL100

(in.) (in.)



Chapter 3 

140 NIST NCSTAR 1-6D, WTC Investigation 

 
Figure 3–112.  Horizontal displacement of isolated core model of WTC 1 for Case A 

temperature condition at 100 min. 
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Figure 3–113.  Axial load in columns of isolated core model of WTC 1 after aircraft impact 

(compression is negative). 
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Figure 3–114.  Axial load in columns of isolated core model of WTC 1 for Case A 

temperature condition at 100 min (compression is negative). 
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Figure 3–115.  Plastic strain in columns of isolated core model of WTC 1 for Case A 

temperature condition at 100 min (compressive strain is negative). 
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Figure 3–116.  Vertical displacement after push down of isolated core model of WTC 1 for 

Case A temperature condition (downward displacement is negative). 
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Figure 3–117.  Total additional vertical load versus additional vertical displacement 
during push-down analysis of isolated core model of WTC 1 for Case A temperature 

condition (compression is positive). 
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Figure 3–118.  Additional axial load (kip) in columns at Floor 98 when the total axial load 
reached the maximum during push down analysis of isolated core model of WTC 1 for 

Case A temperature condition (compression is positive). 
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61 percent of the total column force at Floor 98 prior to push-down.  Thus, the reserve capacity of the 
core at the end of Case B temperature condition was substantial, but less than that of Case A temperature 
condition. 

 

 
Figure 3–119.  Vertical displacement of isolated core model of WTC 1 for Case B 

temperature condition at 10 min (downward displacement is negative). 

 

 
Figure 3–120.  Vertical displacement of isolated core model of WTC 1 for Case B 

temperature condition at 20 min (downward displacement is negative). 
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Figure 3–121.  Vertical displacement of isolated core model of WTC 1 for Case B 

temperature condition at 30 min (downward displacement is negative). 

 

 
Figure 3–122.  Vertical displacement of isolated core model of WTC 1 for Case B 

temperature condition at 40 min (downward displacement is negative). 
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Figure 3–123.  Vertical displacement of isolated core model of WTC 1 for Case B 

temperature condition at 50 min (downward displacement is negative). 

 

 
Figure 3–124.  Vertical displacement of isolated core model of WTC 1 for Case B 

temperature condition at 70 min (downward displacement is negative). 
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Figure 3–125.  Vertical displacement of isolated core model of WTC 1 for Case B 

temperature condition at 100 min (downward displacement is negative). 
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Figure 3–126.  Horizontal displacement of isolated core model of WTC 1 for Case B 

temperature condition at 100 min. 
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Figure 3–127.  Axial load in columns of isolated core model of WTC 1 for Case B 

temperature condition at 100 min (compression is negative). 
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Figure 3–128.  Plastic strain in columns of isolated core model of WTC 1 for Case B 

temperature condition at 100 min (compressive strain is negative). 
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Figure 3–129.  Vertical displacement after push down of isolated core model of WTC 1 for 

Case B temperature condition (downward displacement is negative). 

 

0

5,000

10,000

15,000

20,000

25,000

30,000

0.0 2.0 4.0 6.0 8.0 10.0

Additional Vertical Displacement (in)

To
ta

l A
dd

iti
on

al
 V

er
tic

al
 L

oa
d 

(K
ip

)

 
Figure 3–130.  Total additional vertical load versus additional vertical displacement 
relationship obtained from push down analysis of isolated core model of WTC 1 for 

Case B temperature condition (compression is positive). 
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Figure 3–131.  Additional axial load (kip) in columns at Floor 98 when the total axial load 

reached the maximum during push down analysis of the WTC 1 core for Case B 
temperature condition (compression is positive). 
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displacements and the average additional vertical load of corner columns, corner and middle columns on 
the east face, and all core columns (there column locations are shown in Fig. 3–136).  The columns on the 
southeast corner of the isolated core at 60 min temperature condition carried an additional load of about 
900 kip without failure, compared to about 1,500 kip for the average of the entire core columns prior to 
push-down.  The additional load was about 1.6 times that of the average load in Floor 82 columns at 
60 min temperature condition. 
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Figure 3–132.  Vertical displacement of isolated core model of WTC 2 for Case C 
temperature condition (downward displacement is negative). 
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Figure 3–133.  Vertical displacement of isolated core model of WTC 2 for Case C 

temperature condition at 60 min (downward displacement is negative). 
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Figure 3–134.  Axial load in core columns of isolated core model of WTC 2 for Case C 

temperature condition at 60 min (compression is negative). 
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Figure 3–135.  Axial plastic strains in core columns of isolated core model of WTC 2 for 

Case C temperature condition at 60 min (compressive strain is negative). 
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Figure 3–136.  Vertical displacement after push down of isolated core model of WTC 2 for 

Case C temperature condition (downward displacement is negative). 

 
Figure 3–137.  Additional average vertical load versus additional vertical displacement 

during push-down analysis of isolated core model of WTC 2 for Case C temperature 
condition (compression is positive; core column locations are shown in Fig. 3–136). 
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Case D Temperature Condition 

As mentioned in the previous section for Case C temperature condition, the isolated core model of WTC 2 
was unstable after the aircraft impact damage, so the model was restrained in the horizontal directions.   

Figures 3–138 to 3–139 show the vertical displacements of the WTC 2 isolated core model subjected to 
Case D temperature condition from just after the aircraft impact to 60 min.  The vertical displacement was 
always the highest at the southeast corner of the core as the aircraft impact severed the southeast corner 
core columns in Floors 79 to 82.  After aircraft impact damage, the vertical displacement of the southeast 
corner was 5.6 in.  This displacement increased to 8.2 in. at 60 min.  Figures 3–140 and 3–141 show axial 
load and plastic strain in columns at 60 min.  Columns at the southeast corner experienced plastic strains 
immediately following aircraft impact.  The maximum plastic strain in the 900-series core columns was 
2.5 percent, and 0.7 percent in the 1000 series core columns.    

The vertical displacement of the core at Floor 106 at 60 min ranged from 3.3 in. to 6.0 in.  The maximum 
vertical displacement of the southeast corner was less than 6.0 in. at Column 1001.  The average vertical 
displacement of Floor 106 after thermal loading at 60 min was 4.1 in., similar to the 3.9 in. average 
vertical displacement after the aircraft impact.  None of core columns buckled during thermal loading. 

To determine the additional axial load-carrying capacity of the core, the isolated core model was pushed 
down following the analysis for Case D temperature condition as described before.  The top of the 
isolated core was pushed down an additional 30.0 in.  The analysis was stopped even though the core was 
continued to carry additional load.  The vertical displacement at the end of 30.0 in. push-down is shown 
in Fig. 3–142.  Figure 3–143 shows the relationship between the additional vertical displacement and the 
average additional vertical load on core columns, the corner columns, and the corner and middle columns 
shown in Fig. 3–143.  As it can be seen from Fig. 3–143 at 60 min temperature condition, the columns on 
the southeast corner of the isolated core continued to carry, on the average, an additional load of about 
1,200 kip without failure, compared to about 1,700 kip for the average of the entire core columns prior to 
push down.  The additional load on the core columns was about 1.8 times that of the average load in 
Floor 82 columns at 60 min temperature condition. 

The results of the isolated core models of WTC 2 show that significant downward displacement of the 
core and core column buckling are not likely to occur for WTC 2 during the global analysis. 
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Figure 3–138.  Vertical displacement of isolated core model of WTC 2 for Case D 

temperature condition (downward displacement is negative). 
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Figure 3–139.  Vertical displacement of isolated core model of WTC 2 for Case D 

temperature condition at 60 min (downward displacement is negative). 
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Figure 3–140.  Axial load in core columns of isolated core model of WTC 2 for Case D 

temperature condition at 60 min (compression is negative). 
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Figure 3–141.  Axial plastic strains in core columns of isolated core model of WTC 2 for 

Case D temperature condition at 60 min (compressive strain is negative).  
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Figure 3–142.  Vertical displacement after push down of isolated core model of WTC 2 for 

Case D temperature condition (downward displacement is negative). 

 
Figure 3–143.  Additional average vertical load versus additional vertical displacement 

during push-down analysis of isolated core model of WTC 2 for Case D temperature 
condition.  (compression is positive; core column locations are indicated in Fig. 3–142.) 
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Chapter 4 
GLOBAL ANALYSIS 

4.1 CONVERSION FROM SAP2000 TO ANSYS 

Simpson, Gumpertz & Heger, Inc. (SGH) performed global analysis of the WTC 1 and WTC 2 towers 
using global models of the two towers developed in ANSYS as described in Chapter 2.  The models were 
subjected to the aircraft impact damage and the temperature time histories resulting from the ensuing fire 
environments.  The global models described in this report, and the reference models in NIST NCSTAR 1-
2A, used the same coordinate system.  As illustrated in Fig. 4–1, the z-axis in this coordinate system is 
parallel to the vertical axis of the building, the x axis is parallel to the long direction of the building’s 
central core, and the y-axis is parallel to the short direction of the central core.  In the WTC 1 models, the 
origin of the coordinate system is located at the southeast corner of the building with the y-axis extending 
to the north.  In the WTC 2 models, the origin is located at the northeast corner of the building with the y-
axis extending west. 

 
Figure 4–1.  Coordinate system used in the analysis models. 

The SAP2000 global models in NIST NCSTAR 1-2A were linearly elastic and included interior and 
exterior columns, spandrels, hat truss members, and floor slabs at mechanical floors.  Only the 
mechanical floors were individually modeled.  The other floor slabs were modeled using a set of coupling 
equations in the software to slave the displacement of certain nodes to the displacement of other nodes.  
In this case, these coupling equations provided full rigidity within the plane of the floor slabs (the x-y 
plane) and full flexibility out of this plane. 

As most of the structural action that led to the collapse of the buildings took place within and above the 
aircraft-impacted floors, the reference models were truncated for each building below the lowest damaged 
floors.  The model of WTC 1 was truncated at Floor 89, five floors below the zone of impact, and a series 
of equivalent vertical linear springs were introduced at the base of this truncated model to represent the 
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stiffness of the interior columns and exterior walls beneath the level of truncation.  Similarly, the model 
of WTC 2 was truncated at Floor 73.  

The truncated SAP2000 models were converted to ANSYS and modified to capture the failure modes of 
floors and columns and to enhance numerical efficiency.  The global models included geometric and 
temperature-dependent material nonlinearities, including creep.   

4.1.1 ANSYS Models 

The ANSYS models were the direct translation of the truncated SAP2000 models.  During the translation 
of the models, the coordinates of the nodes, cross sectional properties of members, including orientation 
and offset of the cross sections, nodal loads, material properties, and member end releases were 
automatically converted from each SAP2000 database into an ANSYS database.  Table 4–1 summarizes 
the conversion used in translating the element types between SAP2000 and ANSYS.  Comparison of the 
results obtained for the gravity analysis of WTC 1 and WTC 2 from the SAP2000 models and translated 
ANSYS models are discussed in the next section. 

Table 4–1 summarizes the correspondence between element types containd in the SAP2000 model and 
those in the converted ANSYS model.  Table 2–1 previously presented a description of the various 
ANSYS elements used in the global models.  Gravity load analyses of the two buildings were then 
performed using both the truncated SAP2000 and converted ANSYS models to verify the fidelity of the 
conversion.   

Table 4–1.  Conversion from SAP2000 element types to ANSYS element types. 
SAP2000 Element Types ANSYS Element Types 

Frame/Cable elements 
Shell elements 
Springs 

BEAM188/189 later changed to BEAM24 
SHELL63 later changed to SHELL181 
LINK8 

Following these analyses, the linear, elastic material properties of the converted ANSYS models were 
replaced with temperature-dependent inelastic material properties as defined for all material types in 
Chapter 3 of NIST NCSTAR 1-6C.  These material types were assigned to the elements according to their 
material and cross sectional properties and their locations in the buildings.  In the SAP2000 global model, 
each cross section was assigned a yield value representing the material capacity for that cross section.  
During the translation to ANSYS, a different name was given to each cross section and material 
combination, which resulted in a unique material index.  Using this material index, the material properties 
of all elements were replaced with temperature-dependent inelastic material properties.  In the actual 
buildings, the rectangular tube columns in the exterior wall were typically fabricated from four plates, 
Plate 1 (see Chapter 6 of NIST NCSTAR 1-6C for more information) and could have a different specified 
yield strength than the rest (Plates 2 and 3).  Examination of drawings in the region of interest showed 
that all these plates had the same yield strength.  Therefore, in the translation process, all plates in the 
same column cross section were considered to be of  the same material.  

The ANSYS models were also modified to include representation of the floor slabs, which except at 
mechanical floors, were not included in the SAP2000 models.  Floor elements added into the ANSYS 
model included the core slabs, those core beams that were framed with moment connections at their ends, 
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and the office area slabs.  Figure 4–2 shows the analytical representation of the core and office area floors 
and the core beams included in the models. Beams in the core that were framed without moment 
connections were not included in the model because they cannot transfer shear between columns without 
significant relative displacement.  However, their axial stiffness was combined with in-plane stiffness of 
the floor slab, and then shell elements with this composite in-plane stiffness were used to model the floor.   

An equivalent concrete thickness and modulus was calculated for the office area floors to match the in-
plane stiffness of the composite floor system which included the concrete slab, the floor trusses, and the 
floor seats.  The thickness of the core slab was taken from the PANYNJ drawings, but the elastic modulus 
was adjusted to match the in-plane stiffness of the composite floor that included the steel beams and the 
concrete slab.  Both core and office area floor slabs were modeled with linear-elastic material properties 
for lightweight concrete. Later analyses with these models indicated that these slabs, composite with their 
framing members, could redistribute load locally amongst neighboring columns and transfer lateral loads 
to the exterior walls as collapse initiated and WTC 2 began to tilt. 

Floors in the global models also provided diaphragm stiffness at each level.  However, the floors were not 
modeled with sufficient detail to capture such floor behaviors under elevated temperatures as sagging and 
failure of floor-wall connections.  Instead, these effects were incorporated into the global analyses as fire-
induced damage, as described in Section 2.5. 

 
Figure 4–2.  Office and core area floors and core beams. 
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Figure 4–3.  Location and IDs of outriggers and supporting columns. 

Due to the limitations of the BEAM188 element used to model spandrels, columns, and truss members, a 
set of preliminary global analyses were conducted without including creep and inelastic buckling in the 
core and exterior wall columns, as discussed in Appendix C of this report.  Plasticity and large deflection 
were the only nonlinearities included in those analyses.  Later, the BEAM188 element was replaced with 
the BEAM24 element to eliminate the limitations on creep and inelastic buckling.  As shown in the global 
analyses that included consideration of creep and buckling, described in Section 4.2, creep strains and 
inelastic column buckling played a very significant role in the collapse of the towers. 

Figure 4–3 shows the hat trusses in the global models.  The hat trusses connected the exterior walls and 
the core columns.  As seen in the figure, four outrigger members on each face of the core extended 
outward from the core to the exterior walls.  Hat truss members were provided with plasticity in the 
preliminary global models without creep and in the final WTC 1 global model with creep.  The hat truss 
of the WTC 2 global model with creep was part of the “superstructure” where elastic properties were 
used.  Further discussion of this is presented in Section 4.2.2.  The hat trusses were not modeled with 
sufficient detail to capture the onset of buckling.  However, the yield strength of the outrigger elements in 
the final WTC 1 model was set so that compressive yielding would occur when axial load reached the 
compressive capacity of the members. 

4.1.2 Validation of Translated ANSYS Global Models 

In order to verify the accuracy of the conversion of the building models from SAP2000 to ANSYS, prior 
to adding material nonlinearities and elements representing the floor slabs to the ANSYS models, the 
translated ANSYS models were subjected to gravity dead and live loads, and the ANSYS results were 
compared to the results of SAP2000 global models.  The comparison included the calculated overall 
displaced shapes, the maximum displacements, vertical base reactions at each construction stage, and 
element forces for a set of randomly selected members from different parts of the buildings. 
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The gravity analysis was performed in three stages to simulate construction sequencing in the actual 
erection of the buildings.  In Stage 1 the portion of the towers up to and including Floor 106 was analyzed 
under self-weight.  In Stage 2 the members above Floor 106 were added, and the analysis was performed 
for the effects of dead loads of the newly added members.  In Stage 3, the superimposed dead load and 25 
percent of the design live load was added at each floor level to obtain an estimate of the deformations and 
stresses in each building under normal occupancy conditions. 

Figure 4–4 shows the deformed shape calculated for WTC 1 by the ANSYS model and the truncated 
SAP 2000 model, following Stage 3 analysis.  Figure 4–5 provides a similar comparison for WTC 2. 

 
Figure 4–4.  Displaced shape of WTC 1 at the end of gravity analysis. 

 
Figure 4–5.  Displaced shape of WTC 2 at the end of gravity analysis. 

 

Table 4–2 summarizes the maximum displacement and vertical reactions at the base for all stages of the 
gravity analysis of WTC 1, and Table 4–3 presents similar data for WTC 2.  As can be seen, the deformed 
shapes as well as the maximum displacements and vertical reactions obtained from the analyses 
performed with the ANSYS models agree well with the results of the similar analyses performed with 
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SAP2000.  The maximum difference in displacements between the two models was less than 1.4 percent 
for WTC 1 and 0.7 percent for WTC 2.  The maximum difference between base reactions predicted by the 
two analyses was 1.2 percent for WTC 1 and 0.3 percent for WTC 2. 

Table 4–4 presents a comparison of the axial forces computed from the ANSYS and SAP2000 analyses 
for a randomly selected set of elements from different parts of WTC 1.  Table 4–5 presents similar data 
for WTC 2.  The agreement between the results obtained from the ANSYS and SAP2000 analyses is quite 
good. 

Table 4–2.  Comparison of maximum displacements and base reactions of WTC 1 from 
translated ANSYS and SAP2000 models. 

Maximum Vertical Displacement (in.) Base Reaction Sum (kip) 

Stage ANSYS SAP2000 
Percent 

Difference ANSYS SAP2000 
Percent 

Difference 
1 -2.87 -2.83 1.4 55,600 54,940 1.2 
2 -4.76 -4.74 0.4 98,470 97,850 0.6 
3 -5.09 -5.07 0.4 107,040 106,450 0.6 

 

 

Table 4–3.  Comparison of maximum displacements and base reactions of WTC 2 
obtained from translated ANSYS and SAP2000 models. 

Maximum Vertical Displacement (in.) Base Reaction Sum (kip) 

Stage ANSYS SAP2000 
Percent 

Difference ANSYS SAP2000 
Percent 

Difference 
1 -5.87 -5.91 -0.7 125,050 124,680 0.3 
2 -7.67 -7.71 -0.5 166,950 166,980 -0.02 
3 -8.10 -8.14 -0.5 180,250 180,360 -0.06 

 

Table 4–4.  Comparison of axial forces in randomly selected elements from WTC 1 model 
at the end of gravity analysis. 

Axial Force (kip) 
Location and Type of Selected Element ANSYS SAP2000 

Exterior Column 302 at Floor 104 
Spandrel between Columns 124 and 125 at Floor 102 
Outrigger member between at Floor 110 
Vertical hat truss member at 1005 core column line at Floor 109 
Horizontal hat truss member at Floor 107 
Horizontal hat truss member at Floor 108 
Core Column 602 at Floor 97 
Core Column 501 at Floor 93 
Core Column 1001 at Floor 89 
Spandrel between Columns 339 and 340 at Floor 100 

-77 
0 

-39 
-74 
21 
170 
-738 

-2,180 
-2,570 

0 

-69 
0 

-48 
-91 
19 
150 
-745 

-2,190 
-2,590 

0 
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Table 4–5.  Comparison of axial forces in randomly selected elements from WTC 2 model 
at the end of gravity analysis. 

Axial Force (kip) 
Location and Type of Selected Element ANSYS SAP2000 

Core beam at Floor 107 
Inclined truss member at hat truss at Floor 107 
Inclined truss member at hat truss at Floor 108 
Inclined truss member at hat truss at Floor 108 
Core Column 502 at Floor 87 
Core Column 1001 at Floor 82 
Core Column 1002 at Floor 87 
Core Column 1008 at Floor 82 
Core Column 1003 at Floor 107 
Exterior Column 122 at Floor 82 
Exterior Column 329 at Floor 82 
Exterior Column 130 at Floor 107 
Spandrel between Columns 138 and 139 at Floor 83 
Spandrel between Columns 447 and 448 at Floor 87 

11 
-34 
36 

-580 
-1,930 
-3,270 
-1,910 
-3,400 
-590 
-313 
-228 
-222 

0 
0 

6 
-4 
8 

-670 
1,940 
-3,290 
-1,920 
3,520 
-608 
-313 
-230 
-202 

0 
0 

4.2 GLOBAL ANALYSIS WITH CREEP 

4.2.1 Introduction 

This section presents the results of analyses conducted with global models that included consideration of 
plasticity, geometric nonlinearity relating to large displacements, inelastic buckling, and creep, and are 
referred to hereafter as global models or global analysis with creep.  As noted earlier, a preliminary set of 
global analyses were conducted on models that did not include creep and could not simulate inelastic 
buckling of columns with fidelity.  The results of these preliminary analyses are presented in Appendix C 
of this report, and are referred to as global analysis without creep.  Due to the limited non-linear features 
in the preliminary global models without creep, global instability could not be captured during 
temperature time history analyses. 

The results of the global analyses with creep are presented in Section 4.2.4 for WTC 1 and in 
Section 4.2.5 for WTC 2. 

4.2.2 Modifications to the Global Model with Creep and Inelastic Buckling of 
Columns 

Preliminary global analyses with creep resulted in an unacceptably slow rate of convergence.  This was 
due to the size of the models and the nonlinear effects of temperature-dependent material properties, 
especially creep.   To reduce the size of the global models and to enhance the computational efficiency 
without adversely affecting the fidelity of the results, a set of modifications were made.  These 
modifications and their effects on the analysis results are discussed in this section.  Table 4–6 summarizes 
the number of degrees of freedom, number of elements, and number of constraint equations in WTC 1 
and WTC 2 global models before and after the modifications. 
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Table 4–6.  Global model properties before and after modifications for computational 
efficiency. 
WTC 1 WTC 2 

Item 
Before 

Modifications 
After 

Modifications 
Before 

Modifications 
After 

Modifications 
Number of Degrees of Freedom 
Number of Constraint Eqs. 
Number of Elements 
Number of Beam Elements 
Number of Shell Elements 

291,670 
31,680 
63,880 
48,200 
15,680 

265,760 
28,330 
57,680 
43,600 
14,080 

487,260 
53,890 

106,460 
81,280 
25,180 

196,900 
12,560 
38,130 
32,540 
5,490 

Removal of Floors below Impact Zone 

The parts of structures below the impact zones (Floor 89 to Floor 91 in WTC 1 and Floor 73 to Floor 77 
in WTC 2) contributed little to the overall behavior of the buildings.  Previous analyses of subsystem 
models and preliminary global models showed that the elements below the impact zone did not 
experience plastic deformations or buckling.  Therefore, they were eliminated to further reduce the size of 
the models.  With this modification, the global model for WTC 2 was truncated at Floor 77 just above the 
mechanical floors and the global model for WTC 1 was truncated at Floor 91. 

Release of Axial Degree of Freedom of Spandrels 

The spandrel elements in the exterior wall were modeled using BEAM188 elements.  These elements 
caused convergence problems when thermal expansion caused buckling of spandrels.  Based on visual 
evidence, buckling of spandrels did not compromise their ability to transfer shear and bending moment 
and did not play a very important role in the collapse sequence.  Therefore, the axial degree of freedom 
was released on these spandrel elements, avoiding buckling due to development of large axial force in the 
spandrels.  However, these BEAM188 elements could still transfer shear and bending moments.  The 
coefficient of thermal expansion of spandrels was also removed so that the spandrels would not expand 
with temperatures.   

Removal of Coefficient of Thermal Expansion from the Slab in the Office Area 

Since trusses were not modeled individually, the office area slab buckled easily when thermal expansion 
was restrained by the exterior wall.  Artificial buckling of the slab caused convergence problems in the 
global analysis.  Since buckling of the slab in the actual buildings was resisted by the joists, and was not 
observed in any of the detailed full floor models, this slab buckling mode was considered unlikely to 
represent real building behavior.  Consequently, the coefficient of thermal expansion for the slab in the 
office area was set to zero. 

Neglecting the thermal expansion of the office area slabs did introduce small errors in the out-of-plane 
bending of columns extending between a hot floor and a cool floor, but such errors were small for 
columns extending between two hot floors.  The error introduced by this modification was not expected to 
change failure modes or collapse sequence in the global analysis, because thermal expansion of floors was 
limited to less than a few inches (see Appendix A).  The full floor models thermally expanded and pushed 
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outward on the columns until the thermal expansion was overcome by the floor sagging and the floors 
pulled inward on the exterior columns.. 

Use of Superelement in WTC 2 

The term “superelement” is used to indicate substructuring, in which a portion of a large model expected 
to remain elastic is condensed out from the model as a whole.  In this technique, the stiffness, damping 
and mass matrices for the substructure elements are calculated once and used throughout the analysis 
without any further change.  One can calculate stresses and strains in individual elements in the 
superelement allowing verification of the assumption that the substructure elements remain elastic, or 
nearly so. The WTC 2 model was suitable for such modification as earlier analyses indicated that the 
section of the building above Floor 86 would remain nearly elastic.  Therefore, this portion of the 
structure was converted into a superelement. 

The use of this superelement in the WTC 2 analyses reduced the solution time required to complete a 
single iteration by a factor of three.  However, it was recognized that if the hat truss members became 
inelastic and highly nonlinear, such nonlinearities could not be captured.  Moreover, when the 
superelement is used, the effects of construction sequence on the load distribution between core and wall 
elements cannot be represented, since the birth and death option cannot be used in a superelement.  As 
shown below, the effect of not including construction sequence was evaluated and found to introduce an 
error of less than 12 percent for vertical displacement.   

To evaluate whether any member in the hat truss exceeded its elastic limits, the stresses in all elements 
within the superelement were calculated at the end of each time interval.  For this purpose, a separate 
model that included the elements at and above Floor 86 was created.  In this model, the material 
properties of all elements were replaced with elastic material properties.  At each time interval, the 
displacements that were obtained from the global model at Floor 86 were imposed on the new model at 
the same level.  Dead and live loads were also applied on the model.  Member forces were calculated and 
compared with their capacities.  The results are discussed in Section 4.2.5. 

Change from BEAM188 to BEAM24 Elements 

In the global models without creep, columns were modeled by BEAM188 (3D linear finite strain beam) 
elements.  The analysis could not be conducted with elements of this type capturing time dependent creep 
behavior of steel.  Frequent convergence problems occurred when thermally induced creep and buckling 
of columns was in process.  Different element types were tested to determine whether thermally induced 
buckling and creep could be captured.  Finally, BEAM24 element was selected, and the element type for 
the columns was changed from BEAM188 to BEAM24 (3D thin-walled beam). 

Construction Sequence 

Construction sequence was not included in the global models with creep.  The effect of neglecting 
construction sequence was examined for both buildings.  When construction sequence was not included in 
the analysis, the total axial loads in columns along the exterior walls increased by 7 percent to 15 percent.  
Similarly, the total column loads supported by the core columns decreased by about 10 percent.  
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Tables 4–7 and 4–8 indicate the differences in column loads when construction sequence either was or 
was not considered.   

Table 4–7.  Comparison of total column loads between WTC 1 models with and without 
construction sequence 

North South East West Core
w/ Const w/o Const w/ Const w/o Const w/ Const w/o Const w/ Const w/o Const w/ Const w/o Const

Floor 93 - 94 12,307 13,145 12,383 13,191 8,910 10,036 8,933 10,049 47,525 43,638
Floor 94 - 95 11,922 12,760 11,999 12,806 8,580 9,708 8,605 9,723 45,573 41,682
Floor 95 - 96 11,450 12,281 11,530 12,329 8,339 9,475 8,365 9,492 43,598 39,703
Floor 96 - 97 11,065 11,895 11,145 11,944 8,012 9,151 8,040 9,170 41,633 37,735
Floor 97 - 98 10,602 11,426 10,686 11,478 7,763 8,911 7,793 8,932 39,669 35,767
Floor 98 - 99 10,217 11,040 10,302 11,092 7,439 8,591 7,471 8,613 37,714 33,808  

Note: Compression is positive.  Units are in kip. 
 

Table 4–8.  Comparison of total column loads between WTC 2 models with and without 
construction sequence 

North South East West Core
w/ Const w/o Const w/ Const w/o Const w/ Const w/o Const w/ Const w/o Const w/ Const w/o Const

Floor 78 - 79 13,536 15,304 13,442 15,000 18,861 20,169 18,805 20,119 78,104 72,156
Floor 79 - 80 12,965 14,723 12,877 14,424 18,650 19,970 18,596 19,923 76,197 70,246
Floor 80 - 81 12,892 14,675 12,810 14,379 17,959 19,257 17,903 19,207 74,160 68,206
Floor 81 - 82 12,367 14,141 12,292 13,851 17,728 19,036 17,673 18,989 71,824 65,866
Floor 82 - 83 12,279 14,078 12,208 13,789 17,064 18,353 17,008 18,301 69,777 63,815
Floor 83 - 84 11,775 13,567 11,712 13,284 16,816 18,114 16,761 18,114 67,793 61,828  

Note: Compression is positive.  Units are in kip. 

 

The calculations showed that the outriggers in the WTC 1 simulations were more highly stressed when 
the construction sequence was not considered.  Since it was believed that the hat truss played an important 
role in transferring loads in WTC 1, the yield strengths of the materials for these outriggers in WTC 1 
were artificially increased to account for the incorrect increase in compressive stresses when construction 
sequence was not considered.   

The difference in maximum displacement calculated with and without consideration of construction 
sequence was within 12 percent for both WTC 1 and WTC 2.  Figures 4–6 and 4–7 present the differences 
in calculated displacements for analyses in which construction sequence either was or was not considered, 
respectively, for WTC 1 and WTC 2.  In these figures, the results presented for global analyses with creep 
for the state of the structure before aircraft impact are for the analyses in which construction sequence 
was neglected; they differ from the corresponding results presented in Appendix C for global analyses 
without creep as those analyses included the effects of the construction sequence. 
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Figure 4–6.  Comparison of vertical displacement between WTC 1 models with and 

without construction sequence. 
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Figure 4–7.  Comparison of vertical displacement between WTC 2 models with and 

without construction sequence. 
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4.2.3 Boundary Conditions and Loading Steps 

The global models with creep were vertically supported on elastic springs at Floor 91 for WTC 1 and 
Floor 77 for WTC 2.  These elastic springs represented the axial flexibility of the portion of the building 
below these floors.  The models were fixed against horizontal translation at these floors. 

The collapse analysis of WTC 1 considered creep and was performed only for Case B damage conditions 
and temperature time histories; and that for WTC 2 was only performed for Case D.  Section 2.2.3 of this 
report provides a description of these damage conditions.  Severed and heavily damaged core columns 
were removed in the global model with creep, while only severed columns were removed in the global 
models without creep. 

To reduce the size of the global models as much as possible, members that were predicted to have been 
severed or heavily damaged by the aircraft impact were removed from the models before applying the 
gravity load.  The floor dead and live loads were applied at each column node at the floor levels.  These 
forces were taken directly from the ANSYS global models converted from the reference SAP2000 global 
models.  WTC 1 and WTC 2 global models were then subjected to Case B and Case D temperature 
conditions, respectively.  NIST provided temperature data at 10 min intervals ranging from 0 min to 
100 min for WTC 1 and to 60 min for WTC 2.  For the first loading step of temperature analysis, 
temperatures of the structural elements were linearly ramped up from room temperature to the 
temperatures at 10 min.  After the first step, the temperatures were linearly ramped from the temperatures 
at the end of the previous time step to those at the end of current time step. 

4.2.4 Simulation of WTC 1 Collapse  

The global model of WTC 1, described in the previous section, was used to simulate the response of the 
building to aircraft impact damage and the ensuing fire environment.  Studies performed on the isolated 
exterior wall and core models and on the full floor subsystem models indicated that the calculated 
response of these models to the Case B impact damage and temperature time history set, as described in 
Section 2.2.3, more closely matched the structural behavior observed in the visual evidence than did 
analyses using the Case A data set.  Therefore, only the Case B impact damage and temperature time 
history set was used in the final global analyses.   

The gravity loading, consisting of the structure’s self weight, superimposed dead load, and 25 percent of 
the design live loads, was applied as a concentrated joint load at each column-floor node, without 
consideration of construction sequence effects.  Then the temperature time history was applied in a series 
of load steps.  Table 4–9 summarizes the sequence of analyses that were performed.  The results of each 
analysis step were used as the initial conditions for the next analysis step.  The steps consisted of alternate 
applications of fire damage, in the form of floor/wall disconnections or pull-in forces, followed by 
application of temperature change.  Section 2.5 describes the methods by which floor/wall disconnections 
and pull-in forces were determined and applied. 

After application of the Case B aircraft impact damage set, which included severe damage on the north 
face and to the north side of the core, the results of analysis showed slight tilting of the portion of the 
structure above the damaged area, to the north.  In early stages of the application of the temperature time 
history, temperatures increased significantly in the core columns where thermal insulation was projected 
to be damaged. The resulting thermal expansion of these core columns was larger than the thermal 



Chapter 4 

180 NIST NCSTAR 1-6D, WTC Investigation 

expansion of the exterior walls which occurred at the same time.  Therefore, as the core columns in the 
model expanded, they were restrained by the stiff hat truss, resulting in increased compressive forces in 
the core columns.  This effect first became significant at 20 min.  By 50 min some of the core columns 
under the influence of the high temperatures and high compressive loads began to exhibit buckling and 
large creep strains.  As buckling and creep strains accumulated, the core began to displace downward.  
Again, the movement of the tops of the core columns was restrained by the hat truss which now began to 
redistribute loads from the core columns to the exterior walls.  At 80 min, pull-in forces were applied to 
the south wall, based on the observed evidence.  At 87 min, the south wall started to bow inward 
significantly, initiating the buckling of the south wall that triggered the collapse sequence. 

Table 4–9.  Analysis steps of WTC 1 ANSYS global model. 
Analysis 

Step Description 
1 Dead and 25 percent of the design live loads were applied on the model of WTC 1 with impact damage. 
2 Floor/wall disconnections and pull-in forces that were projected to occur between 0 min and 10 min 

were applied. 
3 Column and spandrel temperatures were linearly ramped up from room temperature of 20°C to 

temperatures at 10 min. 
4 Floor/wall disconnections and pull-in forces that were projected to occur between 10 min and 20 min 

were applied. 
5 Column and spandrel temperatures were linearly changed from temperatures at 10 min to 20 min. 
6 Floor/wall disconnections and pull-in forces that were projected to occur between 20 min and 30 min 

were applied. 
7 Column and spandrel temperatures were linearly changed from temperatures at 20 min to 30 min. 
8 Floor/wall disconnections and pull-in forces that were projected to occur between 30 min and 40 min 

were applied. 
9 Column and spandrel temperatures were linearly changed from temperatures at 30 min to 40 min. 

10 Floor/wall disconnections and pull-in forces that were projected to occur between 40 min and 50 min 
were applied. 

11 Column and spandrel temperatures were linearly changed from temperatures at 40 min to 50 min. 
12 Floor/wall disconnections and pull-in forces that were projected to occur between 50 min and 60 min 

were applied. 
13 Column and spandrel temperatures were linearly changed from temperatures at 50 min to 60 min. 
14 Floor/wall disconnections and pull-in forces that were projected to occur between 60 min and 70 min 

were applied. 
15 Column and spandrel temperatures were linearly changed from temperatures at 60 min to 70 min. 
16 Floor/wall disconnections and pull-in forces that were projected to occur between 70 min and 80 min 

were applied. 
17 Column and spandrel temperatures were linearly changed from temperatures at 70 min to 80 min. 
18 Floor/wall disconnections and pull-in forces that were projected to occur between 80 min and 90 min 

were applied. 
19 Column and spandrel temperatures were linearly changed from temperatures at 80 min to 90 min. 
20 Floor/wall disconnections and pull-in forces that were projected to occur between 90 min and 100 min 

were applied. 
21 Column and spandrel temperatures were linearly changed from temperatures at 90 min to 100 min. 
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Figures 4–8 to 4–23 show the calculated vertical displacements for the exterior walls of WTC 1, before 
the aircraft impact, immediately after impact, at 80 min after impact (at the end of Step 17), and 100 min 
after impact.  Figures 4–24 to 4–32 show similar data for the core columns.  Figure 4–33 shows the 
calculated vertical displacement of Floor 99 before the aircraft impact.  Figures 4–34 to 4–37 show 
changes in vertical displacement at Floor 99 from the state before the aircraft impact.  Before aircraft 
impact, the maximum vertical displacements of the exterior walls and the core were respectively 
calculated as 3.3 in. and 4.2 in. (see Figs. 4–8 and 4–24).  As indicated in Fig. 4–33, the core had larger 
vertical displacements by about 1 in. than the exterior walls at Floor 99.  Since the construction sequence 
was not considered in the analysis, this difference in the vertical displacements changed initial loading 
conditions of columns.  As shown in Table 4–7, the total column loads on the north and south walls 
increased by 7 percent at the impacted floors, the total column loads on the east and west walls increased 
by about 14 percent, and the total column loads on the core decreased by about 9 percent, by ignoring the 
construction sequence.  Owing to impact damage on the north face and the north side of the core, WTC 1 
tilted slightly to the north after the aircraft impact as can be seen in Fig. 4–34.  The maximum calculated 
displacement of the north wall increased from 3.1 in. to 5.9 in. as shown in Figs. 4–12 and 4–13, and the 
maximum displacement of the south wall decreased from 3.2 in. to 3.0 in. as shown in Figs. 4–20 and  
4–21.  The calculated vertical displacement for the east and west walls only increased slightly.   

In the early stages of thermal loading, the temperatures in the core area were rising.  At 50 min, the 
calculated downward displacement of the core from plasticity, creep, and buckling of core columns was 
1.6 in. on average at Floor 99, as shown in Fig. 4–35.  At 100 min, the downward displacement of the 
core was at 2.0 in. on average at Floor 99.  Average increases of the downward vertical displacement at 
Floor 99 of the north, east, south, and west faces were 1.7 in., -0.24 in., -0.51 in., and -0.24 in. at 100 min, 
respectively.  As the bowing of the south wall increased, a section of the south wall above the bowed-in 
area moved downward as shown in Fig. 4–37. 

Figures 4–38 to 4–41 show the calculated out-of-plane displacements for the south wall before and after 
the aircraft impact, at 80 min (at the end of Step 17), and 100 min after impact.  In these figures, inward 
displacement is shown as positive.  Figure 4–42 shows a plot of the variation of maximum calculated out-
of-plane displacement in the south wall between 80 min and 100 min.  Until pull-in forces were applied to 
the columns on the south wall over Floor 95 to Floor 99 at 80 min (Step 18), no inward bowing had 
occurred.  This matches the available video evidence.  After the pull-in forces were applied, the bow 
initiated and grew to 15.5 in.  At about 87 min into the analysis, the inward bow began to increase 
significantly.  By 90 min, the rate of increase in inward bowing of the south wall slowed, and gravity 
loads were redistributed to the east and west walls and the core. The predicted inward bowing gradually 
increased to approximately 43 in. at 100 min.  However, the south wall did not show instability (buckling) 
at 100 min. 

Analyses of isolated exterior wall substructure models and of the global model showed that the amount of 
inward bowing predicted for the wall was highly sensitive to the magnitude of the applied pull-in forces.  
For a comparison, when pull-in forces were revised from the 5 kip magnitude used in the analyses 
discussed above to 4 kip, the predicted inward bowing of the south wall decreased dramatically from 
nearly 43 in. at 100 min to approximately 15 in.  Minor upward adjustment of the pull-in forces, from the 
5 kip used in the analyses, would have produced wall instability by 100 min.  It is likely that the pull-in 
forces in the actual building increased with time, and that likely, this inward bowing of the south wall did 
trigger instability, which initiated the global structural collapse. 
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Figures 4–44 to 4–55 show calculated axial loads in exterior columns before and after the aircraft impact, 
at 80 min (at the end of Step 17), and 100 min after impact.  Figures 4–56 to 4–59 show the variation of 
calculated axial loads in exterior columns along the different building faces at Floor 98 at different points 
in time.  Figures 4–60 to 4–63 show axial loads for the core columns before and after the aircraft impact, 
at 80 min (at the end of Step 17), and 100 min.  Figures 4–64 to 4–67 show the magnitude of axial load in 
each column at Floor 98; the size of axial load is proportional to the size of the circles.  Tables 4–10 and 
4–11 show the total column loads on each of the exterior walls and the core at Floor 98 and Floor 105, 
respectively.  Tables 4–12, 4–14, 4–16, 4–18, and 4–20 show total column loads on each of the exterior 
walls and the core at different floors from Floor 93 to Floor 105.  Tables 4–13, 4–15, 4–17, 4–19, and  
4–21 show the predicted changes in the total column loads of each of the exterior walls and the core at 
various times in the analysis.  Tables 4–22 to 4–24 show the difference in total column loads at Floor 98 
and Floor 105 between the states before and after aircraft impact, just after aircraft impact to 80 min (at 
the end of Step 17), and between 80 min (at the end of Step 17) and 100 min. 

After aircraft impact, gravity loads that were previously carried by severed columns were redistributed to 
other columns within the building.  For example, Table 4–10 shows that the exterior columns of the north 
wall at Floor 98 carried 10,974 kip load before the aircraft impact, and 10,137 kip just after aircraft 
impact, a net reduction of 837 kip.  Table 4–11 shows that columns along the north wall at Floor 105 lost 
732 kip of column loads as a result of the impact damage.  Therefore, 732 kip out of 837 kip was 
transferred by the hat truss to other portions of the structure, and the rest was redistributed to the adjacent 
walls by the Vierendeel behavior of the walls themselves.  Table 4–22 shows this load redistribution.  
Due to the impact damage and the northward tilting of the building after impact, the south wall also lost 
gravity loads.  Approximately 600 kip was transferred from the south wall by the hat truss.  The east and 
west walls and the core gained respectively gained 466 kip, 472 kip, and 400 kip, respectively. 

As described above, during early stages of the thermal analysis, thermal expansion of the core area was 
greater than that of the exterior walls.  As this expansion occurred, the total column loads in the core 
increased until 20 min into the analysis, as shown in Tables 4–20 and 4–21.  After 20 min, the core began 
to shed gravity loads as it displaced downward, under the influence of column creep and buckling.  This 
behavior continued until the south wall initiated inward bowing.  At 80 min, about 6,800 kip of the 
gravity load in the core was transferred by the hat truss to the exterior walls, as shown in Table 4–11.  The 
north, east, south, and west walls respectively gained 1,234 kip, 2,470 kip, 1,063 kip, and 2,021 kip from 
this behavior.  As shown in Table 4–23, the primary load redistribution path during the thermal loading 
up to 80 min was through the hat truss. 

Figure 4–58 shows that after 80 min, Columns 318 to 346 on the south wall unloaded as they bowed 
inward.  The vertical displacement of the south wall simultaneously increased as shown in Figs. 4–23 and 
4–37, and the south wall shed 1,485 kip of the gravity load between 80 min and 100 min.  As a result, the 
east and west walls and the core all gained gravity loads.  Figure 4–58 also shows load redistribution 
within the south wall.  As the columns near the center of the south wall unloaded after 80 min, the axial 
loads on the columns on the east and west sides of the south wall increased. 

Figures 4–68 to 4–71 show the calculated axial load demand-to-capacity ratio of each core column before 
and after the aircraft impact, at 80 min (at the end of Step 17), and 100 min.  Compressive capacities of 
the core columns were calculated using Eq. E2-1 in the American Institute of Steel Construction’s Manual 
of Steel Construction Load and Resistance Factor Design (AISC LRFD) for inelastic buckling with an 
effective length factor, K, of unity and a resistance factor of unity.  At 100 min, a large number of core 
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columns (501, 601, 603, 606, 701, 703, 705, 707, 801, 804, 806, 807, 901, 903, 904, 905, 906, 908, and 
1001) exhibited demand-to-capacity ratios larger than 0.7.  Eight columns (501, 606, 705, 707, 804, 806, 
807, and 908) exhibited ratios larger than 1.0.  Although there is some significant uncertainty associated 
with calculation of both the load on these columns and the buckling capacity, this indicates that at this 
time step, the core had either initiated or was close to initiating buckling-induced failure. 

Figures 4–72 to 4–77 show the maximum strains in each column between Floor 93 and Floor 99 before 
and after aircraft impact, at 10 min (at the end of Step 3), 40 min (at the end of Step 9), 80 min (at the end 
of Step 18), and 100 min.  These figures include elastic and inelastic strain, but no creep effects.  
Figures 4–78 to 4–81 show the same data, but include the additional effects of creep.  Before the aircraft 
impact, all of the columns were loaded within their elastic range.  After the aircraft impact, columns close 
to removed columns (which included both severed and highly damaged columns) developed plastic strain.  
Plastic strain of the core columns increased significantly for the first 40 min, and then remained almost 
constant until 100 min.  At 100 min, the maximum elastic-plus-plastic strain was 0.98 percent at Column 
603.  From 80 min to 100 min, plastic strain increased in almost all the bowed columns on the south face.  
However, creep strain was found to be far greater than plastic strain as can be seen in Figs. 4–78 to 4–81, 
especially in the core.  At 40 min, 22 of 38 core columns that were not severed or highly damaged by 
aircraft impact had creep strains larger than 1.0 percent.  After 40 min, the creep strains of core columns 
on the south side of the core slowly increased.  The maximum elastic-plus-plastic-plus-creep strain at 
100 min was 7.3 percent in Column 1006.  As temperature increased on the south wall in the later times, 
creep strain in columns on the south wall also increased.  By 100 min, creep strain increased in about 20 
columns on the south face; the maximum elastic-plus-plastic-plus-creep strain in the columns on the south 
face reached 2.9 percent. 

At 100 min, the core was weakened on the south side and had shortened by 1.6 in., and the south wall had 
bowed inward to approximately 43 in. from pull-in forces at Floors 95 to 99 and was unloading to the 
core and the adjacent east and west walls.   

Based on the observations and the calculated results of the analysis, reported above, the following 
sequence of events likely occurred as the south wall reached instability and buckled:   

• As columns buckled, they shed load through Vierendeel action to adjacent columns in the 
south wall, in turn buckling these columns. 

• The inward bowing of the south wall increased as additional columns buckled.   

• As a result of this behavior, instability progressed horizontally across the wall. 

• When instability engulfed the entire south wall, the wall continued to shed load to the east 
and west walls and to the core.  

The onset of this load redistribution can be found in Table 4–24.  The section of the building above the 
impact zone began tilting to the south as column instability progressed rapidly from the south wall along 
the adjacent east and west walls, resulting in increase of the gravity load on the core columns and in turn 
contributing to the buckling failure of these columns and initiating global collapse of the structure.   
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Since the global model did not include elements capable of capturing failure of column or hat truss 
element splices, nor buckling of hat truss outriggers, the conditions of the connections and the members 
in the primary load path to and through the hat truss were evaluated at different time intervals.  This 
evaluation included the core column splices for tension, outriggers and supporting columns for 
compression, and the hat truss connections that were in the primary load path for tension. 

Before the aircraft impact, core column splices were under compression.  After the impact and with 
increasing plastic and creep strains, the core displaced downward, and some core columns became 
suspended from the hat truss.  In fact, as shown in Table 4–26 and Fig. 4–82, Columns 503, 504, 505, 
602, 603, 604, 605, 702, and 802 were calculated to be in tension at Floor 105 at 100 min.  To evaluate 
the condition of the core column splices at Floor 106, the tension capacities of these splices were 
calculated using the AISC LRFD procedures and compared to the calculated tensile forces at each time 
interval.  Table 4–25 shows the calculated tension capacities of core column splices at Floor 106, and Fig. 
4–83 shows tensile demand-to-capacity ratios for the core column splices at Floor 106 at 100 min.  It was 
found that tension forces in core columns were less than the capacities of the splices. 

Sixteen outrigger members (four on each face) were present and participated in transfer of gravity loads 
between the core columns and the exterior walls, as shown in Fig. 4–3.  In the global model, each of these 
outriggers was represented by one BEAM24 element; therefore, buckling of the member could not be 
captured, although material nonlinearity was included.  Table 4–27 presents axial load demand-to-
capacity ratios of the outrigger members.  Capacities of outriggers were calculated using AISC LRFD Eq. 
E2-1 with an effective length factor K=0.75 and a resistance factor of unity.  To check against calculated 
capacities, axial loads obtained from the global model were adjusted for the additional axial load caused 
by ignoring construction sequence.  Analyses predicted that Outrigger E reached its axial load capacity 
(see Fig. 4–3 for designations of outrigger members).  Because the material properties of the outriggers in 
the global model were set so that they would yield when the axial load in the outrigger reached its 
compressive capacity, the axial load in Outrigger E did not change after reaching its capacity as unloading 
in the post-buckling regime was not modeled.  This may have resulted in an underestimate of the force 
redistribution to the other outriggers. 

Table 4–28 shows the computed demand-to-capacity ratios for axial loads of exterior columns supporting 
the outriggers.  Each of these exterior columns was also modeled by only one element (BEAM188) in the 
global model; therefore, buckling of the columns were not captured in the analysis.  Compressive 
capacities of these columns were also calculated using AISC LRFD Eq. E2-1 with an effective length 
factor K=0.75 and a resistance factor of unity.  This analysis showed that the axial loads in these columns 
were well below their inelastic buckling capacities. 

For effective load transfer from the core columns to the outriggers to occur, the capacities of the hat truss 
connections in the intermediate load path could not be exceeded.  To investigate this issue, the hat truss 
connections that were in this load path were identified, and their capacities were compared to the 
calculated forces transferred through them.  The load path was identified by selecting the hat truss 
members that were predicted to have an absolute axial stress of 25 ksi or more.  The hat truss stresses 
were evaluated at 80 min (at the end of Step 17) as at this time they had reached their predicted maxima.  
Only the connections that were transferring tensile forces were evaluated.  Figure 4–84 shows the 
members determined to be in the primary load path.  Figure 4–85 shows the location of the critical hat 
truss connections that were evaluated.  The capacities of the connections were calculated using the AISC 
LRFD procedures.  Table 4–29 summarizes capacities, demands, and the conditions of the connections 
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identified in Fig. 4–85.  As can be seen in Table 4–29, none of the connections exceeded their capacities.  
The state of the outriggers and core column splices at Floor 105 were discussed in the earlier paragraphs. 

Based on these evaluations, it can be stated that even though one outrigger reached its capacity, the hat 
truss was capable of redistributing loads between the core and the exterior walls, and therefore, the 
evaluations described above are valid. 
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Figure 4–8.  Vertical displacement of exterior wall of WTC 1 before aircraft impact 

(downward displacement is negative). 
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Figure 4–9.  Vertical displacement of exterior wall of WTC 1 after aircraft impact for 

Case B conditions (downward displacement is negative). 
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Figure 4–10.  Vertical displacement of exterior wall of WTC 1 at 80 min for Case B 

conditions (downward displacement is negative). 
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Figure 4–11.  Vertical displacement of exterior wall of WTC 1 at 100 min for Case B 

conditions (downward displacement is negative). 
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Figure 4–12.  Vertical displacement of north wall of WTC 1 before aircraft impact. 

 

 
Figure 4–13.  Vertical displacement of north wall of WTC 1 after aircraft impact for Case B 

conditions (downward displacement is negative). 
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Figure 4–14.  Vertical displacement of north wall of WTC 1 at 80 min for Case B 

conditions (downward displacement is negative). 

 

 
Figure 4–15.  Vertical displacement of north wall of WTC 1 at 100 min for Case B 

conditions with 5 kip pull-in forces (downward displacement is negative). 
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Figure 4–16.  Vertical displacement of east wall of WTC 1 before aircraft impact 

(downward displacement is negative). 

 

 
Figure 4–17.  Vertical displacement of east wall of WTC 1 after aircraft impact for Case B 

conditions (downward displacement is negative). 
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Figure 4–18.  Vertical displacement of east wall of WTC 1 at 80 min for Case B conditions 

(downward displacement is negative). 

 

 
Figure 4–19.  Vertical displacement of east wall of WTC 1 at 100 min for Case B 

conditions with 5 kip pull-in forces (downward displacement is negative). 
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Figure 4–20.  Vertical displacement of south wall of WTC 1 before aircraft impact 
(downward displacement is negative). 

 

 

Figure 4–21.  Vertical displacement of south wall of WTC 1 after aircraft impact for 
Case B conditions (downward displacement is negative). 
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Figure 4–22.  Vertical displacement of south wall of WTC 1 at 80 min for Case B 

conditions (downward displacement is negative). 

 

 
Figure 4–23.  Vertical displacement of south wall of WTC 1 at 100 min for Case B 

conditions with 5 kip pull-in forces (downward displacement is negative). 
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Figure 4–24.  Vertical displacement of core of WTC 1 before aircraft impact (downward 

displacement is negative). 
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Figure 4–25.  Vertical displacement of core of WTC 1 after aircraft impact for Case B 

conditions (downward displacement is negative). 
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Figure 4–26.  Vertical displacement of core of WTC 1 at 50 min for Case B conditions 

(downward displacement is negative). 
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Figure 4–27.  Vertical displacement of core of WTC 1 at 80 min for Case B conditions 

(downward displacement is negative). 
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Figure 4–28.  Vertical displacement of core of WTC 1 at 100 min for Case B conditions 

with 5 kip pull-in forces (downward displacement is negative). 
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Figure 4–29.  Vertical displacement of core columns of WTC 1 before aircraft impact 

(downward displacement is negative). 
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Figure 4–30.  Vertical displacement of core columns of WTC 1 after aircraft impact for 

Case B conditions (downward displacement is negative). 
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Figure 4–31.  Vertical displacement of core columns of WTC 1 at 80 min for Case B 

conditions (downward displacement is negative). 

1

MN

MX

X Y

Z

WTC1 Severe Temperature at 4800 sec - 900 Column Line                           

-5.664
-5.035

-4.406
-3.776

-3.147
-2.518

-1.888
-1.259

-.629378
0

MAR  2 2005
19:45:44

NODAL SOLUTION

STEP=25
SUB =170
TIME=120
UZ       (AVG)
RSYS=0
DMX =6.45
SMN =-5.664

1

MN

MX

X Y

Z

WTC1 Severe Temperature at 4800 sec - 1000 Column Line                          

-6.276
-5.578

-4.881
-4.184

-3.486
-2.789

-2.092
-1.395

-.697285
0

MAR  2 2005
19:45:45

NODAL SOLUTION

STEP=25
SUB =170
TIME=120
UZ       (AVG)
RSYS=0
DMX =6.316
SMN =-6.276

1

MN

MX

X Y

Z

WTC1 Severe Temperature at 4800 sec - 800 Column Line                           

-6.337
-5.633

-4.928
-4.224

-3.52
-2.816

-2.112
-1.408

-.704071
0

MAR  2 2005
19:45:43

NODAL SOLUTION

STEP=25
SUB =170
TIME=120
UZ       (AVG)
RSYS=0
DMX =6.822
SMN =-6.337

1

MN

MX

X Y

Z

WTC1 Severe Temperature at 4800 sec - 700 Column Line                           

-6.227
-5.535

-4.843
-4.151

-3.459
-2.767

-2.076
-1.384

-.69185
0

MAR  2 2005
19:45:41

NODAL SOLUTION

STEP=25
SUB =170
TIME=120
UZ       (AVG)
RSYS=0
DMX =27.285
SMN =-6.227

1

MN

MX

X Y

Z

WTC1 Severe Temperature at 4800 sec - 600 Column Line                           

-7.083
-6.296

-5.509
-4.722

-3.935
-3.148

-2.361
-1.574

-.787021
0

MAR  2 2005
19:45:40

NODAL SOLUTION

STEP=25
SUB =170
TIME=120
UZ       (AVG)
RSYS=0
DMX =21.044
SMN =-7.083

1

MN

MX

X Y

Z

WTC1 Severe Temperature at 4800 sec - 500 Column Line                           

-8.782
-7.806

-6.83
-5.854

-4.879
-3.903

-2.927
-1.951

-.975749
0

MAR  2 2005
19:45:38

NODAL SOLUTION

STEP=25
SUB =170
TIME=120
UZ       (AVG)
RSYS=0
DMX =9.47
SMN =-8.782

FL93
FL95
FL97
FL99

FL93
FL95
FL97
FL99

FL93
FL95
FL97
FL99

FL93
FL95
FL97
FL99

FL93
FL95
FL97
FL99

FL93
FL95
FL97
FL99

501 508 601 608

701 708 801 807

901 908 1001 1008

(in.)(in.)

(in.)(in.)

(in.)(in.)

(a) 500 series columns (b) 600 series columns 

(c) 700 series columns (d) 800 series columns 

(e) 900 series columns (f) 1000 series columns 



Chapter 4 

204 NIST NCSTAR 1-6D, WTC Investigation 

 
Figure 4–32.  Vertical displacement of core columns of WTC 1 at 100 min for Case B 

conditions with 5 kip pull-in forces (downward displacement is negative). 
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Figure 4–33.  Vertical displacement at Floor 99 of WTC 1 before aircraft impact. 

 

 
Figure 4–34.  Change in vertical displacement at Floor 99 of WTC 1 from the time before 

impact to the time after impact for Case B conditions. 
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Figure 4–35.  Change in vertical displacement at Floor 99 of WTC 1 from the time before 

impact to 50 min for Case B conditions. 

 
Figure 4–36.  Change in vertical displacement at Floor 99 of WTC 1 from the time before 

impact to 80 min for Case B conditions. 
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Figure 4–37.  Change in vertical displacement at Floor 99 of WTC 1 from the time before 

impact to 100 min for Case B conditions with 5 kip pull-in forces. 
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Figure 4–38.  Out-of-plane displacement of south wall of WTC 1 before aircraft impact 

(inward displacement is positive). 

 

 
Figure 4–39.  Out-of-plane displacement of south wall of WTC 1 after aircraft impact for 

Case B conditions (inward displacement is positive). 
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Figure 4–40.  Out-of-plane displacement of south wall of WTC 1 at 80 min (at the end of 

Analysis Step 17) for Case B conditions (inward displacement is positive). 

 

 
Figure 4–41.  Out-of-plane displacement of south wall of WTC 1 at 100 min for Case B 

conditions with 5 kip pull-in forces (inward displacement is positive). 
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Figure 4–42.  Time history of maximum out-of-plane displacement of south wall of WTC 1 

for Case B conditions with 5 kip pull-in forces (from Analysis Step 18 to Step 21). 

 

 
Figure 4–43.  Out-of-plane displacement of south wall of WTC 1 at 100 min for Case B 

conditions with 4 kip pull-in forces (inward displacement is positive). 

1

MN
MX

XY

Z

WTC1 Severe Temp at 6000 s w/4kip pul - South Face                              

-.579489
1.093

2.765
4.437

6.109
7.781

9.453
11.125

12.798
14.47

MAR 11 2005
11:02:03

NODAL SOLUTION

STEP=33
SUB =533
TIME=150
UY       (AVG)
RSYS=0
DMX =14.725
SMN =-.579489
SMX =14.47

FL93

FL95

FL97

FL99

301 359 

(in.) 



Global Analysis 

NIST NCSTAR 1-6D, WTC Investigation 211 

 
Figure 4–44.  Axial load in exterior columns of north wall of WTC 1 before aircraft impact 

(compression is negative). 

 

 
Figure 4–45.  Axial load in exterior columns of north wall of WTC 1 after aircraft impact 

for Case B conditions (compression is negative). 
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Figure 4–46.  Axial load in exterior columns of north wall of WTC 1 at 80 min for the 

Case B conditions (compression is negative). 

 

 
Figure 4–47.  Axial load in exterior columns of north wall of WTC 1 at 100 min for Case B 

conditions with 5 kip pull-in forces (compression is negative). 
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Figure 4–48.  Axial load in exterior columns of east wall of WTC 1 before aircraft impact 

(compression is negative). 

 

 
Figure 4–49.  Axial load in exterior columns of east wall of WTC 1 after aircraft impact for 

Case B conditions (compression is negative). 
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Figure 4–50.  Axial load in exterior columns of east wall of WTC 1 at 80 min for the 

Case B conditions (compression is negative). 

 

 
Figure 4–51.  Axial load in exterior columns of east wall of WTC 1 at 100 min for the 

Case B conditions with 5 kip pull-in forces (compression is negative). 
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Figure 4–52.  Axial load in exterior columns of south wall of WTC 1 before aircraft impact 

(compression is negative). 

 

 
Figure 4–53.  Axial load in exterior columns of south wall of WTC 1 after aircraft impact 

for Case B conditions (compression is negative). 
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Figure 4–54.  Axial load in exterior columns of south wall of WTC 1 at 80 min for Case B 

conditions (compression is negative). 

 

 
Figure 4–55.  Axial load in exterior columns of south wall of WTC 1 at 100 min for Case B 

conditions with 5 kip pull-in forces (compression is negative). 
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Figure 4–57.  Variation of axial load in exterior columns at Floor 985of east wall5of WTC31 for Case B conditions with 5 kip pull-in forces (compression is positive).  
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Figure 4–58.  Variation of axial load in exterior columns at Floor 98 of south wall of 

WTC 1 for Case B conditions with 5 kip pull-in forces (compression is positive). 
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Figure 4–59.  Variation of axial load in exterior columns at Floor 98 of west wall of WTC 1 

for Case B conditions with 5 kip pull-in forces (compression is positive). 
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Figure 4–60.  Axial load in core columns of WTC 1 before aircraft impact (compression is 

negative). 
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Figure 4–61.  Axial load in core columns of WTC 1 after aircraft impact for Case B 

conditions (compression is negative). 
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Figure 4–62.  Axial load in core columns of WTC 1 at 80 min for Case B conditions 

(compression is negative). 
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Figure 4–63.  Axial load in core columns of WTC 1 at 100 min for Case B conditions with 

5 kip pull-in forces (compression is negative). 
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Figure 4–64.  Axial load in columns at Floor 98 of WTC 1 before aircraft impact 

(compression is positive). 

 

 
Figure 4–65.  Axial load in columns at Floor 98 of WTC 1 after aircraft impact for Case B 

conditions (compression is positive). 
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Figure 4–66.  Axial load in columns at Floor 98 of WTC 1 at 80 min for Case B conditions 

(compression is positive). 

 
Figure 4–67.  Axial load in columns at Floor 98 of WTC 1 at 100 min for Case B conditions 

with 5 kip pull-in forces (compression is positive). 
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Table 4–10.  Total column loads at Floor 98 of WTC 1 for Case B conditions. 
Row Analysis Step North East South West Core Total
(1) Before Impact 10,974 8,545 11,025 8,572 34,029 73,144
(2) After Impact 10,137 9,071 10,356 9,146 34,429 73,139
(3) 10 min 9,796 8,490 9,848 8,536 36,473 73,143
(4) 20 min 10,437 9,108 9,900 9,202 34,495 73,143
(5) 30 min 10,913 10,034 10,420 9,715 32,060 73,142
(6) 40 min 11,068 10,599 11,004 10,178 30,294 73,142
(7) 50 min 11,149 10,908 11,192 10,458 29,435 73,141
(8) 60 min 11,205 11,168 11,285 10,716 28,766 73,141
(9) 70 min 11,286 11,366 11,343 10,939 28,205 73,138

(10) 80 min 11,376 11,555 11,409 11,119 27,681 73,140
(11) 90 min 10,916 11,991 9,949 11,657 28,587 73,099
(12) 100 min 10,828 12,249 9,638 11,905 28,478 73,098
(13) (2) - (1) -837 526 -668 574 400 -5
(14) (10) - (2) 1,239 2,484 1,052 1,973 -6,748 1
(15) (12) - (2) 692 3,178 -719 2,759 -5,951 -41
(16) (12) - (10) -548 694 -1,771 786 797 -42

Note: Compression is positive.  Units are in kip.  

Table 4–11.  Total column loads at Floor 105 of WTC 1 for Case B conditions. 
Row Analysis Step North East South West Core Total
(1) Before Impact 8,026 6,562 8,092 6,604 20,361 49,645
(2) After Impact 7,294 7,028 7,488 7,076 20,761 49,646
(3) 10 min 6,944 6,461 6,981 6,469 22,790 49,646
(4) 20 min 7,551 7,075 7,057 7,158 20,806 49,647
(5) 30 min 8,020 7,998 7,569 7,685 18,377 49,648
(6) 40 min 8,193 8,571 8,129 8,147 16,608 49,649
(7) 50 min 8,285 8,878 8,315 8,428 15,743 49,650
(8) 60 min 8,351 9,130 8,414 8,687 15,069 49,650
(9) 70 min 8,435 9,319 8,481 8,914 14,502 49,651

(10) 80 min 8,528 9,497 8,551 9,097 13,978 49,651
(11) 90 min 8,096 9,847 7,327 9,506 14,876 49,652
(12) 100 min 8,023 10,076 7,066 9,720 14,767 49,653
(13) (2) - (1) -732 466 -604 472 400 1
(14) (10) - (2) 1,234 2,470 1,063 2,021 -6,783 5
(15) (12) - (2) 730 3,048 -422 2,644 -5,993 7
(16) (12) - (10) -504 579 -1,485 623 790 2

Note: Compression is positive.  Units are in kip.  
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Table 4–12.  Total column loads on the north wall of WTC 1 for Case B conditions. 
Floor Before 

Impact
After 

Impact 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min

105 8,026 7,294 6,944 7,551 8,020 8,193 8,285 8,351 8,435 8,528 8,096 8,023
104 8,470 7,723 7,373 7,984 8,453 8,623 8,715 8,779 8,863 8,956 8,521 8,447
103 8,868 8,102 7,752 8,363 8,830 8,997 9,087 9,150 9,233 9,325 8,888 8,813
102 9,307 8,529 8,179 8,795 9,264 9,429 9,518 9,580 9,663 9,755 9,314 9,238
101 9,696 8,897 8,545 9,161 9,627 9,787 9,873 9,933 10,015 10,106 9,663 9,586
100 10,143 9,334 8,982 9,605 10,073 10,230 10,315 10,374 10,455 10,546 10,094 10,017
99 10,527 9,700 9,347 9,970 10,436 10,590 10,672 10,726 10,802 10,890 10,437 10,359
98 10,974 10,137 9,796 10,437 10,913 11,068 11,149 11,205 11,286 11,376 10,916 10,828
97 11,359 10,370 10,027 10,649 11,112 11,258 11,329 11,387 11,467 11,558 11,103 11,024
96 11,826 10,648 10,235 10,982 11,472 11,634 11,712 11,762 11,838 11,920 11,449 11,359
95 12,211 10,827 10,404 11,124 11,593 11,749 11,825 11,880 11,963 12,052 11,589 11,501
94 12,688 11,132 10,739 11,442 11,928 12,091 12,179 12,244 12,326 12,415 11,941 11,846
93 13,072 11,349 10,934 11,599 12,062 12,217 12,301 12,358 12,439 12,527 12,069 11,984

Note: Compression is positive.  Units are in kip.  

Table 4–13.  Change in total column loads on the north wall of WTC 1 for Case B conditions from the state before 
aircraft impact. 

Floor After 
Impact 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min

105 -732 -1,082 -475 -6 167 259 325 409 502 70 -3
104 -747 -1,096 -486 -17 154 245 310 393 486 51 -22
103 -765 -1,116 -505 -38 130 219 282 365 457 20 -54
102 -778 -1,128 -512 -43 122 211 273 356 448 7 -69
101 -798 -1,151 -534 -69 92 178 237 319 410 -33 -109
100 -809 -1,160 -538 -70 88 172 231 313 404 -49 -126
99 -827 -1,180 -557 -92 63 144 199 275 362 -91 -168
98 -837 -1,178 -537 -61 94 175 231 312 402 -58 -145
97 -988 -1,332 -710 -247 -101 -29 28 108 199 -256 -335
96 -1,178 -1,590 -844 -354 -192 -114 -64 12 94 -377 -467
95 -1,383 -1,807 -1,087 -618 -462 -386 -331 -247 -159 -622 -710
94 -1,556 -1,949 -1,247 -760 -598 -510 -445 -362 -273 -748 -843
93 -1,724 -2,138 -1,474 -1,011 -855 -772 -714 -634 -546 -1,004 -1,089

Note: Compression is positive.  Units are in kip.  



 

 

N
IS

T N
C

S
TA

R
 1-6D

, W
TC

 Investigation 
227

G
lobal A

nalysis

Table 4–14.  Total column loads on the east wall of WTC 1 for Case B conditions. 
Floor Before 

Impact
After 

Impact 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min

105 6,562 7,028 6,461 7,075 7,998 8,571 8,878 9,130 9,319 9,497 9,847 10,076
104 6,840 7,316 6,748 7,363 8,287 8,861 9,168 9,421 9,612 9,792 10,152 10,386
103 7,153 7,641 7,072 7,690 8,617 9,192 9,501 9,757 9,949 10,131 10,505 10,744
102 7,416 7,911 7,342 7,961 8,888 9,462 9,771 10,028 10,223 10,406 10,792 11,035
101 7,731 8,240 7,669 8,294 9,226 9,802 10,113 10,373 10,570 10,756 11,154 11,404
100 7,987 8,501 7,930 8,556 9,488 10,063 10,376 10,637 10,836 11,024 11,439 11,691
99 8,305 8,831 8,256 8,886 9,822 10,399 10,715 10,982 11,188 11,381 11,797 12,051
98 8,545 9,071 8,490 9,108 10,034 10,599 10,908 11,168 11,366 11,555 11,991 12,249
97 8,866 9,397 8,811 9,443 10,384 10,963 11,284 11,543 11,741 11,931 12,353 12,608
96 9,108 9,633 9,038 9,642 10,562 11,121 11,429 11,689 11,890 12,082 12,512 12,767
95 9,432 9,960 9,374 9,990 10,927 11,491 11,803 12,061 12,255 12,445 12,874 13,137
94 9,667 10,192 9,611 10,204 11,119 11,670 11,969 12,221 12,412 12,593 13,004 13,266
93 9,995 10,527 9,965 10,579 11,511 12,067 12,366 12,618 12,810 12,995 13,445 13,709

Note: Compression is positive.  Units are in kip.  

Table 4–15.  Change in total column loads on the east wall of WTC 1 for Case B conditions from the state before 
aircraft impact. 

Floor After 
Impact 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min

105 466 -101 513 1,436 2,009 2,316 2,568 2,757 2,935 3,285 3,514
104 475 -92 523 1,447 2,020 2,328 2,581 2,772 2,952 3,312 3,545
103 488 -81 538 1,465 2,039 2,348 2,604 2,797 2,978 3,352 3,592
102 496 -74 545 1,473 2,046 2,356 2,612 2,807 2,991 3,376 3,620
101 509 -62 563 1,495 2,071 2,383 2,643 2,840 3,025 3,424 3,673
100 514 -57 569 1,501 2,076 2,389 2,650 2,849 3,036 3,452 3,704
99 526 -49 581 1,517 2,094 2,410 2,676 2,883 3,075 3,491 3,745
98 526 -55 564 1,489 2,054 2,363 2,623 2,821 3,010 3,446 3,704
97 531 -55 577 1,518 2,097 2,418 2,677 2,875 3,065 3,487 3,742
96 525 -70 535 1,454 2,013 2,321 2,582 2,782 2,975 3,404 3,659
95 528 -59 558 1,494 2,059 2,371 2,629 2,823 3,012 3,442 3,705
94 525 -56 538 1,453 2,004 2,302 2,554 2,745 2,927 3,337 3,600
93 532 -30 584 1,516 2,072 2,370 2,623 2,815 3,000 3,450 3,714

Note: Compression is positive.  Units are in kip.  
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Table 4–16.  Total column loads on the south wall of WTC 1 for Case B conditions. 
Floor Before 

Impact
After 

Impact 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min

105 8,092 7,488 6,981 7,057 7,569 8,129 8,315 8,414 8,481 8,551 7,327 7,066
104 8,532 7,918 7,411 7,484 7,996 8,560 8,746 8,844 8,909 8,979 7,729 7,462
103 8,929 8,307 7,800 7,869 8,382 8,947 9,133 9,230 9,295 9,364 8,077 7,799
102 9,365 8,734 8,226 8,292 8,806 9,375 9,562 9,658 9,722 9,789 8,478 8,194
101 9,753 9,114 8,605 8,667 9,180 9,751 9,937 10,032 10,094 10,161 8,808 8,514
100 10,197 9,548 9,038 9,094 9,608 10,182 10,368 10,463 10,523 10,590 9,229 8,932
99 10,581 9,924 9,414 9,466 9,979 10,554 10,738 10,829 10,886 10,951 9,504 9,194
98 11,025 10,356 9,848 9,900 10,420 11,004 11,192 11,285 11,343 11,409 9,949 9,638
97 11,409 10,736 10,224 10,262 10,761 11,327 11,503 11,586 11,638 11,703 10,278 9,959
96 11,874 11,167 10,664 10,713 11,230 11,811 11,996 12,087 12,145 12,198 10,765 10,454
95 12,258 11,518 11,007 11,044 11,548 12,116 12,293 12,380 12,436 12,488 11,004 10,676
94 12,733 11,954 11,451 11,498 12,016 12,601 12,790 12,885 12,946 13,007 11,505 11,175
93 13,116 12,309 11,795 11,832 12,339 12,913 13,094 13,181 13,239 13,291 11,850 11,518

Note: Compression is positive.  Units are in kip.  

Table 4–17.  Change in total column loads on the south wall of WTC 1 for Case B conditions from the state before 
aircraft impact. 

Floor After 
Impact 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min

105 -604 -1,111 -1,035 -523 37 223 322 389 459 -765 -1,026
104 -614 -1,121 -1,048 -536 28 214 312 377 447 -803 -1,070
103 -622 -1,129 -1,060 -548 18 204 301 366 435 -852 -1,130
102 -632 -1,140 -1,074 -560 10 196 293 356 424 -887 -1,171
101 -639 -1,148 -1,087 -573 -2 184 279 341 408 -945 -1,239
100 -650 -1,160 -1,103 -590 -15 171 266 326 392 -968 -1,266
99 -656 -1,166 -1,115 -601 -27 157 249 305 370 -1,077 -1,387
98 -668 -1,176 -1,125 -605 -21 167 260 319 384 -1,075 -1,387
97 -673 -1,185 -1,147 -648 -82 94 177 229 294 -1,131 -1,450
96 -707 -1,210 -1,161 -644 -62 122 213 271 324 -1,109 -1,420
95 -740 -1,251 -1,214 -710 -142 35 122 178 230 -1,254 -1,582
94 -779 -1,283 -1,236 -717 -132 57 152 213 274 -1,229 -1,558
93 -808 -1,321 -1,284 -778 -204 -23 65 122 175 -1,266 -1,598

Note: Compression is positive.  Units are in kip.  
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Table 4–18.  Summation of total column loads on the west wall of WTC 1 for Case B conditions. 
Floor Before 

Impact
After 

Impact 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min

105 6,604 7,076 6,469 7,158 7,685 8,147 8,428 8,687 8,914 9,097 9,506 9,720
104 6,880 7,365 6,759 7,447 7,973 8,436 8,717 8,977 9,204 9,387 9,814 10,031
103 7,190 7,689 7,085 7,773 8,299 8,763 9,045 9,306 9,533 9,716 10,168 10,391
102 7,451 7,964 7,360 8,046 8,570 9,035 9,317 9,577 9,804 9,987 10,455 10,681
101 7,764 8,292 7,690 8,376 8,902 9,367 9,650 9,912 10,139 10,322 10,821 11,052
100 8,018 8,561 7,961 8,644 9,168 9,634 9,918 10,180 10,407 10,589 11,103 11,335
99 8,334 8,893 8,293 8,973 9,495 9,963 10,248 10,512 10,740 10,924 11,460 11,702
98 8,572 9,146 8,536 9,202 9,715 10,178 10,458 10,716 10,939 11,119 11,657 11,905
97 8,892 9,483 8,875 9,551 10,073 10,539 10,823 11,087 11,315 11,500 12,025 12,270
96 9,132 9,742 9,114 9,767 10,267 10,719 11,000 11,260 11,485 11,675 12,234 12,487
95 9,455 10,087 9,464 10,142 10,656 11,119 11,402 11,662 11,887 12,075 12,636 12,889
94 9,688 10,341 9,713 10,386 10,891 11,344 11,616 11,862 12,082 12,266 12,848 13,112
93 10,015 10,698 10,076 10,775 11,297 11,764 12,047 12,306 12,531 12,719 13,308 13,571

Note: Compression is positive.  Units are in kip.  

Table 4–19.  Change in total column loads on the west wall of WTC 1 for Case B conditions from the state before 
aircraft impact. 

Floor After 
Impact 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min

105 472 -135 554 1,081 1,543 1,824 2,083 2,310 2,493 2,902 3,116
104 485 -121 567 1,094 1,557 1,838 2,097 2,324 2,507 2,934 3,152
103 499 -105 583 1,109 1,573 1,855 2,116 2,343 2,526 2,978 3,201
102 514 -91 595 1,120 1,584 1,866 2,127 2,354 2,536 3,004 3,230
101 528 -73 612 1,138 1,603 1,886 2,148 2,376 2,558 3,057 3,289
100 543 -57 626 1,150 1,616 1,900 2,162 2,389 2,572 3,085 3,318
99 558 -41 638 1,161 1,628 1,913 2,177 2,406 2,589 3,126 3,368
98 574 -36 630 1,143 1,606 1,886 2,145 2,367 2,547 3,085 3,333
97 592 -17 660 1,182 1,647 1,931 2,195 2,424 2,608 3,133 3,378
96 611 -18 636 1,135 1,587 1,868 2,128 2,354 2,544 3,103 3,355
95 632 9 687 1,201 1,664 1,947 2,207 2,431 2,620 3,181 3,434
94 654 25 698 1,203 1,657 1,929 2,174 2,394 2,578 3,160 3,425
93 683 61 760 1,282 1,749 2,032 2,291 2,515 2,704 3,293 3,556

Note: Compression is positive.  Units are in kip.  
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Table 4–20.  Total column loads on the core of WTC 1 for Case B conditions. 
Floor Before 

Impact
After 

Impact 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min

105 20,361 20,761 22,790 20,806 18,377 16,608 15,743 15,069 14,502 13,978 14,876 14,767
104 22,340 22,740 24,771 22,786 20,355 18,586 17,720 17,045 16,478 15,953 16,853 16,744
103 24,311 24,712 26,744 24,758 22,326 20,555 19,690 19,014 18,447 17,922 18,821 18,712
102 26,267 26,668 28,701 26,715 24,282 22,510 21,644 20,968 20,401 19,875 20,775 20,666
101 28,228 28,628 30,663 28,677 26,242 24,469 23,603 22,926 22,359 21,833 22,734 22,625
100 30,177 30,576 32,614 30,628 28,192 26,420 25,554 24,876 24,310 23,783 24,686 24,577
99 32,127 32,525 34,565 32,579 30,139 28,363 27,497 26,819 26,250 25,724 26,634 26,524
98 34,029 34,429 36,473 34,495 32,060 30,294 29,435 28,766 28,205 27,681 28,587 28,478
97 35,988 36,387 38,425 36,458 34,031 32,275 31,422 30,760 30,203 29,674 30,592 30,487
96 37,956 38,217 40,264 38,305 35,878 34,129 33,279 32,617 32,060 31,540 32,455 32,349
95 39,925 39,872 41,961 39,998 37,573 35,816 34,974 34,314 33,758 33,240 34,151 34,044
94 41,903 41,551 43,648 41,681 39,251 37,503 36,655 35,995 35,441 34,924 35,847 35,742
93 43,859 43,304 45,394 43,429 40,998 39,247 38,400 37,742 37,188 36,673 37,561 37,455

Note: Compression is positive.  Units are in kip.  

Table 4–21.  Change in total column loads on the core of WTC 1 for Case B conditions from the state before aircraft impact. 
Floor After 

Impact 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min

105 400 2,430 445 -1,984 -3,752 -4,617 -5,292 -5,858 -6,383 -5,484 -5,593
104 400 2,431 446 -1,985 -3,754 -4,620 -5,295 -5,862 -6,387 -5,487 -5,596
103 400 2,432 447 -1,985 -3,756 -4,622 -5,297 -5,864 -6,390 -5,490 -5,599
102 400 2,433 448 -1,986 -3,757 -4,623 -5,300 -5,867 -6,392 -5,492 -5,601
101 400 2,435 449 -1,986 -3,758 -4,624 -5,301 -5,868 -6,395 -5,493 -5,603
100 399 2,436 451 -1,985 -3,757 -4,623 -5,301 -5,867 -6,394 -5,491 -5,600
99 399 2,438 452 -1,988 -3,763 -4,630 -5,308 -5,876 -6,402 -5,493 -5,602
98 400 2,444 466 -1,969 -3,735 -4,594 -5,263 -5,824 -6,348 -5,443 -5,552
97 399 2,437 470 -1,956 -3,713 -4,566 -5,228 -5,785 -6,314 -5,396 -5,501
96 261 2,307 349 -2,079 -3,827 -4,677 -5,339 -5,897 -6,417 -5,501 -5,607
95 -53 2,037 73 -2,352 -4,108 -4,950 -5,610 -6,167 -6,685 -5,773 -5,880
94 -352 1,745 -223 -2,653 -4,401 -5,248 -5,908 -6,462 -6,979 -6,056 -6,162
93 -556 1,534 -431 -2,861 -4,613 -5,460 -6,117 -6,671 -7,186 -6,298 -6,405

Note: Compression is positive.  Units are in kip.  
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Table 4–22.  Change in total column loads before and after aircraft impact. 
(Loads after impact) – (Loads before impact) 

Row Floor North East South West Core
(1) Floor 98 -837 526 -668 574 400
(2) Floor 105 -732 466 -604 472 400
(3) (2) - (1) 105 -60 64 -103 0

Note: Increase in compression is shown as positive.  Units are in kip.  
 

 

Table 4–23.  Change in total column loads after aircraft impact and at 80 min for Case B 
conditions. 

(Loads at 80 min) – (Loads After Impact) 
Row Floor North East South West Core
(1) Floor 98 1,239 2,484 1,052 1,973 -6,748
(2) Floor 105 1,234 2,470 1,063 2,021 -6,783
(3) (2) - (1) -5 -15 11 48 -35

Note: Increase in compression is shown as positive.  Units are in kip.  
 

 

Table 4–24.  Change in total column loads at 80 min and at 100 min for Case B 
conditions. 

(Loads at 100 min) – (Loads at 80 min) 
Row Floor North East South West Core
(1) Floor 98 -548 694 -1,771 786 797
(2) Floor 105 -504 579 -1,485 623 790
(3) (2) - (1) 44 -115 285 -163 -7

Note: Increase in compression is shown as positive.  Units are in kip.  
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Figure 4–68.  Maximum demand-to-capacity ratio for axial load in core columns between 

Floor 93 and Floor 99 of WTC 1 before aircraft impact. 

 
Figure 4–69.  Maximum demand-to-capacity ratio for axial load in core columns between 

Floor 93 and Floor 99 of WTC 1 after aircraft impact for Case B conditions. 
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Figure 4–70.  Maximum demand-to-capacity ratio for axial load in core columns between 

Floor 93 and Floor 99 of WTC 1 at 80 min for Case B conditions. 

 
Figure 4–71.  Maximum demand-to-capacity ratio for axial load in core columns between 
Floor 93 and Floor 99 of WTC 1 at 100 min for Case B conditions with 5 kip pull-in forces. 
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Figure 4–72.  Maximum elastic-plus-plastic strain for columns between Floor 93 and 

Floor 99 of WTC 1 before aircraft impact (compressive strain is positive; strain values are 
in percent). 

 
Figure 4–73.  Maximum elastic-plus-plastic strain for columns between Floor 93 and 

Floor 99 of WTC 1 after aircraft impact for Case B conditions  
(compressive strain is positive; strain values are in percent). 
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Figure 4–74.  Maximum elastic-plus-plastic strain for columns between Floor 93 and 

Floor 99 of WTC 1 at 10 min for Case B conditions (compressive strain is positive; strain 
values are in percent). 

 
Figure 4–75.  Maximum elastic-plus-plastic strain for columns between Floor 93 and 

Floor 99 of WTC 1 at 40 min for Case B conditions (compressive strain is positive; strain 
values are in percent). 
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Figure 4–76.  Maximum elastic-plus-plastic strain for columns between Floor 93 and 

Floor 99 of WTC 1 at 80 min for Case B conditions (compressive strain is positive; strain 
values are in percent). 

 
Figure 4–77.  Maximum elastic-plus-plastic strain for columns between Floor 93 and 

Floor 99 of WTC 1 at 100 min for Case B conditions with 5 kip pull-in forces  
(compressive strain is positive; strain values are in percent). 
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Figure 4–78.  Maximum elastic-plus-plastic-plus-creep strain for columns between Floor 

93 and Floor 99 of WTC 1 at 10 min for Case B conditions  
(compressive strain is positive; strain values are in percent). 

 
Figure 4–79.  Maximum elastic-plus-plastic-plus-creep strain for columns between Floor 

93 and Floor 99 of WTC 1 at 40 min for Case B conditions  
(compressive strain is positive; strain values are in percent). 
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Figure 4–80.  Maximum elastic-plus-plastic-plus-creep strain for columns between Floor 

93 and Floor 99 of WTC 1 at 80 min for Case B conditions  
(compressive strain is positive; strain values are in percent). 

 
Figure 4–81.  Maximum elastic-plus-plastic-plus-creep strain for columns between Floor 

93 and Floor 99 of WTC 1 at 100 min for Case B conditions with 5 kip pull-in forces 
(compressive strain is positive; strain value are in percent). 
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Table 4–25.  Tension capacity of core column splices at Floor 106 
Column Line

Col # 500 600 700 800 900 1000
1 460 335 335 335 335 460
2 335 335 335 335 335 335
3 335 335 335 335 460 460
4 335 335 335 335 335 335
5 335 335 335 335 335 335
6 335 335 335 335 335 335
7 335 335 335 335 335 335
8 460 335 335 335 460

Note: Units are in kip.  



Chapter 4 

240 NIST NCSTAR 1-6D, WTC Investigation 

Table 4–26.  Axial load in core columns at Floor 105 of WTC 1 for Case B conditions 
Column ID Before 

Impact
After 

Impact 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min

501 753 1,033 976 1,326 1,504 1,634 1,690 1,703 1,661 1,635 1,595 1,563
502 567 751 996 569 416 353 303 266 210 156 90 44
503 632 469 631 312 129 57 23 -13 -63 -118 -190 -240
504 486 1 -49 -17 -34 -39 -32 -34 -36 -44 -70 -82
505 576 82 27 18 3 -8 -8 -8 -8 -16 -42 -52
506 629 512 544 311 311 324 320 313 314 315 281 266
507 558 676 774 466 328 313 304 296 303 312 284 275
508 743 1,057 1,185 1,108 587 493 469 455 448 430 399 389
601 219 272 239 341 383 413 423 432 432 427 427 420
602 395 524 612 310 206 153 103 69 30 -5 -21 -45
603 408 475 525 315 118 15 -28 -64 -94 -126 -130 -137
604 275 131 85 45 7 -16 -28 -38 -45 -51 -50 -52
605 320 149 70 20 -3 -17 -23 -28 -34 -38 -36 -37
606 408 428 415 334 327 325 313 303 295 291 298 299
607 371 447 470 350 286 268 247 232 224 222 230 235
608 224 296 335 255 165 149 134 123 116 113 123 128
701 355 418 363 518 594 658 684 705 718 722 733 733
702 395 529 652 232 145 85 17 -34 -73 -98 -88 -89
703 266 288 380 456 456 425 407 387 368 351 344 334
704 224 221 237 214 189 165 147 132 121 113 119 117
705 181 159 146 135 125 117 110 103 99 96 98 95
706 276 227 195 178 167 161 153 146 141 137 138 133
707 386 447 472 514 524 514 491 471 456 445 448 449
708 391 491 540 420 448 470 462 451 446 445 470 482
801 398 450 374 536 630 706 742 762 777 788 818 834
802 398 473 622 167 110 69 1 -55 -91 -108 -73 -54
803 298 298 417 542 521 470 445 423 402 383 389 383
804 192 173 179 166 146 136 125 119 119 116 127 127
805 329 188 145 105 85 85 76 72 73 71 86 86
806 395 454 502 567 631 652 642 635 630 620 626 624
807 362 432 439 399 449 480 489 493 497 498 528 540
901 253 273 217 280 343 398 422 436 450 460 496 517
902 385 425 470 268 241 193 152 112 95 88 135 167
903 523 606 833 847 653 491 435 393 358 336 358 349
904 298 287 397 322 192 116 71 47 43 42 76 77
905 278 271 332 259 150 96 66 55 60 59 89 89
906 406 464 507 646 616 516 477 455 409 354 351 319
907 413 457 485 534 513 468 456 458 455 441 438 425
908 239 274 242 274 321 350 366 378 387 392 425 438

1001 762 735 605 721 915 1,112 1,212 1,301 1,370 1,405 1,595 1,685
1002 614 611 759 560 527 432 405 382 367 353 453 465
1003 745 744 855 1,079 990 555 426 286 214 182 299 271
1004 522 525 809 719 416 194 106 46 15 15 148 150
1005 534 546 830 685 359 176 94 50 27 20 135 132
1006 637 634 682 904 661 408 348 321 288 242 273 230
1007 587 578 582 727 624 500 478 476 463 435 438 408
1008 758 785 687 770 902 991 1,030 1,055 1,067 1,070 1,216 1,274

Note: Compression is positive. Units are in kip.  
Note:  Shading indicates when core columns were in tension. 
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Figure 4–82.  Axial load (kip) in core columns at Floor 105 of WTC 1 at 100 min for Case B 

conditions with 5 kip pull-in forces (compression is positive). 

 
Figure 4–83.  Tension demand-to-capacity ratio for core column splices at Floor 106 of 

WTC 1 at 100 min for Case B conditions with 5 kip pull-in forces. 

0.72 0.24

0.41 0.15

0.27

0.16

0.14 0.11

0.15

N 

Col 501 Col 508 

Col 1001 Col 1008 
= column in compression 

1563 266 275 389

420 299 235

733 334 449 482

834 383 624 540

517 349 319 425 438

1685 465 408 1274

271 230150 132

8977167

86

133

127

95117

-54

-89

128-37-52-137-45

44 -52-82-240

N 

Col 501 Col 508 

Col 1001 Col 1008 



Chapter 4 

242 NIST NCSTAR 1-6D, WTC Investigation 

Table 4–27.  Demand-to-capacity ratio for axial load in outriggers of WTC 1 for Case B 
conditions (outrigger IDs are indicated in Fig. 4–3). 

Outrigger ID Bfr Imp Aftr Imp 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min
North

A 0.26 0.35 0.26 0.40 0.49 0.53 0.56 0.59 0.62 0.65 0.54 0.52
B 0.22 -0.07 -0.13 -0.04 0.02 0.04 0.06 0.07 0.08 0.09 0.03 0.03
C 0.21 -0.05 -0.11 -0.02 0.04 0.06 0.08 0.08 0.09 0.11 0.05 0.04
D 0.25 0.35 0.29 0.45 0.61 0.67 0.70 0.72 0.73 0.75 0.65 0.63

East
E 0.32 0.48 0.38 0.56 0.75 0.83 0.88 0.92 0.94 0.97 0.95 0.96
F 0.23 0.28 0.21 0.30 0.41 0.48 0.52 0.55 0.57 0.59 0.62 0.64
G 0.23 0.26 0.20 0.26 0.35 0.42 0.46 0.49 0.51 0.54 0.58 0.61
H 0.33 0.31 0.23 0.25 0.36 0.46 0.51 0.55 0.58 0.60 0.72 0.77

South
I 0.25 0.12 0.04 0.03 0.12 0.20 0.23 0.26 0.27 0.28 0.28 0.28
J 0.21 0.10 0.01 0.03 0.13 0.24 0.28 0.29 0.30 0.31 0.04 -0.02
K 0.21 0.10 0.01 0.03 0.13 0.24 0.27 0.28 0.30 0.31 0.02 -0.04
L 0.26 0.12 0.02 0.05 0.11 0.20 0.24 0.27 0.29 0.31 0.19 0.18

West
M 0.33 0.33 0.22 0.29 0.36 0.44 0.49 0.53 0.56 0.58 0.69 0.73
N 0.24 0.27 0.20 0.28 0.34 0.40 0.44 0.47 0.50 0.52 0.56 0.58
O 0.24 0.29 0.22 0.31 0.38 0.43 0.47 0.50 0.53 0.55 0.59 0.61
P 0.33 0.48 0.39 0.54 0.64 0.71 0.75 0.79 0.83 0.87 0.88 0.90  

Table 4–28.  Demand to capacity ratio for axial load in exterior columns supporting 
outriggers at Floor 107 of WTC 1 for Case B conditions. 

Column ID Bfr Imp Aftr Imp 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min 100 min

North
110 0.30 0.40 0.35 0.43 0.48 0.51 0.53 0.54 0.56 0.58 0.52 0.51
111 0.24 0.31 0.28 0.33 0.36 0.37 0.38 0.39 0.40 0.41 0.37 0.37
129 0.28 0.00 -0.05 0.02 0.08 0.10 0.11 0.11 0.12 0.14 0.09 0.08
130 0.30 0.04 0.00 0.06 0.11 0.13 0.14 0.15 0.16 0.17 0.12 0.11
131 0.30 0.02 -0.03 0.04 0.10 0.12 0.13 0.13 0.14 0.16 0.10 0.10
149 0.25 0.30 0.28 0.33 0.39 0.41 0.42 0.43 0.43 0.44 0.41 0.40
150 0.25 0.31 0.29 0.36 0.43 0.46 0.48 0.49 0.49 0.50 0.45 0.44
East
217 0.20 0.26 0.23 0.29 0.38 0.41 0.43 0.45 0.46 0.47 0.46 0.47
218 0.25 0.34 0.28 0.38 0.51 0.57 0.60 0.63 0.65 0.67 0.66 0.67
228 0.30 0.35 0.28 0.36 0.47 0.53 0.57 0.59 0.62 0.64 0.67 0.69
229 0.22 0.25 0.20 0.26 0.34 0.38 0.41 0.43 0.45 0.46 0.49 0.50
231 0.22 0.25 0.20 0.25 0.32 0.37 0.40 0.42 0.43 0.45 0.48 0.49
232 0.30 0.33 0.27 0.33 0.42 0.48 0.52 0.55 0.57 0.59 0.63 0.65
242 0.25 0.25 0.20 0.21 0.28 0.33 0.36 0.39 0.40 0.42 0.50 0.53
243 0.20 0.20 0.17 0.18 0.22 0.25 0.27 0.29 0.30 0.31 0.36 0.38

South
310 0.30 0.23 0.19 0.19 0.23 0.28 0.29 0.31 0.31 0.32 0.33 0.33
311 0.24 0.20 0.18 0.17 0.20 0.22 0.23 0.24 0.24 0.25 0.25 0.25
329 0.27 0.17 0.10 0.12 0.20 0.29 0.32 0.33 0.33 0.34 0.10 0.05
330 0.34 0.23 0.14 0.16 0.26 0.37 0.40 0.41 0.41 0.43 0.13 0.07
331 0.27 0.18 0.10 0.12 0.21 0.30 0.32 0.32 0.33 0.34 0.10 0.05
349 0.24 0.20 0.17 0.18 0.20 0.22 0.23 0.25 0.25 0.26 0.22 0.22
350 0.31 0.23 0.18 0.20 0.23 0.27 0.30 0.31 0.33 0.33 0.28 0.28

West
417 0.21 0.21 0.17 0.19 0.22 0.25 0.27 0.29 0.30 0.31 0.35 0.37
418 0.25 0.25 0.19 0.23 0.27 0.32 0.34 0.37 0.38 0.40 0.46 0.49
428 0.30 0.34 0.27 0.35 0.41 0.46 0.49 0.52 0.55 0.56 0.60 0.62
429 0.23 0.26 0.20 0.26 0.31 0.35 0.37 0.40 0.41 0.43 0.46 0.47
431 0.23 0.26 0.21 0.27 0.32 0.36 0.39 0.41 0.43 0.44 0.47 0.48
432 0.30 0.35 0.28 0.37 0.43 0.48 0.51 0.54 0.57 0.59 0.62 0.64
442 0.25 0.34 0.28 0.37 0.44 0.48 0.51 0.54 0.57 0.59 0.60 0.62
443 0.21 0.26 0.23 0.29 0.33 0.36 0.37 0.39 0.41 0.43 0.43 0.44  
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Figure 4–84.  Primary load path within the hat truss of WTC 1. 

 

 
Figure 4–85.  Location of the hat truss connections in the primary load path. 
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Table 4–29.  Demand and capacity of the hat truss connections (kip) in the primary load 
path at 80 min (connection IDs are shown in Fig. 4–85). 

 
 

Connection Demand Force State

ID Floor Column Yield Ultimate (tension)

1 110 501 1,250 1,250 680 Safe

2 108 502 1,250 1,250 680 Safe

3 111 502 1,930 1,930 80 Safe

4 108 502 520 520 100 Safe

5 110 701 1,340 1,340 390 Safe

6 107 702 950 950 370 Safe

7 110 801 1,340 1,340 140 Safe

8 107 802 335 260 140 Safe

9 110 1001 1,250 1,250 400 Safe

10 110 1008 1,250 1,250 290 Safe

11 110 708 1,340 1,340 360 Safe

12 108 217-218 4,520 5,880 1,810 Safe

13 108 508 870 760 410 Safe

14 110 508 1,250 1,250 530 Safe

15 108 507 1,250 1,250 530 Safe

16 108 149-150 2,640 2,640 1,310 Safe

17 108 110-111 2,640 2,640 1,170 Safe

18 108 442-443 4,520 5,880 1,650 Safe

19 108 417-418 4,520 5,880 1,200 Safe

20 108 242-243 4,520 5,880 1,230 Safe

21 108 231-232 3,010 3,920 1,070 Safe

22 108 228-229 3,010 3,920 1,150 Safe

Tension CapacityLocation
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4.2.5 Simulation of WTC 2 Collapse 

The global model of WTC 2, as described in Sections 4.1.1 to 4.2.3, was used to simulate the response of 
the building to aircraft impact damage and the ensuing fire environment.  Studies performed on the 
isolated exterior wall and core models and on the full floor subsystem models indicated that the calculated 
response of these models to the Case D damage and temperature time history set more closely matched 
the structural behavior observable in photographic and video evidence than did analyses using Case C.  
Therefore, in this global analysis only the Case D damage and temperature time history set were used.  
Section 2.2 of this report provides a description of the Case D structural impact damage set.  The analysis 
started with dead and 25 percent of the design live loads taken directly from the reference SAP2000 
models and applied as concentrated loads at each column-floor node.  Table 4–30 summarizes the 
sequence of analyses that were performed.  Section 2.5 gives the locations of floor/wall disconnections 
and pull-in forces at different analysis steps.  The results of each analysis step were used as the initial 
conditions for the next analysis step. 

Table 4–30.  Analysis Steps of WTC 2 ANSYS global model with Case D conditions. 
Analysis Step Description 

1 Dead and 25 percent of the design live loads were applied on the model of WTC 2 with impact 
damage. 

2 Floor/wall disconnections and pull-in forces that were projected to occur between 0 min and 10 
min were applied. 

3 Column and spandrel temperatures were linearly ramped up from room temperature of 20 °C to 
temperatures at 10 min. 

4 Floor/wall disconnections and pull-in forces that were projected to occur between 10 min and 20 
min were applied. 

5 Column and spandrel temperatures were linearly changed from temperatures at 10 min to 20 min. 
6 Floor/wall disconnections and pull-in forces that were projected to occur between 20 min and 30 

min were applied. 
7 Column and spandrel temperatures were linearly changed from temperatures at 20 min to 30 min. 
8 Floor/wall disconnections and pull-in forces that were projected to occur between 30 min and 40 

min were applied. 
9 Column and spandrel temperatures were linearly changed from temperatures at 30 min to 40 min. 

10 Floor/wall disconnections and pull-in forces that were projected to occur between 40 min and 50 
min were applied. 

11 Column and spandrel temperatures were linearly changed from temperatures at 40 min to 50 min. 

Figures 4–86 through 4–133 summarize the results of the global analyses with creep for the analysis steps 
described in Table 4–30.  The vertical displacements of the exterior wall and the core area are presented 
in Figs. 4–86 through 4–98.  For the exterior wall, the vertical displacements were about 2.0 in. to 3.0 in. 
before the aircraft impact.  As indicated in Fig. 4–88, the core had larger vertical displacements by about 
1 in. than the exterior walls at Floor 83 before aircraft impact.  Since construction sequence was not 
considered in the analysis, this difference in the vertical displacements changed initial loading conditions 
of the columns.  As shown in Table 4–8, the total column loads on the east and west walls increased by 7 
percent at the impacted floors, the total column loads on the north and south walls increased by about 13 
percent, and the total column loads on the core decreased by about 8 percent, by ignoring the construction 
sequence.  After aircraft impact, the vertical displacements increased to 7.4 in. on the south wall  
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(Fig. 4–86).  Due to thermal expansion of columns, the vertical downward displacements recovered 
slightly initially and eventually increased as shortening due to plastic and creep deformations became 
larger than the thermal expansion.  However, the vertical displacements remained around 7.5 in. until 43 
min at which point they increased rapidly to 11.3 in. on the east and south faces with the bowing of the 
east wall.  When the east wall reached instability and buckled, the northwest corner of the exterior wall 
lifted up about 2.0 in., which indicated that the tower was tilting toward the southeast around an axis 
passing through the southwest and the northeast corners (Fig. 4–87).  The tilting of the tower is also 
illustrated in Figs. 4–88 and 4–89, where the vertical displacements at Floor 83 are presented.  As can be 
seen, with increasing time the displacements on the southeast corner increased, whereas the displacements 
on the northwest corner decreased.  The likely axis about which the tower was tilted is indicated in 
Fig. 4–89.  The axis location in Fig. 4–89 was based upon the distribution of plastic and creep strains, 
which is presented later in this Section.  Figure 4–90 shows the total displacements above Floor 86 when 
the east wall buckled and collapse initiated.  For reference, the undeformed tower is also shown.  The tilt 
toward the southeast is clearly visible.   

Analysis of the structure without aircraft impact damage indicates vertical displacements at the top of the 
building of approximately 4 in. (Figs. 4–91, 4–93, 4–95, and 4–97).  Analysis with the estimated aircraft 
impact damage in place indicates that vertical displacements at the southeast corner of the core increased 
to approximately 10 in. (Figs. 4–91 and 4–97).  As with displacements on the exterior wall, vertical 
downward displacement of the core was predicted to be somewhat recovered in the initial periods of the 
fire, due to thermal expansion, and then increased with time as inelastic and creep deformations of the 
heated and heavily loaded columns increased substantially.  When the east wall reached instability and 
buckled, at 43 min, the core displacements suddenly increased to 13 in. at the southeast corner (Figs. 4–
92, 4–94, 4–96, and 4–98).   

Figures 4–99 through 4–101 show the out-of-plane displacements of the east wall at various analysis 
steps.  As shown in Fig. 4–99, there was no out-of-plane displacement on the east wall before the aircraft 
impact.  After aircraft impact, the south side of the east wall at Floor 86 displaced outward about 2.0 in., 
whereas the north side at the same floor remained approximately at the same displacement as before 
aircraft impact.  This shows a slight twist about the z-axis.  With increasing time and temperatures, the 
east wall bowed and the inward displacements increased (Fig. 4–100).  At 20 min the maximum inward 
displacement reached 9.5 in. toward the center of the east wall.  This maximum inward displacement 
agrees well with the maximum inward displacement (~10 in.) that was measured from the photographs 
and videos at the same time (at 9:21 am which is approximately 18 minutes after the aircraft impact).  
After 20 min, the inward displacements steadily increased until at 43 min they rapidly increased to 62 in. 
(Figs. 4–100 and 4–101).  At this point, the east wall reached instability and buckled over the entire width 
of the wall.   

Figures 4–102 and 4–103 show the lateral displacements of the exterior wall above Floor 86 after aircraft 
impact and at the instant of the east wall buckling.  After aircraft impact, Floor 110 moved toward the east 
about 5.0 in. and toward the south about 5.1 in.  There was also a slight twist about the z-axis of the tower 
which was about 0.0007 radian at Floor 110.  The twist about the z-axis was calculated by taking the 
difference between the average in-plane displacement of the two opposing exterior walls (such as the east 
and the west walls) at Floor 110 and dividing the result by the distance between these walls (~200 ft).  
With the buckling of the east wall, the lateral displacements increased rapidly.  The lateral displacements 



Global Analysis 

NIST NCSTAR 1-6D, WTC Investigation 247 

of the north exterior wall increased to 15.2 in. toward the east, and of the south exterior wall increased to 
6.7 in. toward south.  The twist around the z-axis of the tower increased to 0.0010 radian at Floor 110.   

Figures 4–104 through 4–111 show the variation of axial loads on the exterior wall columns at different 
analysis steps.  Typically, before aircraft impact, the load distribution along the width of the walls was 
symmetric with respect to the centerline of each wall.  After aircraft impact, the loads in the severed 
columns redistributed.  As a result of this redistribution, the column loads on the south side of the east and 
west walls and on the east side of south wall increased.  This was due to leaning of the tower toward the 
southeast as the aircraft impact severed columns on the east side of the south wall and on the southeast 
corner of the core (Figs. 4–104, 4–106, 4–108, 4–110, and 4–111).  After redistribution, at Floor 83 the 
column loads on the south wall increased from about 250 kip before aircraft impact to 400 kip to 800 kip 
in general and to 1,500 kip at the edges of the severed area after aircraft impact.  The column loads on the 
south side of the east wall at Floor 83 increased from about 350 kip before aircraft impact to about 450 
kip after aircraft impact.  The column loads on the east side of the north wall at Floor 83 did not change 
significantly; however, the column loads on the west side of the north wall at Floor 83 decreased from 
about 250 kip before aircraft impact to about 200 kip after aircraft impact.  The column loads on the south 
side of the west wall at Floor 83 increased from about 300 kip before aircraft impact to about 380 kip 
after aircraft impact.  The column loads on the north side of the west wall at Floor 83, however, decreased 
from about 300 kip before aircraft impact to 250 kip after aircraft impact.  Over the duration of the fires 
the column load distributions remained constant except for some localized changes due to relative 
temperatures.  When the east wall buckled, the load distribution significantly changed.  The columns over 
nearly the whole width of the east wall unloaded about 400 kip on the average at Floor 83.  Similarly, the 
columns on the west face unloaded about 65 kip on the average.  This was due to the increased tilting of 
the tower toward the east, as the east wall buckled.  A part of the loads from the east and the west walls 
were redistributed to the east side of the south and the north walls.  The column loads on the east side of 
the south wall increased from about 500 kip to 800 kip after aircraft impact, and to 800 kip to 1,100 kip 
after east wall buckling.  The column loads on the east side of the north wall increased from about 200 kip 
to 250 kip after aircraft impact, and to 300 kip to 500 kip after east wall buckling.   

Figures 4–112 through 4–119 show the core column loads at different analysis steps.  Before the aircraft 
impact the loads on the core columns were distributed symmetrically with respect to the center of the 
core.  The slight difference between corner columns on the south side (Columns 501 and 1001) and north 
side (Columns 508 and 1008) of the core was due to slightly higher dead and live loads in the north side 
columns.  After aircraft impact, some portion of the loads in the severed columns was redistributed to the 
adjacent intact columns within the core.  The tilt toward the southeast also influenced the load 
redistribution within the core.  Columns 506, 507, 508, and 1008 at the northwest and northeast corners 
unloaded; other intact core columns increased in load (Fig. 4–118).  The maximum load in the 800 series 
core columns increased from about 1,400 kip before aircraft impact to about 1,700 kip after aircraft 
impact (Fig. 4–112).  The maximum load in the 900 series core columns increased from about 1,250 kip 
before aircraft impact to about 1,900 kip after aircraft impact (Fig. 4–114).  Although the maximum load 
in the 1000 series core columns reduced from about 4,300 kip before aircraft impact to about 3,000 kip 
after aircraft impact (Fig. 4–116), the average load on the remaining intact 1000 series columns increased 
about 360 kip at Floor 83 (Fig. 4–118). 

Over the duration of the fires, some of the core columns, especially the ones on the east side of the core, 
unloaded due to yielding and creeping at high temperatures.  Loads in softening columns were 
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redistributed to the adjacent columns with lower temperatures.  During buckling of the east wall, the loads 
in the core columns, especially the ones at the northeast corner of the core, increased significantly.  For 
instance, at Floor 83 the load in core column 1008 increased from 2,820 kip after aircraft impact to 5,320 
kip at 43 min, the load in core column 907 increased from 1,290 kip to 2,330 kip, and the load in core 
column 805 increased from 950 kip to 1,480 kip (Figs. 4–118 and 4–119).   

Figure 4–120 shows the axial loads in the columns at Floor 83 before aircraft impact and after the 
buckling of the east wall.  This figure illustrates the load redistribution among the exterior wall and core 
columns.  The tilting of the building about an axis likely located through the shaded area occurred after 
the buckling of the east wall and weakening of the core.  Comparison of column loads before aircraft 
impact and after the east wall buckled clearly shows the unloading over the entire width of the east wall 
and increased loads at the east side of the south and north walls. 

Figures 4–121, 4–122, and 4–123 show the maximum of the elastic-plus-plastic strains and elastic-plus-
plastic-plus-creep strains in the columns between Floor 78 and Floor 83 for different analysis steps.  The 
elastic-plus-plastic strains, which were less than 0.05 percent before the aircraft impact, reached about 
0.60 percent in the exterior columns and about 0.35 percent in the core columns after the aircraft impact.  
With increasing temperatures the plastic strains increased, especially on the east wall and the east side of 
the core.  When the east wall buckled, the elastic-plus-plastic strains reached their maximum of 
2.2 percent in the east wall and 0.9 percent in the east side core columns.  The creep strains also increased 
with increasing temperatures to the same level as the elastic-plus-plastic strains in the east wall 
(1.0 percent to 2.0 percent), to about 2 to 6 times that in the core columns (2.0 percent to 6.0 percent), and 
to about 10 times that in the east side of the north wall (4.0 percent to 5.0 percent). 

The state of the hat truss members and the connections were checked as the global model did not include 
break elements to capture column and hat truss splice failures or sufficient beam elements to capture 
buckling of hat truss outriggers.  The condition of the connections and the members in the primary load 
path of the hat truss was evaluated at different time intervals.  Evaluations were performed for the core 
column splices for tensile capacity, outriggers and supporting columns for compressive capacity, and hat 
truss connections in the primary load path for tensile capacity.  The demand forces that were used in the 
evaluation were obtained from the “superelement” since the hat truss was part of it for the WTC 2 global 
model with creep.  The results for elements within the superelement were obtained by back-substitution.  
For this purpose the elastic model that was used to generate the stiffness matrix for the superelement was 
used.  This elastic model essentially represents the portion of the building from Floor 86 and above and is 
referred to as the “top model” hereinafter.  The displacements obtained at the interface nodes between the 
“superelement” and the nonlinear portion of the building (Floor 86 and below) were applied to the base of 
the “top model” at the end of each analysis step together with the nodal loads representing the dead and 
the 25 percent of the design live loads. 

Figures 4–124 and 4–125 show the loads on the core column splices at the hat truss level at different 
analysis steps.  As can be noticed, each splice was under compressive load before the aircraft impact.  
After the aircraft impact, the splices at severed core column lines started to carry tensile loads.  To 
evaluate the condition of the core column splices at Floor 106, the tensile capacities of these splices were 
determined using the AISC LRFD procedures and were compared to the tensile forces obtained at 40 min, 
since at this time point the tensile forces at core column splices were at their maxima.  The evaluation of 
core column splices required an iterative procedure as splice failures were not modeled in the “top 
model”.  The iteration procedure was required due to the slight nonlinearity of the problem where the 
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failure of a few splices did not alter boundary conditions of the “top model” significantly.  In the first 
iteration, the state of the “top model” was calculated using the interface nodal displacements at 40 min.  
Once equilibrium was reached, the columns exceeding their splice capacity were identified (in the first 
iteration Columns 1001 and 1002 were identified (see Fig. 4–126) and removed).  This removal 
represented the splice failure at that column location.  Before removing the columns, the displacement 
boundary conditions applied at the bottom of these column lines (at Floor 86) were replaced with the 
reaction forces that were obtained at the end of the first iteration.  This conversion from displacement to 
force boundary condition allowed the remaining portion of the column lines to displace in the vertical 
direction when the columns were removed at Floor 105 to simulate splice failure.  After the removal of 
the columns, the “top model” was reanalyzed to redistribute the released tensile force due to splice failure.  
Once equilibrium was reached, the remaining core column splices were reevaluated and any additional 
splice failures were identified.  This iterative procedure was repeated until none of the remaining splices 
exceeded their tension capacity.  A stable state was reached at the end of the fourth iteration.  Figure 4–
126 summarizes the iteration sequence and the splices that failed at each iteration.  Figure 4–127 shows 
the state of the core column splices at the end of the fourth iteration. 

In the global analyses, none of the splice failures were represented as those elements were part of the 
“superelement” which remained elastic throughout the analysis.  However, the inclusion of splice failures 
is not expected to significantly affect the load redistribution in the global analysis.  The loads on columns 
with failed splices would have redistributed through the core slab and core beams with moment 
connections to adjacent core columns, which in turn would transfer these extra loads to the hat truss.  To 
quantify the amount of load that was redistributed to the hat truss through the adjacent core columns, the 
total column loads on each face and at the core area were extracted at Floor 105 at the end of each 
iteration.  Table 4–31 summarizes these total column loads together with the magnitude of total tensile 
load released and total tensile load retransferred to the hat truss at each iteration.  In Table 4–31, the 
Column “TTLRSF” represents the total tensile load that was released due to splice failure and is equal to 
the summation of the load carried by the circled columns in Fig. 4–126 up to and including the current 
iteration.  In Table 4–31, the Column “Core” between Rows 6 and 9 represents the load that was 
transferred to the base of the “top model” through the core columns.  The sum of Column “TTLRSF” and 
Column “Core” represents the total tensile load that was transferred to the hat truss after the splice 
failures (labeled as “TTLRHT” in Table 4–31).  As can be seen, about 73 percent (= 2,728 kip /3,717 kip) 
of the released tension load was transferred to the hat truss after the fourth iteration.  The core slab and 
the core beams with moment connections were the primary components that transferred the released load 
to the adjacent core columns and to the hat truss.  Capacity calculations have shown that the core slab and 
the core beams in the top 20 stories had enough cumulative capacity to redistribute the released load to 
the adjacent core columns.   As a result of load redistribution, the loads on the southeast corner outriggers 
were reduced, but the loads on adjacent outriggers increased.    

Figures 4–128 through 4–130 show the axial loads and stresses in the hat truss members at different 
analysis steps.  With the aircraft impact, the maximum axial load on the outriggers, which was about 
1,900 kip before the aircraft impact, increased to about 3,400 kip at the southeast corner.  This increase 
remained almost constant over the duration of the fires.  After the buckling of the east wall the maximum 
load slightly increased to 3,500 kip.  The axial stresses in the outriggers also increased as a result of the 
aircraft impact.  The maximum axial stress of 28.4 ksi before aircraft impact increased to 55.0 ksi after 
the buckling of the east wall.  The specified grade of steel for the outriggers was 50 ksi.  The tests 
conducted on this grade of steel showed an average yield strength of about 54 ksi.  Considering this yield 
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strength and the 10 percent increase in the hat truss forces due to neglecting construction sequence, it was 
concluded that the outriggers of the hat truss did not exceed their elastic limits.  To check against 
buckling, the buckling capacities of these outriggers as well as the supporting columns were calculated.  
The buckling calculations were performed using the AISC LRFD Eqs. E2-1 and E2-3 with an effective 
length factor “K” of 0.75 and a resistance factor of 1.0.  The calculated capacities were then compared 
with the axial compressive forces obtained from the analysis and corrected to account for the load 
increase due to construction sequence.  The location of the outriggers and the supporting columns are 
shown in Fig. 4–3.  Tables 4–32 and 4–33 summarize the resulting demand-to-capacity ratios for the 
outriggers and the supporting columns, respectively.  Except for one outrigger, designated Outrigger L, 
none of the outriggers or supporting columns was predicted to buckle.   

Outrigger L was located at the southeast corner of the core, and above the severed core columns.  With 
the splice failures in Columns 1001, 1002, and adjacent core columns, the load on this outrigger reduced 
and the load redistributed to other outriggers.  With the load redistribution after splice failures, the 
demand-to-capacity ratio on Outrigger L reduced from 1.3 to 1.1 (Col “40* min” in Table 4–32).  To 
investigate whether the buckling of the Outrigger L would cause additional outriggers to buckle, the 
element representing Outrigger L was removed from the “top model.”  Removal of Outrigger L from the 
“top model” represents an upper bound solution as the load in the outrigger would not drop to zero after 
buckling.  After removal of Outrigger L, the adjacent outriggers increased in load however, as presented 
in Col “40** min” of Table 4–32, none of the remaining outriggers exceeded their buckling or yield 
capacities. 

In the global analysis, it was assumed that the connections in the hat truss area were adequate to transfer 
the loads from the core columns to the outriggers.  The structural adequacy of the “primary” connections, 
those hat truss connections between members that were predicted to have axial tensile or compressive 
stress of 25 ksi or more, was evaluated.  To perform this evaluation, the results at 40 min were used, since 
at 40 min the stresses in the hat truss members were at their maxima.  Only connections that transferred 
tensile forces were evaluated.  Figure 4–132 shows the members in the primary load path.  Figure 4–133 
shows the location of the critical hat truss connections that were evaluated in this study.  The connections 
between the horizontal tie-backs and the outriggers were not evaluated as they were found to have 
significant capacity in the WTC 1 connection evaluations.  Connection capacities were calculated using 
AISC LRFD procedures.  Table 4–34 summarizes capacities, demands, and the predicted condition of the 
evaluated connections.  As can be seen in Table 4–34, before redistribution of load due to column splice 
failure, none of the connections exceeded their capacities except the connections associated with the 1001 
core column line.  After load redistribution, the demand was less than the yield capacities for all 
connections.  Based on this, and the other evaluations of column splices and hat truss members discussed 
above, it was concluded that the hat truss was capable of transferring loads from core columns to the 
outriggers without any connection failures. 

Tables 4–35 and 4–36 summarize the total column loads at each exterior face and the core for Floor 83 
and Floor 105.  The first seven rows of Tables 4–35 and 4–36 provide the total loads at each analysis step.  
The rows from 8 through 13 give the change in total column loads at each analysis step with respect to the 
total column loads before aircraft impact.  For instance, Row 8 gives the difference between the total 
column loads before and after aircraft impact.  A positive value between Row 8 and Row 13 indicates that 
the total compressive load has increased in that analysis stage as compared to the total compressive load 
before the aircraft impact.  Based on these tables, after the aircraft impact, the core and the north wall 
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unloaded and their loads were redistributed to the south, west, and especially to the east wall at Floor 83.  
A similar load redistribution pattern was found for Floor 105.  The comparison of the total column loads 
before and after aircraft impact at Floor 83 and Floor 105 is presented in Table 4–37.  The second row in 
this table represents the amount of load redistributed through the hat truss, and the third row represents 
the amount of load redistributed through the spandrels and the floors.  Based on this table, it can be stated 
that about 94 percent (3,740 kip/4,000 kip) of the load that was unloaded from the core was redistributed 
through the hat truss to the east, south, and west walls, and the remaining 6 percent was redistributed 
through the floors to the exterior walls.  A similar calculation for the east wall indicates that about 62 
percent (2,699 kip/4,368 kip) of the load increase on the east wall came through the hat truss and the 
remaining 38 percent came through the Vierendeel action of the wall.  Rows 8, 9, 10, and 11 of Table 4–
35, show that the loads in the various walls and the core itself did not significantly change until the core 
unloaded at about 30 min.  At 30 min the total column loads on the east wall increased by about 1,200 kip 
(from 5,567 kip to 4,368 kip) and the core unloaded about 850 kip (from 4,861 kip to 4,007 kip) and the 
north wall unloaded about 420 kip (from 1,797 kip to 1,374 kip) at Floor 83.  Similarly, at Floor 105 and 
at 30 min the total column loads in the various walls and core remained almost constant until initiation of 
buckling of the east wall.  After 40 min, the east wall suddenly unloaded about 8,540 kip, the west wall 
unloaded about 2,860 kip, the core experienced a load increase of about 5,600 kip, the north wall 
increased by about 2,310 kip, and the south wall increased by about 2,820 kip at Floor 83 (Table 4–38).  
Comparison of the load redistribution that took place at Floor 105 with the one at Floor 83 indicates that 
about 100 percent of the additional core load came from the east and the west walls through the hat truss.  
For the east wall, about 46 percent (3,901 kip/8,539 kip) of the relieved load was redistributed through the 
hat truss to the core, and the remainder was redistributed through Vierendeel action to the south and north 
walls.  After the redistribution, at 43 min, the load in the core had recovered to the same level as the total 
load before the aircraft impact.   

Tables 4–39 through 4–43 summarize the loads in the east, south, north, west walls, and the core at 
several floor levels.  The tables also indicate the change in column load at each stage of the analysis, 
compared to the load present before aircraft impact.  These load changes are provided in Columns 8 
through 13.  As described before, the changes in loads at Floor 105 represent the load redistribution 
through the hat truss.  The changes in loads along the height of the tower indicate the load redistribution 
through the exterior wall and the floor system.  In referring to the changes in loads after the aircraft 
impact (Col 8 in the tables), it can be concluded that the total column loads along the height of the core 
and the west wall remained almost constant.  This indicates that almost all load redistribution from and to 
these portions of the tower went through the hat truss.  The total column loads in the east wall increased at 
the hat truss level and continued to increase with distance from the hat truss.  The north wall showed the 
opposite trend; at the hat truss level the wall unloaded and continued to unload further with distance from 
the hat truss.  The unloading took place primarily through Vierendeel action, to the east wall.  After the 
buckling of the east wall, the change in loads (Col 13 in the tables) indicates that the hat truss was the 
primary load path for the portion of the load picked up by the core.  The east and west walls unloaded at 
the hat truss level and at lower floors.  Both walls steadily picked up more load at lower floors through 
the action of spandrels. 

During the load redistribution, the floor slabs played a significant role in restraining the core in the lateral 
direction.  The aircraft impact damage to the core and the ensuing fire environment caused the core to 
lean toward the south and east.  In fact, calculations show that the isolated core would not have been 
stable.  The resistance to core leaning was provided by the exterior wall.  The load was transferred to the 
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exterior walls by shear either through slabs or hat truss.  To identify the contribution of the floor slabs to 
the lateral restraint of the core, the moment of the core column loads around the center of the building in 
the x- and y-directions at Floor 83 and Floor 105 were computed for WTC 2.  Before impact, there was no 
eccentricity in the load, and the moments thus calculated were small.  After impact and at the end of 
temperature histories, the moment in the x-direction was 5,905,640 kip-in at Floor 83 and  
2,282,320 kip-in at Floor 105.  Similarly, the moment in the y-direction was 5,051,130 kip-in at Floor 83 
and 2,196,440 kip-in at Floor 105.  The change in moment from Floors 83 to 105 was due to the lateral 
resistance of provided by the slabs and the exterior walls to the core.  The results of calculations show that 
the overturning moment reduced by about 55 percent to 60 percent along the height of the tower.  This 
reduction was due to the lateral resistance provided by the floor slabs.  The remaining 40 percent to 
45 percent was resisted by the hat truss. 
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Figure 4–86.  Vertical displacement of exterior wall of WTC 2 for Case D conditions 

(downward displacement is negative). 
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Figure 4–87.  Vertical displacement of exterior wall of WTC 2 for Case D conditions 

(downward displacement is negative). 
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Figure 4–88.  Vertical displacement at Floor 83 of WTC 2 for Case D conditions 

(downward displacement is positive). 
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Figure 4–89.  Vertical displacement at Floor 83 of WTC 2 for Case D conditions 

(downward displacement is positive; note the tilt toward east and south). 
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Figure 4–90.  Total displacements of WTC 2 above Floor 86 at 43 min of Case D 

conditions (deformed shape magnified 20 times).  Note the tilt toward east and south. 
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Figure 4–91.  Vertical displacement of core of WTC 2 for Case D conditions (downward 

displacement is negative). 
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Figure 4–92.  Vertical displacement of core of WTC 2 for Case D conditions (downward 

displacement is negative). 
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Figure 4–93.  Vertical displacement of 800 series core columns of WTC 2 for Case D 

conditions (downward displacement is negative). 
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Figure 4–94.  Vertical displacement of 800 series core columns of WTC 2 for Case D 

conditions (downward displacement is negative). 
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Figure 4–95.  Vertical displacement of 900 series core columns of WTC 2 for Case D 

conditions (downward displacement is negative). 
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Figure 4–96.  Vertical displacement of 900 series core columns of WTC 2 for Case D 

conditions (downward displacement is negative). 
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Figure 4–97.  Vertical displacement of 1000 series core columns of WTC 2 for Case D 

conditions (downward displacement is negative). 
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Figure 4–98.  Vertical displacement of 1000 series core columns of WTC 2 for Case D 

conditions (downward displacement is negative). 
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Figure 4–99.  Out-of-plane displacement of the east wall of WTC 2 for Case D conditions 

(inward displacement is positive). 
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Figure 4–100.  Out-of-plane displacement of the east wall of WTC 2 for Case D conditions 

(inward displacement is positive). 
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Figure 4–101.  Variation of maximum inward bowing of the east wall of WTC 2 over time 

for Case D conditions. 
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Figure 4–102.  Lateral displacements above Floor 86 of WTC 2 in the x-direction (north-

south) for Case D conditions. 
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Figure 4–103.  Lateral displacements above Floor 86 of WTC 2 in the y-direction (east-

west) for Case D conditions. 
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Figure 4–104.  Axial load in the east wall of WTC 2 for Case D conditions (compression is 

negative). 
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Figure 4–105.  Axial load in the east wall of WTC 2 for Case D conditions (compression is 

negative). 
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Figure 4–106.  Axial load in the south wall of WTC 2 for Case D conditions (compression 

is negative). 

 

(a) Before impact 

(b) After impact 
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Figure 4–107.  Axial load in the south wall of WTC 2 for Case D conditions (compression 

is negative). 

 

(a) 20 min 
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Figure 4–108.  Axial load in the north wall of WTC 2 for Case D conditions (compression 

is negative). 

 

(a) Before impact 

(b) After impact 
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Figure 4–109.  Axial load in the north wall of WTC 2 for Case D conditions (compression 

is negative). 
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Figure 4–110.  Axial load in the east and the west wall columns at Floor 83 of  

WTC 2 for Case D conditions (compression is positive). 
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Figure 4–111.  Axial load in the south and the north wall columns at Floor 83 of WTC 2 for 

Case D conditions (compression is positive). 
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Figure 4–112.  Axial load in 800 series core columns of WTC 2 for Case D conditions 

(compression is negative). 

(a) Before impact 

(b) After impact 
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Figure 4–113.  Axial load in 800 series core columns of WTC 2 for Case D conditions 

(compression is negative). 
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Figure 4–114.  Axial load in 900 series core columns of WTC 2 for Case D conditions 

(compression is negative). 

(a) Before impact 

(b) After impact 
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Figure 4–115.  Axial load in 900 series core columns of WTC 2 for Case D conditions 

(compression is negative). 

(a) 20 min 

(b) 43 min 
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Figure 4–116.  Axial load in 1000 series core columns of WTC 2 for Case D conditions 

(compression is negative). 

(a) Before impact 

(b) After impact 
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Figure 4–117.  Axial load in 1000 series core columns of WTC 2 for Case D conditions 

(compression is negative). 

(a) 20 min 

(b) 43 min 
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Figure 4–118.  Core column loads (kip) at Floor 83 of WTC 2 for Case D conditions 

(compression is positive). 
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Figure 4–119.  Core column loads (kip) at Floor 83 of WTC 2 for Case D conditions 

(compression is positive). 

(a) 20 min 

(b) 43 min 
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Figure 4–120.  Axial load in Floor 83 columns of WTC 2 for Case D conditions 

(compression is positive). 

(a) Before impact 

(b) 43 min 
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Figure 4–121.  Maximum elastic-plus-plastic strains for columns between Floor 78 and 

Floor 83 of WTC 2 for Case D conditions (compressive strain is positive; strain values are 
in percent). 
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(b) After impact 

1001

508501

1008
N

~0.04

~0.05

~0.04

~0.05
~0.05

1001

508501

1008
N

~0.04

~0.05

~0.04

~0.05
~0.05

1001

508501

1008
N

~0.04

~0.09

~0.04

~0.04~0.15

~0.60

~0.34

~0.10

1001

508501

1008
N

~0.04

~0.09

~0.04

~0.04~0.15

~0.60

~0.34

~0.10



Global Analysis 

NIST NCSTAR 1-6D, WTC Investigation 289 

 
Figure 4–122.  Maximum elastic-plus-plastic strains for columns between Floor 78 and 

Floor 3 of WTC 2 for Case D conditions (compressive strain is positive; strain values are 
in percent). 

(a) 20 min 

(b) 43 min 

1001

508501

1008
N

~0.40

~0.09

~0.04

~0.30

~0.70

~0.60

~0.35

~0.10

~0.04

1001

508501

1008
N

~0.40

~0.09

~0.04

~0.30

~0.70

~0.60

~0.35

~0.10

~0.04

0.9

1001

508501

1008
N

~1.3

~0.09

~0.03

~0.35

~0.75

~0.80

~0.40

~0.30

~0.03

~2.20

~1.0

0.9

1001

508501

1008
N

~1.3

~0.09

~0.03

~0.35

~0.75

~0.80

~0.40

~0.30

~0.03

~2.20

~1.0



Chapter 4 

290 NIST NCSTAR 1-6D, WTC Investigation 

 
Figure 4–123.  Maximum elastic-plus-plastic-plus-creep strains for columns between 
Floor 78 and Floor 83 of WTC 2 for Case D conditions (compressive strain is positive; 

strain values are in percent). 

6.9

1001

508501

1008
N

~2.6

~0.09

~0.03

~4.0~3.20

~0.80

~0.40

~0.30

~0.03

~1.1~2.3

~5.6

6.9

1001

508501

1008
N

~2.6

~0.09

~0.03

~4.0~3.20

~0.80

~0.40

~0.30

~0.03

~1.1~2.3

~5.6

(a) 20 min 

(b) 43 min 

1001

508501

1008
N

~0.50

~0.09

~0.04

~0.90

1.3

~0.60

~0.35

~0.11

~0.04

~0.70

1001

508501

1008
N

~0.50

~0.09

~0.04

~0.90

1.3

~0.60

~0.35

~0.11

~0.04

~0.70



Global Analysis 

NIST NCSTAR 1-6D, WTC Investigation 291 

 
Figure 4–124.  Axial load in core columns (kip) at Floor 105 (at hat truss level) of WTC 2 

for Case D conditions (compression is positive). 
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Figure 4–125.  Axial load in core columns (kip) at Floor 105 (at hat truss level) of WTC 2 

for Case D conditions (compression is positive). 
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Figure 4–126.  Progressive failure of core column splices at Floor 105 of WTC 2 

(compression is positive; values are in kip). 
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Figure 4–127.  State of core column splices at Floor 105 of WTC 2. 

 

 

Table 4–31.  Total column loads (kip) at Floor 105 at different stages of splice failures at 
40 min (compression is positive). 

 
 

Row Analysis Status West East North South Core TLRSF* TLRHT**
(1) Before Splice Failure (t = 40 min) 9185 11913 6537 8706 12402 0 0
(2) Splices 1001 and 1002 fail 9221 11747 6577 8432 12761 -1436 -1077
(3) Splices 901 and 902 fail 9227 11644 6612 8206 13045 -2419 -1776
(4) Splices 801 and 1003 fail 9241 11550 6629 8043 13267 -3368 -2503
(5) Splice 701 fails 9229 11533 6649 7925 13391 -3717 -2728
(6) (2)-(1) 36 -166 40 -274 359 -1436 -1077
(7) (3)-(2) 6 -103 35 -226 284 -983 -699
(8) (4)-(3) 13 -93 17 -163 222 -949 -727
(9) (5)-(4) -11 -17 20 -117 124 -349 -225

(10) (6)+(7)+(8)+(9) 44 -380 112 -780 989 -3717 -2728
* Total load released by the splice failure
** Total load retransferred to the hat-truss
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Figure 4–128.  Axial force in hat truss members of WTC 2 for Case D conditions (tension 

is positive). 
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Figure 4–129.  Axial force in hat truss members of WTC 2 for Case D conditions (tension 

is positive). 
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Figure 4–130.  Axial stress in hat truss members of WTC 2 for Case D conditions (tension 

is positive). 
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Figure 4–131.  Axial stress in hat truss members of WTC 2 for Case D conditions (tension 

is positive). 
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Table 4–32.  Demand-to-capacity ratios for outriggers of WTC 2 for Case D conditions 
(outrigger IDs are shown in Fig. 4–3). 

 

***

Outrigger ID Bfr. Imp. Aftr. Imp. 10 min 20 min 30 min 40 min 40* min 40** min 43 min
West

A 0.23 0.61 0.61 0.64 0.66 0.63 0.63 0.38 0.25
B 0.19 0.30 0.30 0.32 0.33 0.31 0.31 0.25 -0.03
C 0.19 0.27 0.27 0.28 0.30 0.27 0.28 0.22 -0.07
D 0.21 0.18 0.18 0.19 0.21 0.18 0.20 0.19 -0.29

North
E 0.29 0.11 0.10 0.10 0.13 0.14 0.17 0.09 -0.01
F 0.21 0.10 0.08 0.08 0.10 0.12 0.13 0.11 0.08
G 0.20 0.11 0.08 0.08 0.11 0.13 0.14 0.13 0.10
H 0.30 0.21 0.16 0.18 0.19 0.18 0.19 0.24 0.24

East
I 0.22 0.39 0.35 0.34 0.45 0.43 0.42 0.41 -0.18
J 0.18 0.56 0.52 0.53 0.66 0.65 0.61 0.71 0.02
K 0.18 0.62 0.58 0.59 0.72 0.72 0.66 0.79 0.09
L 0.22 1.12 1.09 1.12 1.24 1.30 1.11 0.00 0.72

South
M 0.30 0.68 0.64 0.64 0.70 0.75 0.52 0.72 0.87
N 0.22 0.34 0.32 0.33 0.36 0.38 0.28 0.34 0.40
O 0.22 0.30 0.28 0.30 0.32 0.33 0.27 0.31 0.33
P 0.31 0.51 0.50 0.52 0.53 0.53 0.50 0.57 0.49

* After load redistribution due to core column splice failures.
** After Outrigger L was removed.
*** Negative value indicates tension
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Table 4–33.  Demand to capacity ratios for columns supporting outriggers at  
Floor 107 of WTC 2 for Case D conditions. 

 
 

Column ID Bfr. Imp. Aftr. Imp. 10 min 20 min 30 min 40 min 43 min
West
110 0.26 0.46 0.46 0.47 0.48 0.47 0.28
111 0.26 0.39 0.39 0.40 0.41 0.40 0.26
129 0.27 0.37 0.37 0.38 0.40 0.37 0.06
130 0.31 0.39 0.39 0.40 0.41 0.39 0.09
131 0.27 0.35 0.34 0.36 0.37 0.35 0.05
149 0.25 0.24 0.24 0.25 0.25 0.24 0.08
150 0.25 0.23 0.23 0.23 0.24 0.23 0.00

North
217 0.17 0.11 0.11 0.11 0.12 0.12 0.07
218 0.23 0.12 0.11 0.11 0.13 0.14 0.05
228 0.27 0.17 0.15 0.15 0.17 0.19 0.15
229 0.22 0.14 0.12 0.12 0.14 0.16 0.13
231 0.26 0.18 0.15 0.15 0.18 0.19 0.17
232 0.26 0.18 0.15 0.15 0.18 0.20 0.18
242 0.20 0.15 0.12 0.13 0.14 0.14 0.17
243 0.19 0.16 0.14 0.14 0.15 0.14 0.17
East
310 0.25 0.34 0.32 0.31 0.36 0.36 0.05
311 0.27 0.33 0.32 0.31 0.35 0.35 0.13
329 0.26 0.61 0.57 0.58 0.69 0.69 0.12
330 0.31 0.68 0.65 0.66 0.77 0.77 0.19
331 0.27 0.63 0.60 0.61 0.72 0.72 0.16
349 0.26 0.56 0.55 0.56 0.60 0.62 0.42
350 0.26 0.71 0.69 0.71 0.77 0.81 0.51

South
417 0.18 0.30 0.29 0.29 0.31 0.33 0.37
418 0.24 0.46 0.43 0.44 0.47 0.50 0.57
428 0.28 0.38 0.36 0.37 0.39 0.41 0.43
429 0.23 0.30 0.29 0.30 0.32 0.33 0.34
431 0.26 0.33 0.31 0.32 0.34 0.36 0.36
432 0.27 0.35 0.34 0.35 0.37 0.38 0.38
442 0.21 0.32 0.31 0.32 0.33 0.33 0.31
443 0.20 0.28 0.28 0.28 0.29 0.29 0.27
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Figure 4–132.  Primary load path within the hat truss of WTC 2. 

 

 
Figure 4–133.  Location of hat truss connections that were in the primary load path. 
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Table 4–34.  Demand and capacity of the hat truss connections (kip) in the primary load 
path at 40 min (connection IDs are shown in Fig. 4–133). 

 
 

Table 4–35.  Total column loads at Floor 83 of WTC 2 for Case D conditions. 

 
 

Row Analysis Step West East North South Core Sum
(1) Before Impact 18,065 18,114 13,567 13,284 61,828 124,857
(2) After Impact 18,670 22,481 12,193 13,511 57,821 124,676
(3) 10 min 18,728 22,226 11,896 13,358 58,413 124,621
(4) 20 min 18,914 22,208 12,052 13,318 58,124 124,616
(5) 30 min 18,876 23,681 11,770 13,365 56,967 124,659
(6) 40 min 18,531 23,682 11,906 13,473 56,825 124,418
(7) 43 min 15,667 15,143 14,215 16,292 62,422 123,738
(8) (2)-(1) 604 4,368 -1,374 227 -4,007 -181
(9) (3)-(1) 662 4,112 -1,670 74 -3,415 -236

(10) (4)-(1) 849 4,094 -1,515 35 -3,704 -241
(11) (5)-(1) 811 5,567 -1,797 81 -4,861 -199
(12) (6)-(1) 466 5,568 -1,661 190 -5,003 -439
(13) (7)-(1) -2,398 -2,971 648 3,009 594 -1,119

Note: Compression is positive.  Units are in kip.

Con.

ID Floor Column Yield Ultimate Before Redist. After Redist. Before Redist. After Redist.

1 110 501 840 1,100 567 512 Safe Safe

2 108 601 840 1,100 567 512 Safe Safe

3 110 701 630 870 575 370 Safe Safe

4 110 801 840 1,100 950 510 Yielded Safe

5 109 801 630 870 575 370 Safe Safe

6 110 1001 760 870 1,370 760 Failed Safe

7 108 901 840 1,100 950 510 Yielded Safe

8 108 1002 1,250 1,250 440 110 Safe Safe

9 108 1003 1,470 1,470 1,000 700 Safe Safe

10 110 1003 1,250 1,250 750 550 Safe Safe

11 110 1004 1,470 1,470 1,000 700 Safe Safe

12 111 1004 1,250 1,250 750 550 Safe Safe

Tension Capacity Demand Force (tension) StatusLocation
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Table 4–36.  Total column loads at Floor 105 of WTC 2 for Case D conditions. 

 
 

Table 4–37.  Change in total column loads before and after aircraft impact. 
(Loads After Impact) – (Loads Before Impact) 

 

Table 4–38.  Change in total column loads between 40 min and 43 min. 
(Loads at 43 min) – (Loads at 40 min) 

 
 

 

Row Analysis Step West East North South Core Sum
(1) Before Impact 8,497 8,572 7,382 7,169 17,123 48,742
(2) After Impact 9,170 11,272 6,487 8,432 13,382 48,742
(3) 10 min 9,182 11,061 6,250 8,275 13,975 48,742
(4) 20 min 9,279 11,120 6,311 8,351 13,682 48,742
(5) 30 min 9,370 11,859 6,416 8,553 12,544 48,742
(6) 40 min 9,198 11,927 6,524 8,691 12,402 48,742
(7) 43 min 7,086 8,026 6,546 9,169 17,915 48,742
(8) (2)-(1) 674 2,699 -895 1,263 -3,741 0
(9) (3)-(1) 685 2,489 -1,132 1,106 -3,148 0

(10) (4)-(1) 783 2,547 -1,071 1,182 -3,441 0
(11) (5)-(1) 873 3,287 -965 1,384 -4,579 0
(12) (6)-(1) 702 3,355 -858 1,522 -4,721 0
(13) (7)-(1) -1,411 -547 -835 2,000 792 0

Note: Compression is positive.  Units are in kip.

Row Floor West East North South Core
(1) 83 -2,864 -8,539 2,309 2,819 5,596
(2) 105 -2,112 -3,901 23 479 5,513
(3) (2) - (1) 752 4,637 -2,286 -2,340 -84

Note: Increase in compression is shown as positive.  Units are in kip.

Row Floor West East North South Core
(1) 83 604 4,368 -1,374 227 -4,007
(2) 105 674 2,699 -895 1,263 -3,741
(3) (2) - (1) 69 -1,668 479 1,035 266

Note: Increase in compression is shown as positive.  Units are in kip.
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Table 4–39.  Total column loads over the height for the east wall of WTC 2 for Case D conditions. 

 

Step Before Impact After Impact 10 min 20 min 30 min 40 min 43 min (2)-(1) (3)-(1) (4)-(1) (5)-(1) (6)-(1) (7)-(1)
Floor/Col (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

105 8,572 11,272 11,061 11,120 11,859 11,927 8,026 2,699 2,489 2,547 3,287 3,355 -547
104 8,939 11,668 11,457 11,514 12,273 12,342 8,291 2,729 2,519 2,575 3,335 3,403 -648
103 9,419 12,256 12,048 12,102 12,890 12,968 8,735 2,837 2,628 2,683 3,470 3,549 -684
102 9,752 12,609 12,400 12,454 13,262 13,338 8,927 2,857 2,648 2,702 3,510 3,586 -825
101 10,254 13,235 13,029 13,079 13,917 14,007 9,427 2,981 2,774 2,824 3,663 3,752 -827
100 10,570 13,556 13,349 13,399 14,259 14,342 9,562 2,987 2,780 2,829 3,689 3,773 -1,008
99 11,089 14,217 14,013 14,058 14,950 15,051 10,114 3,128 2,924 2,969 3,861 3,962 -974
98 11,399 14,517 14,312 14,358 15,271 15,363 10,201 3,119 2,913 2,959 3,872 3,965 -1,198
97 11,944 15,223 15,021 15,060 16,009 16,123 10,819 3,279 3,077 3,116 4,065 4,179 -1,125
96 12,240 15,494 15,290 15,332 16,301 16,403 10,844 3,253 3,050 3,092 4,061 4,163 -1,396
95 12,804 16,234 16,035 16,069 17,076 17,204 11,524 3,430 3,232 3,265 4,272 4,400 -1,280
94 13,094 16,484 16,282 16,321 17,348 17,461 11,487 3,390 3,188 3,227 4,255 4,368 -1,607
93 13,673 17,256 17,061 17,088 18,156 18,300 12,235 3,583 3,388 3,415 4,483 4,626 -1,439
92 13,958 17,483 17,284 17,319 18,408 18,533 12,118 3,525 3,326 3,361 4,450 4,575 -1,840
91 14,553 18,287 18,098 18,117 19,250 19,410 12,953 3,734 3,544 3,564 4,697 4,857 -1,600
90 14,830 18,487 18,291 18,323 19,475 19,613 12,724 3,657 3,461 3,494 4,646 4,783 -2,105
89 15,443 19,328 19,147 19,158 20,359 20,538 13,677 3,886 3,704 3,715 4,916 5,095 -1,766
88 15,710 19,500 19,308 19,340 20,559 20,709 13,283 3,790 3,598 3,630 4,849 5,000 -2,426
87 16,341 20,381 20,213 20,211 21,489 21,690 14,400 4,039 3,872 3,870 5,147 5,348 -1,941
86 16,599 20,533 20,347 20,375 21,658 21,819 13,781 3,935 3,749 3,776 5,059 5,220 -2,818
85 17,220 21,438 21,292 21,270 22,636 22,867 15,117 4,218 4,072 4,050 5,416 5,647 -2,103
84 17,466 21,524 21,331 21,379 22,745 22,936 14,151 4,058 3,864 3,913 5,279 5,469 -3,316
83 18,114 22,481 22,226 22,208 23,681 23,682 15,143 4,368 4,112 4,094 5,567 5,568 -2,971
82 18,353 22,540 22,373 22,279 23,713 23,826 14,310 4,187 4,021 3,926 5,360 5,473 -4,043
81 19,036 23,540 23,007 23,275 24,784 24,942 16,763 4,504 3,970 4,239 5,747 5,906 -2,274
80 19,257 23,569 23,570 23,325 24,755 24,924 15,643 4,311 4,313 4,067 5,498 5,667 -3,615
79 19,970 24,634 24,431 24,381 25,821 26,023 17,571 4,665 4,461 4,411 5,851 6,053 -2,398
78 20,169 24,581 24,362 24,299 25,666 25,778 16,729 4,412 4,193 4,130 5,497 5,609 -3,440

Note: Compression is positive.  Units are in kip.
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Table 4–40.  Total column loads over the height for the south wall of WTC 2 for Case D conditions. 

 

Step Before Impact After Impact 10 min 20 min 30 min 40 min 43 min (2)-(1) (3)-(1) (4)-(1) (5)-(1) (6)-(1) (7)-(1)
Floor/Col (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

105 7,169 8,432 8,275 8,351 8,553 8,691 9,169 1,263 1,106 1,182 1,384 1,522 2,000
104 7,517 8,765 8,606 8,679 8,878 9,019 9,587 1,248 1,089 1,162 1,362 1,502 2,070
103 7,744 8,904 8,743 8,811 9,001 9,136 9,819 1,160 999 1,067 1,257 1,391 2,075
102 8,110 9,266 9,104 9,167 9,354 9,495 10,294 1,156 993 1,057 1,243 1,385 2,183
101 8,308 9,364 9,197 9,258 9,433 9,566 10,462 1,056 889 950 1,125 1,258 2,154
100 8,692 9,758 9,591 9,646 9,819 9,961 10,995 1,067 900 954 1,127 1,270 2,304
99 8,863 9,816 9,644 9,697 9,858 9,988 11,103 953 781 834 995 1,125 2,240
98 9,267 10,247 10,075 10,120 10,280 10,423 11,701 980 808 853 1,013 1,156 2,434
97 9,426 10,277 10,099 10,144 10,291 10,418 11,758 850 673 718 865 992 2,332
96 9,836 10,731 10,554 10,589 10,736 10,879 12,412 895 718 753 900 1,043 2,577
95 9,981 10,732 10,548 10,585 10,718 10,842 12,412 752 568 604 737 861 2,432
94 10,400 11,212 11,030 11,054 11,188 11,332 13,136 812 630 654 789 932 2,737
93 10,532 11,189 10,998 11,026 11,144 11,265 13,072 658 466 495 613 734 2,540
92 10,960 11,697 11,509 11,522 11,643 11,787 13,885 737 549 562 683 827 2,925
91 11,080 11,648 11,449 11,469 11,572 11,689 13,736 569 369 390 493 610 2,657
90 11,521 12,189 11,997 11,996 12,104 12,250 14,673 668 476 476 584 729 3,152
89 11,627 12,110 11,900 11,914 12,001 12,113 14,411 483 273 287 373 486 2,784
88 12,083 12,685 12,490 12,473 12,569 12,717 15,525 603 407 390 486 634 3,442
87 12,176 12,578 12,355 12,362 12,431 12,538 15,099 402 179 187 256 363 2,924
86 12,641 13,182 12,987 12,954 13,043 13,196 16,464 541 346 313 403 555 3,823
85 12,738 13,035 12,795 12,801 12,848 12,948 15,743 297 58 63 111 210 3,005
84 13,224 13,705 13,540 13,459 13,545 13,703 17,525 481 317 236 321 479 4,302
83 13,284 13,511 13,358 13,318 13,365 13,473 16,292 227 74 35 81 190 3,009
82 13,789 14,201 13,851 14,027 14,114 14,280 18,208 413 62 238 325 492 4,419
81 13,851 13,949 13,700 13,722 13,745 13,862 17,024 98 -151 -129 -105 12 3,173
80 14,379 14,645 14,257 14,447 14,522 14,695 18,830 266 -122 68 143 316 4,452
79 14,424 14,325 14,095 14,115 14,143 14,265 17,516 -99 -330 -309 -281 -159 3,092
78 15,000 15,110 14,866 14,916 14,982 15,178 19,109 110 -134 -84 -18 178 4,108

Note: Compression is positive.  Units are in kip.
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Table 4–41.  Total column loads over the height for the north wall of WTC 2 for Case D conditions. 

 

Step Before Impact After Impact 10 min 20 min 30 min 40 min 43 min (2)-(1) (3)-(1) (4)-(1) (5)-(1) (6)-(1) (7)-(1)
Floor/Col (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

105 7,382 6,487 6,250 6,311 6,416 6,524 6,546 -895 -1,132 -1,071 -965 -858 -835
104 7,738 6,822 6,583 6,648 6,742 6,850 6,946 -916 -1,155 -1,090 -997 -888 -793
103 7,963 7,030 6,790 6,859 6,939 7,052 7,257 -933 -1,173 -1,104 -1,024 -911 -706
102 8,337 7,381 7,139 7,211 7,280 7,395 7,669 -956 -1,198 -1,125 -1,057 -942 -667
101 8,533 7,560 7,316 7,393 7,447 7,565 7,960 -973 -1,217 -1,140 -1,086 -968 -573
100 8,924 7,925 7,680 7,760 7,802 7,923 8,382 -999 -1,245 -1,164 -1,123 -1,002 -542
99 9,096 8,081 7,833 7,919 7,944 8,068 8,659 -1,015 -1,263 -1,176 -1,152 -1,028 -437
98 9,506 8,461 8,212 8,302 8,314 8,440 9,089 -1,044 -1,294 -1,204 -1,192 -1,065 -416
97 9,665 8,608 8,356 8,452 8,446 8,575 9,366 -1,058 -1,309 -1,214 -1,219 -1,090 -299
96 10,081 8,991 8,738 8,837 8,818 8,949 9,793 -1,090 -1,344 -1,245 -1,263 -1,132 -289
95 10,227 9,125 8,869 8,975 8,938 9,071 10,066 -1,101 -1,357 -1,252 -1,289 -1,156 -161
94 10,652 9,514 9,257 9,366 9,315 9,450 10,491 -1,138 -1,395 -1,287 -1,338 -1,202 -161
93 10,785 9,638 9,378 9,494 9,424 9,561 10,763 -1,146 -1,407 -1,291 -1,361 -1,224 -22
92 11,220 10,031 9,769 9,887 9,802 9,941 11,182 -1,189 -1,451 -1,333 -1,418 -1,278 -37
91 11,340 10,148 9,882 10,009 9,904 10,044 11,457 -1,192 -1,458 -1,331 -1,436 -1,296 117
90 11,788 10,546 10,279 10,407 10,286 10,428 11,869 -1,241 -1,509 -1,381 -1,502 -1,359 82
89 11,895 10,658 10,385 10,523 10,381 10,524 12,149 -1,237 -1,510 -1,372 -1,514 -1,371 254
88 12,357 11,061 10,786 10,925 10,764 10,910 12,556 -1,296 -1,571 -1,433 -1,593 -1,448 199
87 12,451 11,166 10,884 11,035 10,851 10,996 12,847 -1,286 -1,568 -1,416 -1,600 -1,455 396
86 12,923 11,571 11,287 11,435 11,232 11,380 13,228 -1,352 -1,637 -1,489 -1,691 -1,543 304
85 13,014 11,686 11,393 11,559 11,327 11,470 13,573 -1,328 -1,620 -1,455 -1,687 -1,544 560
84 13,506 12,101 11,818 11,960 11,693 11,830 13,899 -1,406 -1,688 -1,547 -1,813 -1,676 393
83 13,567 12,193 11,896 12,052 11,770 11,906 14,215 -1,374 -1,670 -1,515 -1,797 -1,661 648
82 14,078 12,616 12,140 12,428 12,134 12,310 14,546 -1,462 -1,937 -1,650 -1,944 -1,768 468
81 14,141 12,725 12,380 12,512 12,121 12,367 14,824 -1,416 -1,761 -1,629 -2,020 -1,774 683
80 14,675 13,157 12,838 13,052 12,756 12,915 15,221 -1,518 -1,837 -1,624 -1,919 -1,761 546
79 14,723 13,259 12,998 13,137 12,873 13,044 15,519 -1,464 -1,724 -1,585 -1,849 -1,679 797
78 15,304 13,767 13,495 13,671 13,441 13,625 15,921 -1,537 -1,809 -1,633 -1,863 -1,679 617

Note: Compression is positive.  Units are in kip.
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Table 4–42.  Total column loads over the height for the west wall of WTC 2 for Case D conditions. 

 

Step Before Impact After Impact 10 min 20 min 30 min 40 min 43 min (2)-(1) (3)-(1) (4)-(1) (5)-(1) (6)-(1) (7)-(1)
Floor/Col (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

105 8,497 9,170 9,182 9,279 9,370 9,198 7,086 674 685 783 873 702 -1,411
104 8,861 9,544 9,557 9,657 9,743 9,567 7,439 683 696 796 882 706 -1,422
103 9,347 10,028 10,045 10,147 10,229 10,045 7,871 681 698 799 882 697 -1,476
102 9,678 10,370 10,388 10,493 10,570 10,380 8,195 691 710 814 892 701 -1,484
101 10,185 10,873 10,895 11,001 11,075 10,877 8,638 688 710 816 889 691 -1,547
100 10,500 11,199 11,224 11,333 11,401 11,196 8,952 700 724 833 901 696 -1,547
99 11,023 11,714 11,742 11,853 11,917 11,704 9,401 691 719 830 894 681 -1,622
98 11,331 12,038 12,068 12,182 12,240 12,020 9,717 707 737 851 908 689 -1,614
97 11,881 12,573 12,607 12,723 12,776 12,549 10,179 693 727 842 896 668 -1,701
96 12,176 12,886 12,922 13,041 13,088 12,853 10,490 710 746 865 912 678 -1,686
95 12,743 13,433 13,474 13,594 13,636 13,394 10,958 691 731 851 894 651 -1,785
94 13,032 13,742 13,784 13,909 13,944 13,694 11,269 710 753 877 913 662 -1,763
93 13,615 14,299 14,347 14,471 14,502 14,243 11,740 684 732 857 887 628 -1,875
92 13,897 14,606 14,655 14,785 14,808 14,542 12,055 709 758 888 911 644 -1,842
91 14,497 15,171 15,226 15,356 15,373 15,098 12,528 675 729 859 877 601 -1,969
90 14,771 15,476 15,531 15,668 15,678 15,394 12,847 705 760 896 907 623 -1,924
89 15,388 16,050 16,112 16,247 16,251 15,958 13,320 662 724 859 862 570 -2,068
88 15,653 16,352 16,412 16,557 16,553 16,251 13,641 699 760 904 900 598 -2,012
87 16,289 16,933 17,003 17,143 17,132 16,821 14,113 644 714 855 843 533 -2,176
86 16,554 17,233 17,297 17,451 17,433 17,115 14,446 679 743 897 880 561 -2,108
85 17,171 17,801 17,877 18,025 17,996 17,665 14,877 630 706 854 825 494 -2,294
84 17,414 18,100 18,153 18,336 18,300 17,958 15,214 686 739 922 886 544 -2,200
83 18,065 18,670 18,728 18,914 18,876 18,531 15,667 604 662 849 811 466 -2,398
82 18,301 18,970 19,060 19,204 19,155 18,795 15,989 668 758 903 854 494 -2,312
81 18,989 19,559 19,615 19,813 19,764 19,407 16,473 570 626 824 775 418 -2,516
80 19,207 19,846 19,939 20,076 20,019 19,650 16,788 639 733 870 812 443 -2,418
79 19,923 20,461 20,542 20,723 20,672 20,304 17,309 538 619 800 749 381 -2,614
78 20,119 20,723 20,828 20,968 20,912 20,542 17,637 605 710 850 793 423 -2,482

Note: Compression is positive.  Units are in kip.
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Table 4–43.  Total column loads over the height for the core of WTC 2 for Case D conditions. 

 
 

Step Before Impact After Impact 10 min 20 min 30 min 40 min 43 min (2)-(1) (3)-(1) (4)-(1) (5)-(1) (6)-(1) (7)-(1)
Floor/Col (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

105 17,123 13,382 13,975 13,682 12,544 12,402 17,915 -3,741 -3,148 -3,441 -4,579 -4,721 792
104 19,100 15,357 15,950 15,657 14,518 14,376 19,892 -3,743 -3,149 -3,443 -4,582 -4,724 792
103 21,069 17,323 17,917 17,624 16,484 16,342 21,862 -3,746 -3,152 -3,445 -4,585 -4,727 793
102 23,022 19,274 19,869 19,575 18,434 18,293 23,815 -3,748 -3,154 -3,448 -4,588 -4,730 793
101 24,980 21,228 21,824 21,529 20,388 20,247 25,773 -3,751 -3,156 -3,450 -4,591 -4,733 793
100 26,927 23,172 23,768 23,473 22,332 22,190 27,720 -3,754 -3,159 -3,453 -4,595 -4,737 793
99 28,873 25,116 25,712 25,417 24,275 24,133 29,667 -3,758 -3,161 -3,456 -4,599 -4,740 794
98 30,816 27,055 27,652 27,357 26,214 26,072 31,610 -3,761 -3,164 -3,459 -4,602 -4,744 794
97 33,524 29,760 30,357 30,062 28,918 28,776 34,318 -3,764 -3,167 -3,462 -4,606 -4,748 794
96 36,232 32,465 33,062 32,767 31,622 31,480 37,026 -3,768 -3,170 -3,465 -4,610 -4,752 794
95 38,203 34,432 35,030 34,734 33,589 33,447 38,997 -3,771 -3,173 -3,469 -4,614 -4,756 794
94 40,190 36,415 37,014 36,718 35,572 35,430 40,985 -3,775 -3,176 -3,472 -4,618 -4,760 794
93 42,144 38,365 38,965 38,668 37,522 37,379 42,938 -3,778 -3,179 -3,475 -4,622 -4,764 795
92 44,098 40,317 40,916 40,620 39,472 39,330 44,894 -3,782 -3,182 -3,479 -4,626 -4,768 795
91 46,071 42,286 42,886 42,589 41,441 41,299 46,867 -3,785 -3,185 -3,482 -4,630 -4,772 796
90 48,045 44,256 44,857 44,560 43,411 43,269 48,841 -3,789 -3,188 -3,485 -4,634 -4,776 796
89 50,020 46,227 46,829 46,531 45,382 45,239 50,816 -3,792 -3,191 -3,488 -4,638 -4,780 797
88 52,014 48,218 48,820 48,522 47,372 47,229 52,811 -3,796 -3,194 -3,492 -4,642 -4,785 797
87 54,008 50,209 50,811 50,513 49,362 49,220 54,806 -3,800 -3,197 -3,495 -4,646 -4,789 798
86 55,974 52,171 52,774 52,475 51,323 51,181 56,772 -3,803 -3,200 -3,499 -4,650 -4,793 798
85 57,967 54,106 54,742 54,460 53,308 53,165 58,648 -3,861 -3,225 -3,507 -4,659 -4,802 681
84 59,946 56,081 56,706 56,425 55,281 55,139 60,637 -3,865 -3,240 -3,521 -4,664 -4,807 691
83 61,828 57,821 58,413 58,124 56,967 56,825 62,422 -4,007 -3,415 -3,704 -4,861 -5,003 594
82 63,815 59,504 60,109 59,798 58,610 58,503 64,091 -4,311 -3,706 -4,017 -5,205 -5,312 276
81 65,866 61,218 61,823 61,382 59,979 60,205 65,813 -4,648 -4,043 -4,484 -5,886 -5,661 -53
80 68,206 63,079 63,687 63,387 62,203 62,100 67,662 -5,127 -4,519 -4,818 -6,003 -6,106 -544
79 70,246 64,597 65,201 64,907 63,760 63,626 69,179 -5,648 -5,045 -5,339 -6,485 -6,620 -1,067
78 72,156 66,093 66,719 66,432 65,277 65,141 70,691 -6,063 -5,437 -5,724 -6,879 -7,015 -1,465

Note: Compression is positive.  Units are in kip.
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Chapter 5 
COLLAPSE SEQUENCE 

5.1 INTRODUCTION 

This chapter summarizes the sequences of collapse of WTC 1 and WTC 2 from the analyses of global 
models with creep.  The basis of the conclusions derived here are as follows: 

• Analyses of subcomponents, such as connections (truss seats and knuckles), components 
(trusses and columns), subsystems (full floors and exterior walls), preliminary global models, 
and isolated parts of the final global models (core and exterior wall) subjected to temperature 
loads from fire, were performed to identify failure modes and failure loads.  These models 
included large deflection effects and temperature-dependent material nonlinearities due to 
plasticity and creep.  Break elements were developed to capture various failure modes such as 
truss seat failure and web diagonal buckling (NIST NCSTAR 1-6C).  As they became larger, 
the models were gradually reduced in complexity to enhance computational efficiency, while 
ensuring that key failure modes and failure sequences were captured.   

• The final global models included large deflection, and temperature-dependent plasticity and 
creep.  

• The final global models were developed based on the following assumptions: 

− Floors were modeled by plate elements with elastic properties without the ability to 
simulate sagging and its effect on the development of pull-in forces at floor/wall 
disconnections.  Full floor analyses found that floors initially expanded outward but then 
pulled inward as the floor sag increased.  Pull-in forces resulting from floor sagging and 
floor/wall disconnections were determined based on the results of full floor models and 
isolated wall models and were modified by visual observations.  They were input in the 
global model analyses at different times as fire-induced damage. 

− Spandrels were modeled by beam elements.  The axial degree of freedom of the beam 
elements was released to enhance numerical efficiency and avoid thermally-induced 
buckling; spandrel elements continued to transfer shear and bending moments.  The 
exterior wall subsystem analysis showed that large deformations and buckling of 
spandrels would not affect the stability of exterior columns significantly. 

− Columns were modeled to capture inelastic buckling, but not the kink-type buckling that 
is initiated by the local buckling of plates and results in significant distortion of the cross 
section.  The analysis of columns showed that when buckling occurred in a column that 
spanned several floors and was at high temperatures, inelastic buckling, rather than kink-
type buckling, governed its load deformation characteristic.   
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− The building sections below the impact zones were removed, and the vertical stiffness of 
the removed sections was replaced with equivalent vertical springs.  Preliminary analyses 
of the global models showed that building sections below the impact zone did not 
contribute much to the overall behavior of the towers. 

− Construction sequence was not considered to enhance computational efficiency.  A 
comparative study showed that the total column load on each face of the exterior wall 
increased by 7 percent to 15 percent and the total column load on the core decreased by 
about 10 percent when the construction sequence was not included. 

− Structural members that were severed or heavily damaged by aircraft impact were 
removed from the final global models before gravity loads were applied. 

− Break elements were not used in the final global models to represent component failures 
such as failure of column splices.  However, the results of the global model analyses were 
examined to determine whether any component failure occurred and to what extent its 
failure impacted the collapse sequence.  

The key structural events common to both towers are discussed below. 

• Floor sagging sufficient to cause the observed inward bowing of the exterior wall was caused by 
the elevated steel temperatures resulting from loss of thermal insulation.  The elevated 
temperature caused buckling of the truss web diagonals, as shown in Fig. 5–1 (NIST NCSTAR 1-
6C), which caused the floor sag to increase significantly and to approach a catenary shape.  The 
catenary action in this study refers to the combined action that results when the bending capacity 
of the truss is exceeded and additional load is carried by the floor system acting as a tensile 
structure (Fig. 5–2).  Note that in Fig. 5–2, M refers to the residual moment capacity in the floor 
with highly deformed truss.  Sagging of the floor resulted in pull-in forces at floor/exterior wall 
connections, and led to inward bowing of the exterior wall 

• Bowing and buckling of the entire exterior wall of a tower occurred under the combined effects of 
temperature, redistributed gravity load, pull-in force from sagging floors, and loss of lateral 
support due to sagging or floor/wall disconnections.  Floors with large sag did not restrain the 
exterior wall columns from buckling.   

• Downward displacement of the core was due to severed core columns from the aircraft impact 
and redistributing column loads to non-severed core columns and due to shortening of the core 
columns caused by buckling, plasticity, and creep of core columns at elevated temperatures. 

• Redistribution of gravity loads among exterior and interior columns resulted from aircraft impact 
damage, restrained thermal expansion, shortening of core columns, tilting of the tower above the 
impact area, and bowing and buckling of exterior walls.  Gravity loads were redistributed from 
columns with aircraft impact or fire-induced damage, both in the core and exterior walls, 
primarily to neighboring columns.  Loads were redistributed from the core to the exterior walls 
and from the exterior walls to the core primarily through the hat truss.  Loads were redistributed 
between adjacent exterior walls primarily through the spandrels, and to a lesser extent through the 
hat truss.  Major load redistribution mechanisms were as follows:  
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− Aircraft impact reduced the load on the impacted wall and on the opposite wall through 
the hat truss and redistributed the load to the side walls. 

− Restrained thermal expansion caused increased loads in the heated elements.   

− Shortening of the core columns caused a redistribution of the load from the core to the 
exterior walls.   

− Tilting of the tower redistributed the load among the exterior walls, resulting in increased 
load on the compressed part of the exterior walls.   

The collapse sequence of each tower is presented in detail below. 

 
Figure 5–1.  Vertical displacement of the truss model under thermal loading. 

 
Figure 5–2.  Catenary action in the floor system. 
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5.2 WTC 1 COLLAPSE SEQUENCE 

The aircraft impacted the north wall of WTC 1 at 8:46 a.m.  The aircraft severed exterior columns and 
floors on the north side of the tower and core columns and floor members between Floor 93 and Floor 98.  
The subsequent fires weakened structural subsystems, including the core columns, floors, and exterior 
walls.  The core displaced downward, the floors sagged, and the south exterior wall bowed inward.  At 
10:28 a.m., about 102 min after the aircraft impact, WTC 1 began to collapse. 

The sequence of main structural events that led to the collapse of WTC 1, starting from aircraft impact, 
and the causes and effects of these structural events along with key observations, are discussed below. 

The WTC 1 collapse sequence consists of five main events, listed in Table 5–1, which are discussed 
below.  Actual observations are summarized in Table 5–2, which are based on NIST’s examination of 
photos and videos (NIST NCSTAR 1-6). 

Table 5–1.  Summary of main events that led to the collapse of WTC 1. 
Event Number Event 

1 Aircraft impact 
2 Unloading of core 
3 Sagging of floors and floor/wall disconnections 
4 Bowing of south wall 
5 Buckling of south wall and collapse initiation 

 

Table 5–2.  Observations on WTC 1 provided by NIST. 

Time 

Time from 
Impact 
(min) Observation 

8:46:26 0 Aircraft impact on the north wall of WTC 1 between Floor 93 and 
Floor 99 and Columns 112 and 151. 

9:25:28 39 Fire on west side of south wall. 
9:40 54 No bowing of columns was observed between Columns 301 and 323 on 

the east side of south wall. 
10:18:43 92 Smoke suddenly expelled on Floor 92 north wall, Floor 94 east side of 

north wall, Floor 95 to Floor 98 on west side of north wall, Floor 95 
and Floor 98 on north side of west wall, lower floor on south side. 

10:22:59 97 Inward bowing from Floor 95 to about Floor 99 between Columns 308 
and 326 (maybe to 340) on the south wall, maximum amplitude 
approximately 55 in. at Floor 97. 

10:28:18 102 Smoke puff out of north edge and center of west wall; smoke and 
debris clouds out of the north, east, and west walls on Floor 98.  Fire 
out of windows on the north, east, west, and south walls between 
Floor 92 and Floor 98, and on Floor 104. 

10:28:20 102 WTC 1 began to collapse.  First exterior sign of collapse was at 
Floor 98.  Rotation of at least 8 degrees to the south occurred before the 
building section began to fall vertically under gravity. 
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Aircraft Impact 

The aircraft impacted WTC 1 at the north wall.  The aircraft severed or heavily damaged Columns 112 to 
151 between Floors 94 and 98 on the north wall.  After breaching the building’s perimeter, the aircraft 
continued to penetrate into the building.  The north office area floor system sustained severe structural 
damage between Columns 112 and 145 at Floors 94 to 98.  Core Columns 503, 504, 505, 506, 604, 704, 
706, 805, and 904 were severed or heavily damaged between Floor 92 and Floor 97.  The aircraft also 
severed a single exterior panel at the center of the south wall from Columns 329 to 331 between Floor 93 
and Floor 96.  In summary, 38 of 59 columns of the north wall, three of 59 columns of the south wall, and 
nine of 47 core columns were severed or heavily damaged.  In addition, thermal insulation on floor 
framing and columns was also damaged from the impact area to the south perimeter wall, primarily 
through the center of WTC 1 and over one-third to one-half of the core width.  Figures 2–2, 2–14, and 2–
18 summarize aircraft impact damage to exterior and core columns and floors of WTC 1. 

Gravity loads in the columns that were severed were redistributed, mostly to the neighboring columns.  
Due to the severe impact damage to the north wall, the wall section above the impact zone moved 
downward as shown in Figs. 4–9 and 4–13.  The hat truss resisted the downward movement of the north 
wall and rotated about its east-west axis, which reduced the load on the south wall.  As a result, the north 
and south walls each carried about 7 percent less gravity loads at Floor 98 after impact, the east and west 
walls each carried about 7 percent more loads, and the core carried about 1 percent more gravity loads at 
Floor 98 after impact (Table 5–3).  Column 705 buckled, and Columns 605 and 804 showed minor 
buckling. 

Unloading of Core 

Temperatures in the core area rose quickly, and thermal expansion of the core was greater than the 
thermal expansion of the exterior walls in early stages of the fire.  This increased the gravity loads in the 
core columns until 10 min after impact (Table 5–3).  The additional gravity loads from adjacent severed 
columns and high temperatures caused high plastic and creep strains to develop in the core columns in 
early stages of the fire.  More columns buckled inelastically due to high temperatures.  Creep strain 
continued to increase to the point of collapse (see Fig. 4–81).  By 30 min, the plastic-plus-creep strains 
exceeded thermal expansion strains.  Due to high plastic and creep strains and inelastic buckling of core 
columns, the core columns shortened, and the core displaced downward.  At 100 min, the downward 
displacement of the core at Floor 99 became 2.0 in. on the average, as shown in Fig. 4–37. 

The shortening of core columns was resisted by the hat truss, which unloaded the core over time and 
redistributed the gravity loads from the core to the exterior walls, as can be seen in Table 5–3.  As a 
result, the north, east, south, and west walls at Floor 98 carried about 12 percent, 27 percent, 10 percent, 
and 22 percent more gravity loads, respectively, at 80 min than the state after the impact, and the core 
carried about 20 percent less loads as shown in Table 5–3.  The net increase in the total column load on 
the south wall, where exterior wall failure initiated, was only about 10 percent due to the downward 
displacement of the core (see Fig. 5–3).  At 80 min, the total core column loads reached their maximum.  
As the floor pulled in starting at 80 min on in the south side, the south exterior wall began to shed load to 
adjacent walls and the core. 
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Sagging of Floors and Floor/Wall Disconnections 

The long-span trusses of Floor 95 through Floor 99 sagged due to high temperatures.  While the fires 
were on the north side and the floors on the north side sagged first, the fires later reached the south side, 
and the floors on the south side sagged.  Figure 5–4 shows vertical displacements of Floors 95 through 98 
determined by the full floor models at 100 min.  Full floor models underestimated the extent of sagging 
because cracking and spalling of concrete and creep in steel under high temperatures were not included in 
the floor models, and because the extent of insulation damage was conservatively estimated.  The sagging 
floors pulled in the south wall columns over Floors 95 to 99.  In addition, the exterior seats on the south 
wall in the hot zone of Floors 97 and 98 began to fail due to their reduced vertical shear capacity at 
around 80 min, and by 100 min about 20 percent of the exterior seats on the south wall of Floors 97 and 
98 failed, as shown in Figs. 5–4 and 5–5.  Partial collapse of the floor may have occurred at Floors 97 and 
98, resulting from the exterior seat failures, as indicated by the observed smoke puff at 92 min (10:19 
a.m.) in Table 5–2, but this phenomenon was not modeled. 

Bowing of South Wall 

The exterior columns on the south wall bowed inward as they were subjected to high temperatures, pull-in 
forces from the floors beginning at 80 min, and additional gravity loads redistributed from the core.  
Figure 5–6 shows the observed and the estimated inward bowing of the south wall at 97 min after impact 
(10:23 a.m.).  Since no bowing was observed on the south wall at 69 min (9:55 a.m.), as shown in Table 
5–2, it is estimated that the south wall began to bow inward at around 80 min when the floors on the south 
side began to substantially sag.  The inward bowing of the south wall increased with time due to 
continuing floor sagging and increased temperatures on the south wall as shown in Figs. 4–42 and 5–7.  
At 97 min (10:23 a.m.), the maximum bowing observed was about 55 in. (see Fig. 5–6). 

Buckling of South Wall and Collapse Initiation 

With continuously increased bowing, as more columns buckled, the entire width of the south wall buckled 
inward.  Instability started at the center of the south wall and rapidly progressed horizontally toward the 
sides.  As a result of the buckling of the south wall, the south wall significantly unloaded (Fig. 5–3), 
redistributing its load to the softened core through the hat truss and to the south side of the east and west 
walls through the spandrels.  The onset of this load redistribution can be found in the total column loads 
in the WTC 1 global model at 100 min in the bottom line of Table 5–3.  At 100 min, the north, east, and 
west walls at Floor 98 carried about 7 percent, 35 percent, and 30 percent more gravity loads than the 
state after impact, and the south wall and the core carried about 7 percent and 20 percent less loads, 
respectively.  The section of the building above the impact zone tilted to the south (observed at about 8˚, 
Table 5–2) as column instability progressed rapidly from the south wall to the adjacent east and west 
walls (see Fig. 5–8), resulting in increased gravity load on the core columns.  The release of potential 
energy due to downward movement of building mass above the buckled columns exceeded the strain 
energy that could be absorbed by the structure.  Global collapse ensued. 



Collapse Sequence 

NIST NCSTAR 1-6D, WTC Investigation 315 

Table 5–3.  Total column loads at Floor 98 and Floor 105 of WTC 1 global model for 
Case B conditions. 

Row Analysis North Wall East Wall South Wall West Wall Core
Step Floor 98 Floor 105 Floor 98 Floor 105 Floor 98 Floor 105 Floor 98 Floor 105 Floor 98 Floor 105

(1) Before Impact 10,974 8,026 8,545 6,562 11,025 8,092 8,572 6,604 34,029 20,361
(2) After Impact 10,137 7,294 9,071 7,028 10,356 7,488 9,146 7,076 34,429 20,761
(3) 10 min 9,796 6,944 8,490 6,461 9,848 6,981 8,536 6,469 36,473 22,790
(4) 20 min 10,437 7,551 9,108 7,075 9,900 7,057 9,202 7,158 34,495 20,806
(5) 30 min 10,913 8,020 10,034 7,998 10,420 7,569 9,715 7,685 32,060 18,377
(6) 40 min 11,068 8,193 10,599 8,571 11,004 8,129 10,178 8,147 30,294 16,608
(7) 50 min 11,149 8,285 10,908 8,878 11,192 8,315 10,458 8,428 29,435 15,743
(8) 60 min 11,205 8,351 11,168 9,130 11,285 8,414 10,716 8,687 28,766 15,069
(9) 70 min 11,286 8,435 11,366 9,319 11,343 8,481 10,939 8,914 28,205 14,502

(10) 80 min 11,376 8,528 11,555 9,497 11,409 8,551 11,119 9,097 27,681 13,978
(11) 90 min 10,916 8,096 11,991 9,847 9,949 7,327 11,657 9,506 28,587 14,876
(12) 100 min 10,828 8,023 12,249 10,076 9,638 7,066 11,905 9,720 28,478 14,767
(13) (2) - (1) -837 -732 526 466 -668 -604 574 472 400 400
(14) (10) - (2) 1,239 1,234 2,484 2,470 1,052 1,063 1,973 2,021 -6,748 -6,783
(15) (12) - (2) 692 730 3,178 3,048 -719 -422 2,759 2,644 -5,951 -5,993
(16) (12) - (10) -548 -504 694 579 -1,771 -1,485 786 623 797 790

Note : Compression is positive.  Units are in kip.  
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Figure 5–3.  Total column loads at Floor 98 of the south wall of WTC 2 global model for 

Case B conditions (compression is positive). 
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Figure 5–4.  Vertical displacements of full floor models of WTC 1 for Case Bi temperature 

condition at 100 min (downward displacement is negative). 

 
Figure 5–5.  Loss of vertical supports obtained in Floor 97 and Floor 98 full floor models 
of WTC 1 for Case Bi temperature condition at 100 min (1x displacement magnification). 
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Figure 5–6.  Inward bowing of exterior columns of the South wall of WTC 1 at 10:23 a.m. 
(97 min after impact).  Displacements were estimated by NIST from the analysis of this 

photograph. 
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Figure 5–7.  Inward bowing of south wall of WTC 1 global model with creep at 100 min for 

Case B conditions with 5 kip pull-in forces (5x displacement magnification). 

 

 
Figure 5–8.  Collapse initiation and tilting of WTC 1 (view from the northeast).  

1

MN

MX

XY

Z

WTC1 Severe Temp at 6000s w/5kip pull - South Face (5X)                         

-.701059
4.135

8.972
13.808

18.644
23.481

28.317
33.153

37.99
42.826

MAR 30 2005
10:23:38

NODAL SOLUTION

STEP=33
SUB =1437
TIME=150
UY       (AVG)
RSYS=0
DMX =42.979
SMN =-.701059
SMX =42.826

Col301 

Col359 

FL93 

FL95 

FL97 

FL99 

(in.) 



Collapse Sequence 

NIST NCSTAR 1-6D, WTC Investigation 319 

5.3 WTC 2 COLLAPSE SEQUENCE 

The aircraft traveling in a north-northeast direction impacted the south wall of WTC 2 at 9:03 a.m.  The 
aircraft mostly severed columns and floors that were on the east side of the building between Floor 78 and 
Floor 84.  The subsequent fires were also on the east side of the building.  At 9:59 a.m., about 56 min 
after the aircraft impact, the building started to collapse with the east wall buckling inward, followed by 
tilting of the building above Floor 82 to the east and south.   

The section below discusses the sequence of main structural events that led to the collapse of WTC 2, and 
the causes and effects of these structural events along with key observations, starting from aircraft impact. 

The WTC 2 collapse sequence consisted of five main structural events.  These events are chronologically 
listed in Table 5–4 and discussed below.  Actual observations for WTC 2 are summarized in Table 5–5, 
which are based on NIST’s examination of photos and videos (NIST NCSTAR 1-6). 

Table 5–4.  Summary of main events that led to the collapse of WTC 2 
Event number Event 

1 
2 
3 
4 
5 

Aircraft impact 
Sagging of floors and floor/wall disconnections 
Bowing of east wall 
Unloading and leaning of core 
Buckling of east wall and collapse initiation 

Table 5–5.  Observations on WTC 2 provided by NIST. 

Time 

Time 
from 

Impact 
(min) Observation 

9:03 0 Aircraft impact on the south wall of WTC 2 between Floors 77 and 85, Columns 404 to 443.  
9:21 18 Columns of the east wall bowed inward over the entire width of Floors 78 to 83; maximum of 

7–9 in. at Floor 80. 
9:38 35 Floor 83 disconnections on the east wall appeared to extend.   
9:54 51 Columns of the east wall bowed inward between Floor 78 and Floor 84, 12 – 20 in. at 

Floor 80. 
East side of Floor 83 draped between Columns 310 to 342. 

9:59 56 WTC 2 began to collapse.  
Column splices failed at every third panel and columns sprung back from inward bowing as 
collapse initiated on the east wall near the northeast corner  
Smoke and debris clouds were expelled from Floor 81 on the east, north, and west walls of 
the building.  
WTC 2 appeared to tilt around the base of Floor 82 and initial downward motion was visible 
at the same location.   
Tilt of approximately 3 to 4 degrees to the south and 7 to 8 degrees to the east occurred 
before building section fell. 
Kink (change in slope) on the southeast corner near Floor 94 (halfway along building section 
above failure). 
Kink (change in slope) and offset about at the Floor 106. 
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Aircraft Impact 

The aircraft impacted the south wall of WTC 2, severing a number of exterior columns on the south wall 
from Floor 78 to Floor 84.  The so