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ABSTRACT

Simpson Gumpertz & Heger Inc (SGH) developed global models of the World Trade Center (WTC)
towers using finite elements to gain an understanding of the roles of the aircraft impact damage and the
subsequent fires in the WTC towers with respect to structural stability and sequential failures of
components and subsystems and to determine the probable sequence of structural responses that led to
initiation of global collapse. The study was conducted as part of the investigation on the WTC disaster by
the National Institute of Standards and Technology (NIST).

The developed finite-element global models of the WTC towers simulated the structural performance of
the part of the buildings in and above the aircraft impact zone. These models captured the nonlinear
responses of the towers subjected to the aircraft impact damage and the subsequent fire effects. The
nonlinearities included in the global models were 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.

NIST provided temperature-dependent nonlinear material properties, estimates of aircraft impact damage
to structural members, and temperature time histories of structural elements, which were used as input in
this study.

The finite element analyses (FEA) of the global models and of the component and subsystem models
showed that the key structural responses that led to the collapse of the towers were as follows: 1) floor
sagging caused by the failure of thermally-weakened truss members, resulting in pull-in forces between
the floor and the exterior wall, and in some cases, disconnection of the floor from the exterior wall;

2) downward displacement of the core due to aircraft impact damage and shortening of the remaining core
columns from increased load, plasticity, creep of steel at high temperatures, and buckling resulting from
fire-induced high temperatures, and unloading of the core; 3) bowing and buckling of exterior walls
caused by the pull-in forces and loss of lateral support from the sagged floors, and floor/wall
disconnections at high temperatures; and 4) redistribution of gravity loads among the columns locally,
among the exterior walls, and between the exterior walls and the core, resulting from impact damage,
relative thermal expansion, shortening of core columns, tilting of the tower above the impact zone, and
bowing and buckling of exterior walls.

In WTC 1, the aircraft impact caused damage to the north and south walls, floors, some core columns, and
insulation. The subsequent fires caused sagging of the floors on the south side of the office area, where
insulation was damaged, and inward bowing of the south wall. The damage to the core columns resulted
in local load redistribution to the remaining core columns. The subsequent fire-induced high
temperatures caused the core to displace downward from plasticity and high creep strains in high stress
and high temperatures. The downward displacement of the core resulted in load redistribution from the
core to the exterior walls. With continuously increased bowing, the entire width of the south wall buckled
inward. The section of the building above the impact zone tilted to the south as instability progressed
horizontally to the adjacent east and west walls. Global collapse occurred as potential energy of the
falling upper structure exceeded the strain energy capacity in the deforming structural members.
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Abstract

In WTC 2, the aircraft impact caused damage to the south and north exterior walls, floors, and columns in
the southeast corner of the core. The floor damage and the subsequent fires caused sagging of the floors
and local floor/wall disconnections, and resulted in bowing and buckling of the east wall. The damage to
the core columns and fire-induced high temperatures resulted in local load redistribution to the remaining
core columns in the southeast corner, which redistributed the core column loads to the east and south wall
columns, as the core leaned toward the south and east. With continuously increased bowing, the entire
width of the east wall buckled inward. The section of the building above the impact zone tilted to the east
and south as instability progressed horizontally to the adjacent north and south walls. Global collapse
occurred when the potential energy of the falling upper structure exceeded the strain energy capacity in
the deforming structural members.

The results of global analysis of both WTC 1 and WTC 2 showed that global collapse of both towers was
initiated by the instability of the exterior walls pursuant to their excessive inward bowing which
progressed horizontally to adjacent walls.

Keywords: Collapse, creep, large deflection, nonlinear finite element analysis, plasticity, stability,
structural response to damage, structural response to fire, 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:
e To investigate the building construction, the materials used, and the technical conditions that
contributed to the outcome of the WTC disaster.
e 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. ldentify, as specifically as possible, areas in current building and fire codes, standards, and
practices that warrant revision.
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Preface

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 fromWTC 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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NIST WTC Investigation Projects

WTC Building
Performance
Recommendal

Analysis of
Steel

Structural
Collapse

Government,
Industry,

Professional,
Academic Inp

Baseline
Performance
& Impact
Damage

Public Inputs

Thermal and
Tenability
Environment

Video/
Photographic
Records

Analysis of
Codes and
Practices

Active Fire

Oral History Data Protection

Emergency Emergency
Response Response
Records

Recovered

Structural Steel

NIST

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:

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

e John Barsom, President, Barsom Consulting, Ltd.

e John Bryan, Professor Emeritus, University of Maryland

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

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

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

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

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

e 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:

o 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.

e Aresearch 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 meetin

s 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.

e Adissemination and technical assistance program (DTAP) to (2) 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 1-11. 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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Banovic, S. W. 2005. Federal Building and Fire Safety Investigation of the World Trade Center
Disaster: Steel Inventory and Identification. NIST NCSTAR 1-3B. National Institute of Standards
and Technology. Gaithersburg, MD, September.

Banovic, S. W., and T. Foecke. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Damage and Failure Modes of Structural Steel Components. NIST
NCSTAR 1-3C. National Institute of Standards and Technology. Gaithersburg, MD, September.

Luecke, W. E., J. D. McColskey, C. N. McCowan, S. W. Banovic, R. J. Fields, T. Foecke,

T. A. Siewert, and F. W. Gayle. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Mechanical Properties of Structural Steels. NIST NCSTAR 1-3D.
National Institute of Standards and Technology. Gaithersburg, MD, September.

Banovic, S. W., C. N. McCowan, and W. E. Luecke. 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Physical Properties of Structural Steels. NIST
NCSTAR 1-3E. National Institute of Standards and Technology. Gaithersburg, MD, September.

Evans, D. D., R. D. Peacock, E. D. Kuligowski, W. S. Dols, and W. L. Grosshandler. 2005. Federal
Building and Fire Safety Investigation of the World Trade Center Disaster: Active Fire Protection
Systems. NIST NCSTAR 1-4. National Institute of Standards and Technology. Gaithersburg, MD,
September.

Kuligowski, E. D., D. D. Evans, and R. D. Peacock. 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Post-Construction Fires Prior to September 11,
2001. NIST NCSTAR 1-4A. National Institute of Standards and Technology. Gaithersburg, MD,
September.

Hopkins, M., J. Schoenrock, and E. Budnick. 2005. Federal Building and Fire Safety Investigation
of the World Trade Center Disaster: Fire Suppression Systems. NIST NCSTAR 1-4B. National
Institute of Standards and Technology. Gaithersburg, MD, September.

Keough, R. J., and R. A. Grill. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Fire Alarm Systems. NIST NCSTAR 1-4C. National Institute of Standards
and Technology. Gaithersburg, MD, September.

Ferreira, M. J., and S. M. Strege. 2005. Federal Building and Fire Safety Investigation of the
World Trade Center Disaster: Smoke Management Systems. NIST NCSTAR 1-4D. National
Institute of Standards and Technology. Gaithersburg, MD, September.

Gann, R. G., A. Hamins, K. B. McGrattan, G. W. Mulholland, H. E. Nelson, T. J. Ohlemiller,

W. M. Pitts, and K. R. Prasad. 2005. Federal Building and Fire Safety Investigation of the World Trade
Center Disaster: Reconstruction of the Fires in the World Trade Center Towers. NIST NCSTAR 1-5.
National Institute of Standards and Technology. Gaithersburg, MD, September.

Pitts, W. M., K. M. Butler, and V. Junker. 2005. Federal Building and Fire Safety Investigation of
the World Trade Center Disaster: Visual Evidence, Damage Estimates, and Timeline Analysis.
NIST NCSTAR 1-5A. National Institute of Standards and Technology. Gaithersburg, MD,
September.
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Hamins, A., A. Maranghides, K. B. McGrattan, E. Johnsson, T. J. Ohlemiller, M. Donnelly,

J. Yang, G. Mulholland, K. R. Prasad, S. Kukuck, R. Anleitner and T. McAllister. 2005. Federal
Building and Fire Safety Investigation of the World Trade Center Disaster: Experiments and
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Standards and Technology. Gaithersburg, MD, September.

Ohlemiller, T. J., G. W. Mulholland, A. Maranghides, J. J. Filliben, and R. G. Gann. 2005. Federal
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EXECUTIVE SUMMARY

E.1l 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
from
Impact
Time (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
from
Impact

Time (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, 1220 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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Executive Summary

E.2 GLOBAL MODEL ANALYSIS
E.2.1 Global Models

SGH developed global finite-element structural models of WTC towers in ANSYSS 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.)

159 101 359 301
Floor 99 —

Floor 97 —

Floor 95 —

Floor 93 — M
M

(a) North face (b) South face

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).
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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).
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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.24 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.
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Figure E-8. Examples of locations of floor/wall disconnections and pull-in forces used in

(b) East wall of WTC 2 between 40 min and 50 min

the collapse analyses of the global model with creep.
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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