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Disclaimer No. 1

Certain commercial entities, equipment, products, or materials are identified in this document in order to describe a
procedure or concept adequately or to trace the history of the procedures and practices used. Such identification is
not intended to imply recommendation, endorsement, or implication that the entities, products, materials, or
equipment are necessarily the best available for the purpose. Nor does such identification imply a finding of fault or
negligence by the National Institute of Standards and Technology.

Disclaimer No. 2

The policy of NIST is to use the International System of Units (metric units) in all publications. In this document,
however, units are presented in metric units or the inch-pound system, whichever is prevalent in the discipline.

Disclaimer No. 3

Pursuant to section 7 of the National Construction Safety Team Act, the NIST Director has determined that certain
evidence received by NIST in the course of this Investigation is “voluntarily provided safety-related information” that is
“not directly related to the building failure being investigated” and that “disclosure of that information would inhibit the
voluntary provision of that type of information” (15 USC 7306c).

In addition, a substantial portion of the evidence collected by NIST in the course of the Investigation has been
provided to NIST under nondisclosure agreements.

Disclaimer No. 4

NIST takes no position as to whether the design or construction of a WTC building was compliant with any code
since, due to the destruction of the WTC buildings, NIST could not verify the actual (or as-built) construction, the
properties and condition of the materials used, or changes to the original construction made over the life of the
buildings. In addition, NIST could not verify the interpretations of codes used by applicable authorities in determining
compliance when implementing building codes. Where an Investigation report states whether a system was
designed or installed as required by a code provision, NIST has documentary or anecdotal evidence indicating
whether the requirement was met, or NIST has independently conducted tests or analyses indicating whether the
requirement was met.

Use in Legal Proceedings

No part of any report resulting from a NIST investigation into a structural 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 P.L. 107-231).
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DEDICATION

On the morning of September 11, 2001, Americans and people around the world were shocked by the
destruction of the World Trade Center (WTC) in New York City and the devastation of the Pentagon near
Washington, D.C., after large aircraft were flown into the buildings, and the crash of an aircraft in a
Pennsylvania field that averted further tragedy. Three years later, the world has been changed irrevocably
by those terrorist attacks. For some, the absence of people close to them is a constant reminder of the
unpredictability of life and death. For millions of others, the continuing threats of further terrorist attacks
affect how we go about our daily lives and the attention we must give to homeland security and
emergency preparedness.

Within the construction, building, and public safety communities, there arose a question pressing to be
answered: How can we reduce our vulnerability to such attacks, and how can we increase our
preparedness and safety while still ensuring the functionality of the places in which we work and live?

This Investigation has, to the best extent possible, reconstructed the responses of the WTC towers and the
people on site to the consequences of the aircraft impacts. It provides improved understanding to the
professional communities and building occupants whose action is needed and to those most deeply
affected by the events of that morning. In this spirit, this report is dedicated to those lost in the disaster,
to those who have borne the burden to date, and to those who will carry it forward to improve the safety
of buildings.
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ABSTRACT

This is the final report on the National Institute of Standards and Technology (NIST) reconstruction of the
collapses of the World Trade Center (WTC) towers, the results of an investigation conducted under the
National Construction Safety Team Act. This reports describes how the aircraft impacts and subsequent
fires led to the collapses of the towers after terrorists flew jet fuel laden commercial airliners into the
buildings; whether the fatalities were low or high, including an evaluation of the building evacuation and
emergency response procedures; what procedures and practices were used in the design, construction,
operation, and maintenance of the towers; and areas in current building and fire codes, standards, and
practices that warrant revision. Extensive details are to be found in the 42 companion reports. The final
report on the collapse of WTC 7 appears in a separate report.

Also in this report is a description of how NIST reached its conclusions. This included the
complementing of in-house expertise with private sector technical experts; the accumulation of copious
documents, photographs, and videos of the disaster; the establishment of the baseline performance of the
WTC towers; the computer simulation of the behavior of each tower on September 11, 2001; the
combination of the knowledge gained into a probable collapse sequence for each tower; the conduct of
nearly 1,200 first-person interviews of building occupants and emergency responders; analysis of the
evacuation and emergency response operations in the two high-rise buildings; and the compilation of
principal findings.

The report concludes with a list of 30 recommendations for action in the areas of increased structural
integrity, enhanced fire resistance of structures, new methods for fire resistance design of structures,
enhanced active fire protection, improved building evacuation, improved emergency response, improved
procedures and practices, and continuing education and training.

Keywords: Aircraft impact, building evacuation, emergency response, fire safety, human behavior,
structural collapse, tall buildings, wind engineering, 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 their 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 their
report in May 2002, fulfilling their 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. (A copy of the Public Law is included in Appendix A.) 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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NIST is a nonregulatory agency of the U.S. Department of Commerce’s Technology Administration. The
purposes of NIST investigations under the National Construction Safety Team Act are to improve the
safety and structural integrity of buildings in the United States, and the focus is on fact finding. NIST
investigative teams are required 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 or 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 NIST Director, 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 Figure 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 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

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.

XXXii
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NIST WTC Investigation Projects
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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:

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.

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

e Philip DiNenno, President, Hughes Associates, Inc.

e Robert Hanson, Professor Emeritus, University of Michigan
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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

o 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.

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

National Construction Safety Team (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 the May 2003 Progress Report.

August 26-27, 2003

Gaithersburg, MD

NCST Advisory Committee meeting on status of WTC
investigation with a public comment session.

September 17, 2003

New York City, NY

Media briefing 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 the release of the Public Update with a public comment
session.

February 12, 2004

New York City, NY

Public meeting: Briefing 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 briefing and public briefing on release of the 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 briefing 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 briefing and public briefing on release of all draft reports
and draft recommendations for public comment.

e 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

This report covers the WTC towers, with a separate report on the 47-story WTC 7. Supporting
documentation of the techniques and technologies used in the reconstruction can be found in a set of
companion reports. This summary 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 of the National Construction Safety Team
on the Collapses of the World Trade Center Towers. NIST NCSTAR 1. Gaithersburg, MD, September.

NIST (National Institute of Standards and Technology). 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Final Report of the National Construction Safety Team
on the Collapse of World Trade Center 7. NIST NCSTAR 1A. Gaithersburg, MD, December.

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., 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., and D. D. Evans. 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.

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
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Building and Fire Safety Investigation of the World Trade Center Disaster: Experiments and
Modeling of Structural Steel Elements Exposed to Fire. NIST NCSTAR 1-5B. National Institute of
Standards and Technology. Gaithersburg, MD, September.

Ohlemiller, T. J., G. W. Mulholland, A. Maranghides, J. J. Filliben, and R. G. Gann. 2005. Federal
Building and Fire Safety Investigation of the World Trade Center Disaster: Fire Tests of Single
Office Workstations. NIST NCSTAR 1-5C. National Institute of Standards and Technology.
Gaithersburg, MD, September.

Gann, R. G., M. A. Riley, J. M. Repp, A. S. Whittaker, A. M. Reinhorn, and P. A. Hough. 2005.
Federal Building and Fire Safety Investigation of the World Trade Center Disaster: Reaction of
Ceiling Tile Systems to Shocks. NIST NCSTAR 1-5D. National Institute of Standards and
Technology. Gaithersburg, MD, September.

Hamins, A., A. Maranghides, K. B. McGrattan, T. J. Ohlemiller, and R. Anleitner. 2005. Federal
Building and Fire Safety Investigation of the World Trade Center Disaster: Experiments and
Modeling of Multiple Workstations Burning in a Compartment. NIST NCSTAR 1-5E. National
Institute of Standards and Technology. Gaithersburg, MD, September.

McGrattan, K. B., C. Bouldin, and G. Forney. 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Computer Simulation of the Fires in the World
Trade Center Towers. NIST NCSTAR 1-5F. National Institute of Standards and Technology.
Gaithersburg, MD, September.

Prasad, K. R., and H. R. Baum. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Fire Structure Interface and Thermal Response of the World Trade Center
Towers. NIST NCSTAR 1-5G. National Institute of Standards and Technology. Gaithersburg,
MD, September.

Gross, J. L., and T. McAllister. 2005. Federal Building and Fire Safety Investigation of the World Trade
Center Disaster: Structural Fire Response and Probable Collapse Sequence of the World Trade Center
Towers. NIST NCSTAR 1-6. National Institute of Standards and Technology. Gaithersburg, MD,
September.

Carino, N. J., M. A. Starnes, J. L. Gross, J. C. Yang, S. Kukuck, K. R. Prasad, and R. W. Bukowski.
2005. Federal Building and Fire Safety Investigation of the World Trade Center Disaster: Passive
Fire Protection. NIST NCSTAR 1-6A. National Institute of Standards and Technology.
Gaithersburg, MD, September.

Gross, J., F. Hervey, M. lzydorek, J. Mammoser, and J. Treadway. 2005. Federal Building and
Fire Safety Investigation of the World Trade Center Disaster: Fire Resistance Tests of Floor Truss
Systems. NIST NCSTAR 1-6B. National Institute of Standards and Technology. Gaithersburg,
MD, September.

Zarghamee, M. S., S. Bolourchi, D. W. Eggers, F. W. Kan, Y. Kitane, A. A. Liepins, M. Mudlock,
W. I. Naguib, R. P. Ojdrovic, A. T. Sarawit, P. R Barrett, J. L. Gross, and T. P. McAllister. 2005.
Federal Building and Fire Safety Investigation of the World Trade Center Disaster: Component,
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Connection, and Subsystem Structural Analysis. NIST NCSTAR 1-6C. National Institute of
Standards and Technology. Gaithersburg, MD, September.

Zarghamee, M. S., Y. Kitane, O. O. Erbay, T. P. McAllister, and J. L. Gross. 2005. 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. NIST
NCSTAR 1-6D. National Institute of Standards and Technology. Gaithersburg, MD, September.

McAllister, T., R. G. Gann, J. L. Gross, K. B. McGrattan, H. E. Nelson, W. M. Pitts, K. R. Prasad. 2005.
Federal Building and Fire Safety Investigation of the World Trade Center Disaster: Structural Fire
Response and Probable Collapse Sequence of World Trade Center 7. 2005. NIST NCSTAR 1-6E.
National Institute of Standards and Technology. Gaithersburg, MD, December.

Gilsanz, R., V. Arbitrio, C. Anders, D. Chlebus, K. Ezzeldin, W. Guo, P. Moloney, A. Montalva,
J. Oh, K. Rubenacker. 2005. Federal Building and Fire Safety Investigation of the World Trade
Center Disaster: Structural Analysis of the Response of World Trade Center 7 to Debris Damage
and Fire. NIST NCSTAR 1-6F. National Institute of Standards and Technology. Gaithersburg,
MD, December.

Kim, W. 2005. Federal Building and Fire Safety Investigation of the World Trade Center
Disaster: Analysis of September 11, 2001, Seismogram Data, NIST NCSTAR 1-6G. National
Institute of Standards and Technology. Gaithersburg, MD, December.

Nelson, K. 2005. Federal Building and Fire Safety Investigation of the World Trade Center
Disaster: The ConEd Substation in World Trade Center 7, NIST NCSTAR 1-6H. National Institute
of Standards and Technology. Gaithersburg, MD, December.

Averill, J. D., D. S. Mileti, R. D. Peacock, E. D. Kuligowski, N. Groner, G. Proulx, P. A. Reneke, and

H. E. Nelson. 2005. Federal Building and Fire Safety Investigation of the World Trade Center Disaster:
Occupant Behavior, Egress, and Emergency Communication. NIST NCSTAR 1-7. National Institute of
Standards and Technology. Gaithersburg, MD, September.

Fahy, R., and G. Proulx. 2005. Federal Building and Fire Safety Investigation of the World Trade
Center Disaster: Analysis of Published Accounts of the World Trade Center Evacuation. NIST
NCSTAR 1-7A. National Institute of Standards and Technology. Gaithersburg, MD, September.

Zmud, J. 2005. Federal Building and Fire Safety Investigation of the World Trade Center
Disaster: Technical Documentation for Survey Administration. NIST NCSTAR 1-7B. National
Institute of Standards and Technology. Gaithersburg, MD, September.

Lawson, J. R., and R. L. Vettori. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: The Emergency Response Operations. NIST NCSTAR 1-8. National Institute of
Standards and Technology. Gaithersburg, MD, September.
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EXECUTIVE SUMMARY

E.1  GENESIS OF THIS INVESTIGATION

On August 21, 2002, the National Institute of Standards and Technology (NIST) announced its building
and fire safety investigation of the World Trade Center (WTC) disaster." This WTC Investigation was
then conducted under the authority of the National Construction Safety Team (NCST) Act, which was
signed into law on October 1, 2002. A copy of the Public Law is included in Appendix A.

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 after terrorists flew large jet-fuel laden
commercial airliners into the WTC towers.

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;

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; and

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

1 NIST is a nonregulatory agency of the U.S. Department of Commerce. The purposes of NIST investigations are to improve
the safety and structural integrity of buildings in the United States and the focus is on fact finding. NIST investigative teams
are required 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 or 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 2814, as amended by P.L. 107-231).
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4. Identify, as specifically as possible, areas in current building and fire codes, standards,
and practices that warrant revision

E.2 APPROACH

To meet these goals, NIST complemented its in-house expertise with an array of specialists in key
technical areas. In all, about 200 staff contributed to the Investigation. NIST and its contractors compiled
and reviewed tens of thousand of pages of documents; conducted interviews with over a thousand people
who had been on the scene or who had been involved with the design, construction, and maintenance of
the WTC; analyzed 236 pieces of steel that were obtained from the wreckage; performed laboratory tests,
measured material properties, and performed computer simulations of the sequence of events that
happened from the instant of aircraft impact to the initiation of collapse for each tower.

Cooperation in obtaining the resource materials and in interpreting the results came from a large number
of individuals and organizations, including The Port Authority of New York and New Jersey and its
contractors and consultants, Silverstein Properties and its contractors and consultants, the City of New
York and its departments, the manufacturers and fabricators of the building components, the companies
that insured the WTC towers, the building tenants, the aircraft manufacturers and the airlines.

The scarcity of physical evidence that is typically available in place for reconstruction of a disaster led to
the following approach:

e Accumulation of copious photographic and video material. With the assistance of the media,
public agencies and individual photographers, NIST acquired and organized nearly
7,000 segments of video footage, totaling in excess of 150 hours and nearly 7,000
photographs representing at least 185 photographers. This guided the Investigation Team’s
efforts to determine the condition of the buildings following the aircraft impact, the evolution
of the fires, and the subsequent deterioration of the structure.

o Establishment of the baseline performance of the WTC towers, i.e., estimating the expected
performance of the towers under normal design loads and conditions. The baseline
performance analysis also helped to estimate the ability of the towers to withstand the
unexpected events of September 11, 2001. Establishing the baseline performance of the
towers began with the compilation and analysis of the procedures and practices used in the
design, construction, operation, and maintenance of the structural, fire protection, and egress
systems of the WTC towers. The additional components of the performance analysis were
the standard fire resistance of the WTC truss-framed floor system, the quality and properties
of the structural steels used in the towers, and the response of the WTC towers to the design
gravity and wind loads.

e Conduct of four-step simulations of the behavior of each tower on September 11, 2001. Each
step stretched the state of the technology and tested the limits of software tools and computer
hardware. The four steps were:

1. The aircraft impact into the tower, the resulting distribution of aviation fuel, and the
damage to the structure, partitions, thermal insulation materials, and building contents.

2. The evolution of multifloor fires.
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3. The heating and consequent weakening of the structural elements by the fires.

4. The response of the damaged and heated building structure, and the progression of
structural component failures leading to the initiation of the collapse of the towers.

The output of these simulations was subject to uncertainties in the as-built condition of the towers, the
interior layout and furnishings, the aircraft impact, the internal damage to the towers (especially the
thermal insulation for fire protection of the structural steel, which is colloquially referred to as
fireproofing), the redistribution of the combustibles, and the response of the building structural
components to the heat from the fires. To increase confidence in the simulation results, NIST used the
visual evidence, eyewitness accounts from inside and outside the buildings, laboratory tests involving
large fires and the heating of structural components, and formal statistical methods to identify influential
parameters and quantify the variability in analysis results.

e Combination of the knowledge gained into probable collapse sequences for each tower,? the
identification of factors that contributed to the collapses, and a list of factors that could have
improved building performance or otherwise mitigated the loss of life.

e Compilation of a list of findings that respond to the first three objectives and a list of
recommendations that responds to the fourth objective.

E.3 SUMMARY OF FINDINGS

Objective 1: Determine why and how WTC 1 and WTC 2 collapsed following the initial impacts of
the aircraft.

e The two aircraft hit the towers at high speed and did considerable damage to principal
structural components: core columns, floors, and perimeter columns. However, the towers
withstood the impacts and would have remained standing were it not for the dislodged
insulation (fireproofing) and the subsequent multifloor fires. The robustness of the perimeter
frame-tube system and the large size of the buildings helped the towers withstand the impact.
The structural system redistributed loads without collapsing in places of aircraft impact,
avoiding larger scale damage upon impact. The hat truss, a feature atop each tower which was
intended to support a television antenna, prevented earlier collapse of the building core. In
each tower, a different combination of impact damage and heat-weakened structural
components contributed to the abrupt structural collapse.

e In WTC 1, the fires weakened the core columns and caused the floors on the south side of the
building to sag. The floors pulled the heated south perimeter columns inward, reducing their
capacity to support the building above. Their neighboring columns quickly became
overloaded as columns on the south wall buckled. The top section of the building tilted to the
south and began its descent. The time from aircraft impact to collapse initiation was largely

2 The focus of the Investigation was on the sequence of events from the instant of aircraft impact to the initiation of collapse for
each tower. For brevity in this report, this sequence is referred to as the “probable collapse sequence,” although it does not
actually include the structural behavior of the tower after the conditions for collapse initiation were reached and collapse
became inevitable.
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determined by how long it took for the fires to weaken the building core and to reach the
south side of the building and weaken the perimeter columns and floors.

In WTC 2, the core was damaged severely at the southeast corner and was restrained by the
east and south walls via the hat truss and the floors. The steady burning fires on the east side
of the building caused the floors there to sag. The floors pulled the heated east perimeter
columns inward, reducing their capacity to support the building above. Their neighboring
columns quickly became overloaded as columns on the east wall buckled. The top section of
the building tilted to the east and to the south and began its descent. The time from aircraft
impact to collapse initiation was largely determined by the time for the fires to weaken the
perimeter columns and floor assemblies on the east and the south sides of the building. WTC
2 collapsed more quickly than WTC 1 because there was more aircraft damage to the building
core and there were early and persistent fires on the east side of the building, where the
aircraft had extensively dislodged insulation from the structural steel.

The WTC towers likely would not have collapsed under the combined effects of aircraft
impact damage and the extensive, multifloor fires if the thermal insulation had not been
widely dislodged or had been only minimally dislodged by aircraft impact.

Objective 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.

xliv

Approximately 87 percent of the estimated 17,400 occupants of the towers, and 99 percent of
those located below the impact floors, evacuated successfully. In WTC 1, where the aircraft
destroyed all escape routes, 1,355 people were trapped in the upper floors when the building
collapsed. One hundred seven people who were below the impact floors did not survive.
Since the flow of people from the building had slowed considerably 20 min before the tower
collapsed, the stairwell capacity was adequate to evacuate the occupants on that morning.

In WTC 2, before the second aircraft strike, about 3,000 people got low enough in the
building to escape by a combination of self-evacuation and use of elevators. The aircraft
destroyed the operation of the elevators and the use of two of the three stairways. Eighteen
people from above the impact zone found a passage through the damaged third stairway and
escaped. The other 619 people in or above the impact zone perished. Seven people who
were below the impact floors did not survive. As in WTC 1, shortly before collapse, the flow
of people from the building had slowed considerably, indicating that the stairwell capacity
was adequate that morning.

About 6 percent of the survivors described themselves as mobility impaired, with recent
injury and chronic illness being the most common causes; few, however, required a
wheelchair. Among the 118 decedents below the aircraft impact floors, investigators
identified seven who were mobility challenged, but were unable to determine the mobility
capability of the remaining 111.

A principal factor limiting the loss of life was that the buildings were only one-third occupied
at the time of the attacks. NIST estimated that if the towers had been fully occupied with
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25,000 occupants each, it would have taken about 4 hours to evacuate the buildings and over
14,000 people might have perished because the stairwell capacity would not have been
sufficient to evacuate that many people in the available time. Egress capacity required by
current building codes is determined by single floor calculations that are independent of
building height and does not consider the time for full building evacuation.

o Due to the presence of assembly use spaces at the top of each tower that were designed to
accommodate over 1,000 occupants per floor for the Windows on the World restaurant
complex and the Top of the Deck observation deck, the New York City Building Code would
have required a minimum of four independent means of egress (stairs), one more than the
three that were available in the buildings. Given the low occupancy level on
September 11, 2001, NIST found that the issue of egress capacity from these places of
assembly, or from elsewhere in the buildings, was not a significant factor on that day. Itis
conceivable that such a fourth stairwell, depending on its location and the effects of aircraft
impact on its functional integrity, could have remained passable, allowing evacuation by an
unknown number of additional occupants from above the floors of impact. If the buildings
had been filled to their capacity with 25,000 occupants, however, the required fourth stairway
would likely have mitigated the insufficient egress capacity for conducting a full building
evacuation within the available time.

e Evacuation was assisted by participation in fire drills within the previous year by two-thirds
of survivors and perhaps hindered by a Local Law that prevented employers from requiring
occupants to practice using the stairways. The stairways were not easily navigated in some
locations due to their design, which included “transfer hallways,” where evacuees had to
traverse from one stairway to another location where the stairs continued. Additionally,
many occupants were unprepared for the physical challenge of full building evacuation.

o The functional integrity and survivability of the stairwells was affected by the separation of
the stairwells and the structural integrity of stairwell enclosures. In the impact region of
WTC 1, the stairwell separation was the smallest over the building height—clustered well
within the building core—and all stairwells were destroyed by the aircraft impact. By
contrast, the separation of stairwells in the impact region of WTC 2 was the largest over the
building height—Ilocated along different boundaries of the building core—and one of three
stairwells remained marginally passable after the aircraft impact. The shaft enclosures were
fire rated but were not required to have structural integrity under typical accidental loads:
there were numerous reports of stairwells obstructed by fallen debris from damaged
enclosures.

e The fire safety systems (sprinklers, smoke purge, and fire alarms,) were designed to meet or
exceed current practice. However, they played no role in the safety of life on September 11
because the water supplies to the sprinklers were fed by a single supply pipe that was
damaged by the aircraft impact. The smoke purge systems were designed for use by the fire
department after fires; they were not turned on but they also would have been ineffective due
to aircraft damage. The violence of the aircraft impact served as its own alarm. In WTC 2,
contradictory public address announcements contributed to occupant confusion and some
delay in occupants beginning to evacuate.
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For the approximately 1,000 emergency responders on the scene, this was the largest disaster
they had even seen. Despite attempts by the responding agencies to work together and
perform their own tasks, the extent of the incident was well beyond their capabilities.
Communications were erratic due to the high number of calls and the inadequate performance
of some of the gear. Even so, there was no way to digest, test for accuracy, and disseminate
the vast amount of information being received. Their jobs were complicated by the loss of
command centers in WTC 7 and then in the towers after WTC 2 collapsed. With nearly all
elevator service disrupted and progress up the stairs taking about 2 min per floor, it would
have taken hours for the responders to reach their destinations, assist survivors, and escape
had the towers not collapsed.

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

Because of The Port Authority's establishment under a clause of the United States
Constitution, its buildings were not subject to any external building code. The buildings were
unlike any others previously built, both in their height and in their innovative structural
features. Nevertheless, the actual design and approval process produced two buildings that
generally were consistent with nearly all of the provisions of the New York City Building
Code and other building codes of that time. The loads for which the buildings were designed
exceeded the code requirements. The quality of the structural steels was consistent with the
building specifications. The departures from the building codes and standards did not have a
significant effect on the outcome of September 11.

For the floor systems, the fire rating and insulation thickness used on the floor trusses, which
together with the concrete slab served as the main source of support for the floors, were of
concern from the time of initial construction. NIST found no technical basis or test data on
which the thermal protection of the steel was based. On September 11, 2001, the minimum
specified thickness of the insulation was adequate to delay heating of the trusses; the amount
of insulation dislodged by the aircraft impact, however, was sufficient to cause the structural
steel to be heated to critical levels.

Based on four standard fire resistance tests that were conducted under a range of insulation
and test conditions, NIST found the fire rating of the floor system to vary between 3/4 hour
and 2 hours; in all cases, the floors continued to support the full design load without collapse
for over 2 hours.

The wind loads used for the WTC towers, which governed the structural design of the
external columns and provided the baseline capacity of the structures to withstand abnormal
events such as major fires or impact damage, significantly exceeded the requirements of the
New York City Building Code and selected other building codes of the day. Two sets of
wind load estimates for the towers obtained by independent commercial consultants in 2002,
however, differed by as much as 40 percent. These estimates were based on wind tunnel tests
conducted as part of insurance litigation unrelated to the Investigation.

E.4 RECOMMENDATIONS

xlvi
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The tragic consequences of the September 11, 2001, attacks were directly attributable to the fact that
terrorists flew large jet-fuel laden commercial airliners into the WTC towers. Buildings for use by the
general population are not designed to withstand attacks of such severity; building codes do not require
building designs to consider aircraft impact. In our cities, there has been no experience with a disaster of
such magnitude, nor has there been any in which the total collapse of a high-rise building occurred so
rapidly and with little warning.

While there were unique aspects to the design of the WTC towers and the terrorist attacks of

September 11, 2001, NIST has compiled a list of recommendations to improve the safety of tall buildings,
occupants, and emergency responders based on its investigation of the procedures and practices that were
used for the WTC towers; these procedures and practices are commonly used in the design, construction,
operation, and maintenance of buildings under normal conditions. Public officials and building owners
will need to determine appropriate performance requirements for those tall buildings, and selected other
buildings, that are at higher risk due to their iconic status, critical function, or design.

The topics of the recommendations in eight groups are listed in Table E-1. The ordering does not reflect
any priority.

The eight major groups of recommendations are:

o Increased Structural Integrity: The standards for estimating the load effects of potential
hazards (e.g., progressive collapse, wind) and the design of structural systems to mitigate the
effects of those hazards should be improved to enhance structural integrity.

o Enhanced Fire Resistance of Structures: The procedures and practices used to ensure the fire
resistance of structures should be enhanced by improving the technical basis for construction
classifications and fire resistance ratings, improving the technical basis for standard fire
resistance testing methods, use of the “structural frame” approach to fire resistance ratings,
and developing in-service performance requirements and conformance criteria for spray-
applied fire resistive materials.

o New Methods for Fire Resistance Design of Structures: The procedures and practices used in
the fire resistance design of structures should be enhanced by requiring an objective that
uncontrolled fires result in burnout without local or global collapse. Performance-based
methods are an alternative to prescriptive design methods. This effort should include the
development and evaluation of new fire resistive coating materials and technologies and
evaluation of the fire performance of conventional and high-performance structural materials.
echnical and standards barriers to the introduction of new materials and technologies should
be eliminated.

o Improved Active Fire Protection: Active fire protection systems (i.e., sprinklers, standpipes/
hoses, fire alarms, and smoke management systems) should be enhanced through
improvements to design, performance, reliability, and redundancy of such systems.

o Improved Building Evacuation: Building evacuation should be improved to include system
designs that facilitate safe and rapid egress, methods for ensuring clear and timely emergency
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communications to occupants, better occupant preparedness for evacuation during
emergencies, and incorporation of appropriate egress technologies.

e Improved Emergency Response: Technologies and procedures for emergency response
should be improved to enable better access to buildings, response operations, emergency
communications, and command and control in large-scale emergencies.

e Improved Procedures and Practices: The procedures and practices used in the design,
construction, maintenance, and operation of buildings should be improved to include
encouraging code compliance by nongovernmental and quasi-governmental entities, adoption
and application of egress and sprinkler requirements in codes for existing buildings, and
retention and availability of building documents over the life of a building.

o Education and Training: The professional skills of building and fire safety professionals
should be upgraded though a national education and training effort for fire protection
engineers, structural engineers, and architects.

The recommendations call for action by specific entities regarding standards, codes and regulations, their
adoption and enforcement, professional practices, education, and training; and research and development.
Only when each of the entities carries out its role will the implementation of a recommendation be
effective.

The recommendations do not prescribe specific systems, materials, or technologies. Instead, NIST
encourages competition among alternatives that can meet performance requirements. The
recommendations also do not prescribe specific threshold levels; NIST believes that this responsibility
properly falls within the purview of the public policy setting process, in which the standards and codes
development process plays a key role.

NIST strongly urges that immediate and serious consideration be given to these recommendations by the
building and fire safety communities in order to achieve appropriate improvements in the way buildings
are designed, constructed, maintained, and used and in evacuation and emergency response procedures—
with the goal of making buildings, occupants, and first responders safer in future emergencies.

NIST also strongly urges building owners and public officials to (1) evaluate the safety implications of
these recommendations to their existing inventory of buildings and (2) take the steps necessary to mitigate
any unwarranted risks without waiting for changes to occur in codes, standards, and practices.

NIST further urges state and local agencies, well trained and managed, to rigorously enforce building
codes and standards since such enforcement is critical to ensure the expected level of safety. Unless they
are complied with, the best codes and standards cannot protect occupants, emergency responders, or
buildings.
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Increased Prevention of progressive collapse and failure analysis of complex systems v v v v I V]V v v
Structural Estimation of wind loads and their effects on tall buildings v v v v v v
Integrity Allowable tall buildings sway v v v v v
Enhanced Fire Fire resistance rating requirements and construction classification v v v v v
Resistance of Fire resistance testing of building components and extrapolation of test data to v v v v
Structures qualify untested building components
In-service performance requirements and inspection procedures for sprayed fire v v v v v v
resistive materials (SFRM or spray-on fireproofing)
“Structural frame” approach (structural members connected to columns carry the v v vV v v
higher fire resistance rating of the columns)
New Methods for | Burnout without local or global structural collapse in uncontrolled building fires v v v v v Vv v v
Fire Resistance Performance-based design and retrofit of structures to resist fires v v vV | V] Vv v v
Design of New fire-resistive coating materials, systems, and technologies v v v v v v
Structures Evaluation of high performance structural materials under conditions expected in | v v v v v
building fires
Improved Active | Performance and redundancy of active fire protection systems to accommodate 4 4 v 4 4 4
Fire Protection the greater risks associated with tall buildings
Advanced fire alarm and communication systems that provide continuous, v v v v
reliable, and accurate information on life safety conditions to manage the
evacuation process.
Advanced fire/femergency control panels with more reliable information from the v v v v v
active fire protection systems to provide tactical decision aids
Improved transmission to emergency responders, and off-site or black box v v v v v v v
storage, of information from building monitoring systems
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Improved Public education campaigns to improve building occupants’ preparedness for v v ViVl Vv v v
Building evacuation
Evacuation Tall building design for timely full building emergency evacuation of occupants v v vV | V] Vv v v v
Design of occupant-friendly evacuation paths that maintain functionality in v v v v
foreseeable emergencies
Planning for communication of accurate emergency information to building v v vV v v
occupants
Evaluation of alternative evacuation technologies, to allow all occupants equal v v v v v v
opportunity for evacuation and to facilitate emergency response access
Improved Fire-protected and structurally hardened elevators v v v v v
Emergency Effective emergency communications systems for large-scale emergencies v v v vV I vV Vv v
Response Enhanced gathering, processing, and delivering of critical information to v v v v iVl Vv v v
emergency responders
Effective and uninterrupted operation of the command and control system for v v v v iVl Vv v
large-scale building emergencies
Improved Provision of code-equivalent level of safety and certification of as-designed and v v v v v v
Procedures and as-built safety by nongovernmental and quasi-governmental entities
Practices Egress and sprinkler requirements for existing buildings v v v v v
Retention and off-site storage of design, construction, maintenance, and v v v v v v
modification documents over the entire life of the building; and availability of
relevant building information for use by responders in emergencies
Design professional responsibility for innovative or unusual structural and fire v v vV v v
safety systems
Continuing Professional cross training of fire protection engineers, architects, and structural v v vV v v
Education and engineers
Training Training in computational fire dynamics and thermostructural analysis v v | v v v

a. If in place, could have changed the outcome on September 11, 2001.
b. Would not have changed the outcome, yet is an important building and fire safety issue that was identified during the course of the Investigation.
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Chapter 1
NEW YORK CITY’S WORLD TRADE CENTER

11 THE ORIGINATION

In 1960, American technology was on the rise, and internationalism was a prominent theme. It was in
this technical and global political context and this year that the planning began for a World Trade Center
(WTC) to be located in lower Manhattan. From its first conception during the 1939 World’s Fair, it now
emerged under the powerful advocacy of the Chase Manhattan Bank’s David Rockefeller. Here was a
grand plan that would embody the concept of New York City as a center of world commerce and provide
a home for numerous international trade companies.

The organization that would build the World Trade Center was The Port of New York Authority, later to
be renamed as The Port Authority of New York and New Jersey (Port Authority, PANYNJ). Created in
1921, under a clause in the United States Constitution, to run the multijurisdictional commercial zones in
the region, The Port Authority built and operated facilities on the banks of the Port of New York’s
waterways, the bridges to cross them, and the major metropolitan airports. It had the authority to obtain
land by eminent domain and to raise funds for its projects. Now, under the leadership of its Executive
Director, Austin Tobin, the concept for the World Trade Center grew from the grand plan of David
Rockefeller to the grandeur of the world's largest office complex.

To fulfill all the functional, aesthetic, and economic desires for this concept, innovative architecture was
needed. In 1962, the firm of Minoru Yamasaki & Associates was hired to perform the architectural
design, which was first unveiled in 1964. The team also involved Emory Roth & Sons, P.C., as the
architect of record.* The structural engineering was by Worthington, Skilling, Helle and Christiansen.
(Some time after completion of the construction, Skilling, Helle, Christiansen, and Robertson, and then
Leslie E. Robertson Associates (LERA) assumed that role.) Jaros, Baum & Bollers were hired as the
mechanical engineers, and Joseph R. Loring & Associates were the electrical engineers. Tishman
Construction Corporation was the general contractor.

In 1966, the formal groundbreaking for the towers took place. Construction began in 1968, with the first
occupancy in 1970. These dates establish the historical context for the building codes and the state of
practice under which the complex was designed and constructed. This will be discussed further in Part 11.

! The functions of these entities are as follows. In New York City, a permit, issued by the building commissioner, is required to
construct, alter, repair, demolish or remove any building. The architect who signs and generally files the plans (as part of the
process for securing the permit) and takes the lead role of a project is the architect-of-record. Specific subsets of plans may be
signed by the structural, electrical, and mechanical engineers, representing the separate disciplines involved in those subsets.
The filed plans are reviewed and approved for compliance with the building code requirements by the building commissioner
before issuance of the permit.

The City of New York had no jurisdiction. However, The Port Authority required that all the WTC tower plans be submitted
for their review and approval for code compliance and other architectural requirements. The responsibility of technical
correctness rested with the architect-of-record and the engineers-of-record.
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The expected tenancy by companies involved in international trade did not materialize as conceived, so
the State of New York, the City of New York, and The Port Authority became the principal WTC tenants
in the 1970s. As the years passed, however, the prestige of the address grew, and the requirement that
occupants be involved in international trade was relaxed. At the end of the twentieth century, the World
Trade Center was nearly fully occupied by a diverse mixture of large and small businesses and federal,
state, and city government organizations.

1.2 THE WORLD TRADE CENTER COMPLEX
121 The Site

By 2001, the WTC complex had become an integral part of Manhattan. It was composed of seven
buildings (here referred to as WTC 1 through WTC 7) on a site toward the southwest tip of Manhattan
Island (Figures 1-1 and 1-2). Whether viewed from close up, from the Statue of Liberty across the Upper
Bay or from an aircraft descending to LaGuardia Airport, the towers were a sight to behold. The two
towers, WTC 1 (North Tower) and WTC 2 (South Tower), were each 110 stories high, dwarfing the other
skyscrapers in lower Manhattan and seemingly extending to all Manhattan the definition of “tall”
previously set by midtown's Empire State Building. WTC 3, a Marriott Hotel, was 22 stories tall, WTC 4
(South Plaza Building) and WTC 5 (North Plaza Building) were each 9-story office buildings, and

WTC 6 (U.S. Customs House) was an 8-story office building. These six buildings were built around a
5-acre Plaza named in honor of Austin Tobin. WTC 7 was a 47-story office building on Port Authority
land across Vesey Street on the north side of the Plaza complex. Built over the ConEd substation serving
the WTC complex, it was completed in 1987 and was operated by Silverstein Properties, Inc.

2 NIST NCSTAR 1, WTC Investigation
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Figure 1-1. The World Trade Center in Lower Manhattan.
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Source: The Imagers Team, NASA/GSFC.
Figure 1-2. Lower Manhattan and the World Trade Center towers.

Below the 11 western acres of the site, underneath a large portion of the Plaza and WTC 1, WTC 2,

WTC 3, and WTC 6, was a 6-story underground structure. The structure was surrounded by a wall that
extended from ground level down 70 ft to bedrock. Holding back the waters of the Hudson River, this
wall had enabled rapid excavation for the foundation and continued to keep groundwater from flooding

the underground levels.

Commuter trains brought tens of thousands of workers and visitors to Manhattan from Brooklyn and
New Jersey into a new underground station below the plaza. A series of escalators and elevators took the
WTC employees directly to an underground shopping mall and to the Concourse Level of the towers.
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1.2.2 The Towers
The Buildings

The focus of the complex was on the two towers, each taller than any other building in the world at that
time. The roof of WTC 1 was 1,368 ft above the Concourse Level, 6 ft taller than WTC 2, and supported
a 360 ft tall antenna mast for television and radio transmission. The footprint of each tower was a square,
about 210 ft on a side (approximately an acre), with the corners of the tower beveled 9 ft 9 in. Internally,
each floor was a square, about 206 ft on a side.?

The superb vistas from the top of such buildings virtually demanded public space from which to view
them, and The Port Authority responded. The 107" floor of WTC 1 housed a gourmet restaurant and bar
with views of the Hudson River and New Jersey to the west, the skyscrapers of midtown Manhattan to the
north, the East River and Queens and Brooklyn to the east, the Statue of Liberty to the southwest, and the

Atlantic Ocean to the south. Similar views could be seen from observation decks on the 107" floor and

the roof of WTC 2.

Table 1-1 shows the use of the floors, which was similar but not identical in the two towers.

Table 1-1. Use of floors in the WTC towers.

Floor(s) WTC 1 WTC 2

Roof Antenna space and window washing Outdoor observation deck and window
equipment washing equipment

110 Television studios Mechanical equipment
108, 109 Mechanical equipment Mechanical equipment
107 Windows on the World restaurant Indoor observation deck
106 Catering Tenant space
79 through 105 Tenant space Tenant space
78 Skylobby, tenant space Skylobby, tenant space
77 Tenant space Tenant space
75,76 Mechanical equipment Mechanical equipment
45 through 74 Tenant space Tenant space
44 Skylobby, cafeteria, tenant space Skylobby, tenant space
43 Port Authority space Tenant space
41,42 Mechanical equipment Mechanical equipment
9 through 40 Tenant space Tenant space
7,8 Mechanical floors Mechanical floors
Concourse through 6 6-story lobby 6-story lobby

2 Extensive details regarding all aspects of this report are found in the supporting Investigation reports listed in the Preface. A
subject index of those reports appears as Appendix B to this report. Those reports, in turn, cite the numerous documents made
available to the Investigation Team. To maintain continuity, citations of the source documents are not included in this report.
They are found in the supporting Investigation reports.
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The Port Authority had managed the operation of the two towers since their opening three decades earlier.
Silverstein Properties acquired a 99-year lease on the towers in July 2001.

The Structures

Each of the tenant floors of the towers was intended to offer a large
expanse of workspace, virtually uninterrupted by columns or walls.

This called for an innovative structural design, lightweight to minimize
the total mass of 110 stories, yet strong enough to support the huge
building with all its furnishings and people. Structural engineers refer to
the building weight as the dead load; the people and furnishings are
called the live load. Collectively, these are referred to as gravity loads.
The buildings would also need to resist lateral loads and excessive
swaying, principally from the hurricane force winds that periodically
strike the eastern seaboard of the United States. An additional load,
stated by The Port Authority to have been considered in the design of the towers, was the impact of a
Boeing 707, the largest commercial airliner when the towers were designed, hitting the building at its full
speed of 600 mph.

In 1945, a B-25 bomber
had become lost in the fog
and struck the 78" and 79"
floors of the Empire State
Building. The building
withstood the impact and
ensuing fire and was ready
for reoccupancy the
following week.

Skilling and his team rose to the challenge of providing the required load capacity within Yamasaki's
design concept. They incorporated an innovative framed-tube concept for the structural system. The
columns supporting the building were located both along the external faces and within the core. The core
also contained the elevators, stairwells, and utility shafts. The dense array of columns along the building
perimeter was to resist the lateral load due to hurricane-force winds, while also sharing the gravity loads

about equally with the core columns. The floor system was to provide stiffness and stability to the
framed-tube system in addition to supporting the floor loads. Extensive and detailed studies were
conducted in wind tunnels, instead of relying on specific, prescriptive building code requirements, to

estimate the wind loads used in the design of these buildings.® This
approach took advantage of the allowance by some state and local
building codes for alternative designs and construction if evidence
were presented that ensured equivalent performance.

There were four major structural subsystems in the towers, referred to
as the exterior wall, the core, the floor system, and the hat truss. The
first, the exterior structural subsystem, was a vertical square tube that
consisted of 236 narrow columns, 59 on each face from the 10" floor
to the 107" floor (Figure 1-3). There were also columns on alternate
stories at each of the beveled corners, but these carried none of the
gravity loads. (There were fewer, wider-spaced columns below the
7" floor to accommodate doorways.) Each column was fabricated by
welding four steel plates to form a tall box, nominally 14 in. on a side.
The space between the steel columns was 26 in., with a narrower,

A grade of steel is
characterized by its yield
strength, expressed in ksi, or
thousands of pounds per
square inch. This is the
force per unit area at which
the steel begins to undergo
a permanent deformation.
Different steel strengths, or
grades, are manufactured by
varying the chemistry and
processing of the alloy.
Higher strength steel is used
when the design calls for
more strength per weight of
the steel column or beam.

3 The studies showed that each tower affected the wind loads on the other. This effect was not accounted for in the prescriptive

codes.
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framed plate glass window in each gap. Adjacent columns were connected at each floor by steel spandrel
plates, 52 in. high. The upper parts of the buildings had less wind load and building mass to support.
Thus, on higher floors, the thickness of the steel plates making up the columns decreased, becoming as
thin as ¥a in. near the top. There were 10 grades of steel used for the columns and spandrels, with yield
strengths ranging from 36 ksi to 100 ksi. The grade of steel used in each location was dictated by the
calculated stresses due to the gravity and wind loads.

All the exterior columns and spandrels were prefabricated into welded panels, three stories tall and three
columns wide. The panels, each numbered to identify its location in the tower, were then bolted to
adjacent units to form the walls (Figure 1-4). The use of identically shaped prefabricated elements was
itself an innovation that enabled rapid construction. The high degree of modularization and prefabrication
used in the construction of these buildings and the identification, tracking, and logistics necessary to
ensure that each piece was positioned correctly was unprecedented.

SR
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N
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Source: Unknown. Enhanced by NIST.

Figure 1-4. Perimeter column/spandrel assembly and floor structure.

A second structural subsystem was located in a central service area, or core (Figure 1-5), approximately
135 ft by 87 ft, that extended virtually the full height of the building. The long axis of the core in WTC 1
was oriented in the east-west direction, while the long axis of the core in WTC 2 was oriented in the
north-south direction (Figure 1-3). The 47 columns in this rectangular space were fabricated using
primarily 36 ksi and 42 ksi steels and also decreased in size at the higher stories. The four massive corner
columns bore nearly one-fifth of the total gravity load on the core columns. The core columns were
interconnected by a grid of conventional steel beams to support the core floors.

8 NIST NCSTAR 1, WTC Investigation
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Note: Column numbers are shown around the perimeter. The four corner core columns (501, 508, 1001, and 1008)
are marked for orientation. Stairwells A, B, and C are shown in red stripes. The fourth red-striped area is the tenant's
convenience stairwell that connected the 95" through 97" floors in WTC 1; it was not considered part of the egress
system. The remaining numbers denote specific elevators. Much of the rest of the floor was open space suited for
offices, conference rooms, or office cubicles. The arrangement and size of the core varied among the different floors.

Figure 1-5. Plan of the 96" floor of WTC 1 showing the core and tenant spaces.
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The third major structural subsystem was the floors in the tenant spaces. These floors supported their
own weight, along with live loads, provided lateral stability to the exterior walls, and distributed wind
loads among the exterior walls. The floor construction was an innovation for a tall building. As shown in
Figure 1-6, each tenant floor consisted of 4 in. thick, lightweight cast-in-place concrete on a fluted steel
deck, but that is where "ordinary" ended. Supporting the slab was a grid of lightweight steel bar trusses.
The top bends (or “knuckles™) of the main truss webs extended 3 in. above the top chord and were
embedded into the concrete floor slab. This concrete and steel assembly thus functioned as a composite
unit, that is, the concrete slab acted integrally with the steel trusses to carry bending loads. The primary
truss pairs were either 60 ft or 35 ft long and were spaced at 6 ft 8 in. There were perpendicular bridging
trusses every 13 ft 4 in. The floor trusses and fluted metal deck were prefabricated in panels that were
typically 20 ft wide and that were hoisted into position in a fashion similar to the exterior wall panels.

Concrete Metal Deck

Bridging Truss

Main Truss
Figure 1-6. Schematic of composite floor truss system

The bottom chords were connected to the spandrel plates by devices that were called viscoelastic
dampers. Experiments on motion perception, conducted with human subjects, had shown a high potential
for occupant discomfort when the building swayed in a strong wind. When the tower was buffeted by
strong winds, these dampers absorbed energy, reducing the sway and the vibration expected from a
building that tall. The use of such vibration damping devices in buildings was an innovation at that time.

The fourth major structural subsystem was located from the 107" floor to the roof of each tower. It was a
set of steel braces, collectively referred to as the “hat truss” (Figure 1-7). Its primary purpose had been to
support a tall antenna atop each tower, although only WTC 1 had one installed. The hat truss provided
additional connections among the core columns and between the core and perimeter columns, providing
additional means for load redistribution.

10 NIST NCSTAR 1, WTC Investigation
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Figure 1-7. Schematic of a hat truss.

Fire Protection Systems

High-rise buildings in the United States are designed to meet requirements intended, among other
objectives, to enable the building to suffer a sizable fire and still remain standing. The requirements are
expressed in terms of fire resistance ratings, given in units of time.

The fire resistance of a column, wall, or floor design is rated by subjecting the assembly to standard
heating conditions. A sample section of a wall to be tested is installed as one face of a furnace; a floor
becomes the top of the furnace. Beams are normally rated as a part of the floor test. Floor systems are
always tested while carrying their full design load. Walls are similarly loaded if they are intended to be
load bearing, but are not loaded if the only load they are intended to support is their own weight. In the
United States, columns are required to be loaded during the test, however, an alternative is often used,
whereby the columns is not loaded and the temperature of the steel is used as a limiting criterion.

It is widely recognized in the building profession that fire resistance ratings, although expressed in hours,

do not mean that the structure will sustain its performance for that length of time in a real fire. Actual fire
performance may be greater or less than that achieved in the test furnace, depending on the severity of the
actual fire exposure. Rather, these are taken as relative ratings, e.g., a wall rated at 2 hours will block the

spread of a fire longer than a wall rated at 1 hour.

Bare structural steel components, when exposed to a large and sustained fire, can heat rapidly to the point
where their ability to support their load is compromised. Thus, insulation is usually employed to
encapsulate the steel and thus delay the heating of the steel. In the WTC towers, a major fraction of the
core columns were enclosed or protected on several sides by sheets of gypsum wallboard. The trusses,
perimeter columns, spandrels, and one or more surfaces of the core columns were coated with one of
three different spray-applied fire resistive materials (SFRMs). In this report, these materials are

NIST NCSTAR 1, WTC Investigation 11
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collectively referred to as “insulation.” The thickness of the wallboard or the SFRM was selected to
provide an intended level of thermal protection. Figure 1-8 shows the appearance of a floor truss with
sprayed insulation.

TR

© Gilsanz Murray Steficek

Figure 1-8. Photograph of insulated WTC trusses.

Further protection of the building against a fire was provided in part by internal, nonstructural, fire-rated
walls. These floor-slab-to-floor-slab partitions, called demising walls, separated the tenant spaces from

each other and from the core area. Their function was to keep a fire from spreading long enough for the
fire to be extinguished. Ina 1975 fire in WTC 1, these walls significantly confined the fire.

There were three types of nonstructural walls in the towers. The stairwells and elevator shafts were
surrounded by 2 in. thick, tongue-and-groove, cast gypsum panels, covered with two or three sheets of 5/8
in. gypsum board. The demising walls were made of two sheets of 5/8 in. thick gypsum wallboard on
each side of steel studs. These are commonly regarded as providing a 2 hour fire separation. Walls in the
interior of the tenant spaces generally extended from the floor slab to the bottom of the drop ceiling and
were made of single sheets of 5/8 in. gypsum wallboard over steel studs. These walls were not fire-rated.
For some conference rooms and other spaces where sound barriers were desired, the walls extended to
bottom of the floor slab above, in which case they were regarded as providing a 1 hour fire separation.

In addition to these methods of passive fire protection, there were components that would be activated in
the event of a fire. Automatic sprinklers had been installed on all of the roughly 40,000 ft>-sized floors,
capable of controlling local fires totaling an aggregate floor area of up to 4500 ft*. In addition, there were

The materials used to insulate structural steel are sometimes colloquially referred to as "fireproofing,” referring to the intent of
the material, rather than the property it imparts. Since an important facet of this Investigation was the determination of the
sufficiency of the insulation in protecting the steel from the heat of the fires, this report does not pre-judge the quality of the
material by using the colloquial term.
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standpipes (for firefighters to connect their hoses) in the stairwells on each floor, gravity fed from 20,000
gal of stored water and by three large water pumps. A multifunction fire alarm system was intended to
alert staff at the Fire Command Station within the building and provide voice and strobe alerts
throughout. When turned on after the building had been cleared of people, a smoke purge system was
intended to purge the hot, opaque fire gases from the stairwells.

However, buildings were not (and still are not) required by the building codes or designed to withstand
the impact of a fuel-laden jetliner. Although the impact of a Boeing 707 was stated by the Port Authority
to have been considered in the original design of the towers, only one three-page document, in a format
typically used for talking points was found that addressed the issue. This document stated that such a
collision would result in only local damage and could not cause collapse or substantial damage to the
building. NIST was unable to locate any evidence to indicate consideration of the extent of impact-
induced structural damage or the size of a fire that could be created by thousands of gallons of jet fuel.

The Workplace

At the beginning of the workday, many of the roughly 50,000 people who worked in the towers and
visited to conduct business or to tour emerged from trains in the massive subterranean station. They
would take escalators and elevators to a one-story shopping mall, then pass through revolving doors to
enter a spacious, 6-story-high lobby on the Concourse Level. There, they would cross paths with those
who arrived on foot or by bus or cab.

Getting tens of thousands of people from the Concourse to their offices was no small task. This was
accomplished by a combination of express and local elevators located within each of the building cores
(Figure 1-9) that was novel at the time of construction.

o People traveling to floors 9 through 40 entered a bank of 24 local elevators at the Concourse
Level. These were divided into four groups, with each stopping at a different set of eight or
nine floors (9 through 16, 17 through 24, 25 through 31, and 32 through 40).

e Those going to floors 44 through 74 took one of eight express elevators to the 44" floor
skylobby before transferring to one of 24 local elevators. These 24 were stacked on top of
the lower bank of 24, providing additional transport without increasing the floor space
occupied by the elevators.

e Those going to floors 78 through 107 took one of 11 express elevators from the Concourse
Level to the 78" floor before transferring to one of 24 local elevators. These were also
stacked on the lower banks of 24 local elevators.

To provide the desired high rate of people movement, this three-tier system used roughly 25 percent less
of the building footprint than the conventional systems in which all elevators ran from the Concourse to
the top of the building, resulting in a building core that took up as much as one-half of the floor area. In
addition, there was even more rentable space to be gained. At the top of each elevator bank, the
machinery to lift the cabs occupied one additional floor. From the next floor up to the bottom of the next
bank, there was no need for an elevator shaft. The concrete floor was extended into this space, providing
additional rentable floor area.

NIST NCSTAR 1, WTC Investigation 13
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Figure 1-9. Schematic of the three-tier elevator system.

There were two additional express elevators to the Windows on the World restaurant (and related
conference rooms and banquet facilities) in WTC 1 and to the observation deck in WTC 2. There were
also five local elevators: three that brought people from the subterranean levels to the lobby, one that ran
between floors 106 and 110, and one that ran between floors 43 and 44 (in WTC 1), serving the cafeteria
from the skylobby. There were also eight freight elevators, one of which served all floors. All elevators
had been upgraded to incorporate firefighter emergency operation requirements.
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New York City’s World Trade Center

Also within the core were three sets of stairs that extended nearly the full
height of the tower (Figure 1-10). However, the stairwell at an upper
floor did not continuously descend to the lobby, but rather to horizontal
corridors in the vicinity of the mechanical floors. These were enclosed
corridors that ranged in length from about 10 ft to about 100 ft. (Asa
result of these and the tiered elevator system, the core arrangements
varied substantially from floor to floor.) After traversing each of these,
the pedestrians would resume their descent. The advantages of moving
stairwell locations included reclaiming core space for occupant use above
terminated elevator shafts and overcoming obstructions posed by
equipment installed on mechanical floors.

Upon exiting the elevators or stairs, the interior view was typical of high-
rise buildings. Surrounding the rectangular core corridor was a mixture
of walls, entry doors to firms, and glass-front reception areas. Above was
a drop ceiling.

Following the February
26, 1993, bombing of
WTC 1 and in light of the
4 hours needed to
evacuate the building,
several improvements
had been made to the
stairwells: battery
operated emergency
lighting, photoluminescent
floor strips indicating the
path to be followed, and
explicit signs on each
doorway to indicate where
it led.

Many of the floors were occupied by a single tenant. Some of these tenants occupied multiple floors. By
2001, most of these companies had moved in after the installation of automatic sprinklers, which had
allowed the absence of internal partitions. These companies largely took advantage of Yamasaki's design
concept of a vast space that was nearly free of obstructions. The open arrangement often included as
many as 200 or more individual modular workstations or office cubicles, generally clustered in groups of
six or eight (Figure 1-11). Trading floors had arrays of long tables with multiple computer screens
(Figure 1-12). Some of these floors had a few executive offices in the corners and along the perimeter.
Many also had walled conference rooms. It was common for the tenants occupying multiple floors to
create openings in the floor slabs and install convenience stairs between their floors.

Some floors were subdivided to accommodate as many as 20 firms. Some of the smaller firms occupied

space in the core area in the spaces over the elevator shafts.

With thousands of workers and visitors in the buildings, there needed to be food service. The Port
Authority maintained a cafeteria on the 43" floor of WTC 1. In addition, a number of the companies
maintained kitchen areas on their floors, where catered food was brought in daily, making it unnecessary
for their staff to leave the building for lunch. There was a public cafeteria on the 44" floor of WTC 1.
The visiting public could eat at Windows on the World at the top of WTC 1, at several restaurants on the
observation deck of WTC 2, or in the many eateries on the Concourse Level. There were hundreds of

restrooms, in both the tenant and the core spaces.

NIST NCSTAR 1, WTC Investigation
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Figure 1-10. Orientation of the three stairwells.
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Figure 1-11. Views of typical WTC
office floors.

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

Figure 1-12. A WTC trading floor.

Source: Reproduced with permission of The Port
Authority of New York and New Jersey.
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Chapter 2
THE ACCOUNT OF WORLD TRADE CENTER 1

2.1 8:46:30 Am. EDT

On the morning of Tuesday, September 11, 2001, a lot of people were going to be late for work in New
York City, which for many started at 9:00 a.m. or later. It was the first day of school for many local
children and it also was a primary election day in New York. The weather was clear and comfortable
with little wind to speak of, so some took time to do early morning errands. As a result, only about 8,900
of the typical 20,000 people were in WTC 1 shortly before 9:00 a.m.

At 8:46:30 a.m. EDT, five hijackers flew American Airlines Flight 11 (AA 11) with 11 crew and
76 passengers into the north face of WTC 1 (Figure 2-1).
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Figure 2-1. Simulated impact of American Airlines Flight 11 with WTC 1.

What follows is the result of an extensive, state-of-the-art reconstruction of the events that accompanied
and followed the aircraft impact. Numerous facts and data were obtained, then combined with validated
computer modeling to produce an account that is believed to be close to what actually occurred.

However, the reader should keep in mind that the building and the records kept within it were destroyed,
and the remains of the towers were disposed of before congressional action and funding was available for
this Investigation to begin. As a result, there are some facts that could not be discerned, and thus there are
uncertainties in this accounting. Nonetheless, NIST was able to gather sufficient evidence and
documentation to conduct a full investigation upon which to reach firm findings and recommendations.
The reconstruction effort, the uncertainties, the assumptions made, and the testing of these assumptions
are documented in Part 1l of this report.
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2.2 THE AIRCRAFT

The Boeing 767-200ER was a twin-engine, wide-body aircraft, 159 ft 2 in.
long, with a wingspan of 156 ft 1 in. Empty, it weighed 183,500 Ib. It could The 767-200ER
carry 181 passengers in its three-class seating configuration and 23,980 gal f‘a";ci:‘ftthgﬁ)t(‘;"e%;ﬁ
(158,200 Ib) of jet fuel as it covered its maximum cruising range of

. ) . N through most of the
6,600 miles. The maximum total weight the plane could carry was specified at | interior of the wings

395,000 Ib; the typical cruising speed was 530 mph. and a center tank
between the wings
On that day, AA Flight 11 was much lighter. Bound from Boston for Los in the bottom of the
Angeles, some 3,000 miles away, it carried only about half the full load of jet {gzgls\%%ldp‘hgguel
fuel. When it hit the north tower, it likely contained about 10,000 gal filled all three tanks.

(66,000 Ib), evenly distributed between the right and left wing tanks. Because
of the tight maneuvers as the plane approached the tower, the baffles in both tanks had directed the fuel
toward the inboard side of each wing. The passenger cabin was more than half empty. The cargo bay,
carrying less than a full load of luggage, contained five tons of luggage, mail, electronic equipment, and
food. The total weight of the aircraft was estimated to be 283,600 Ib.

2.3 THE IMMEDIATE DAMAGE

The aircraft flew almost straight toward the north tower, banked approximately 25 degrees to the left (i.e.,
the right wing elevated relative to the left wing) and descended at an angle of about 10 degrees at impact.
Moving at about 440 mph, the nose hit the exterior of the tower at the 96" floor. The aircraft cut a gash
that was over half the width of the building and extended from the 93" floor to the 99" floor (Figures 2—2
and 2-3). All but the lowest of these floors were occupied by Marsh & McLennan, a worldwide
insurance company, which also occupied the 100" floor. Marsh & McLennan shared the 93" floor with
Fred Alger Management, an investment portfolio management company.

There was relatively little impact damage to the 93" floor, hit only by the outboard 10 ft of the left wing.
Containing no jet fuel, the wing tip was shredded by the perimeter columns. The light debris did minimal
damage to the columns or to the thermal insulation on the trusses of the composite floor system
supporting the 94" floor.> The trusses supporting the 94" floor were impacted by flying debris on the
93" floor.

The 94" floor was more severely damaged. The midsection of the left wing, laden with jet fuel, and the
left engine cut through the building facade, severing 17 of the perimeter columns and heavily damaging
four more. The pieces of the aircraft continued inward, severing and heavily damaging core columns .
The insulation applied to the floor trusses above and the columns was scraped off by shrapnel-like aircraft
debris and building wall fragments over a wedge almost 100 ft wide at the north face of the tower and

50 ft wide at the south end of the building core.

% The reader should bear in mind that the described damage to the building exterior comes from eyewitness and photographic
evidence. The described damage to the aircraft and the building interior was deemed most likely from the computer
simulations and analysis carried out under the Investigation.
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Figure 2-2. Alrcraft entry hole on the north side of WTC 1, photographed 30 s
after impact.

The aircraft did the most damage to the 95™ and 96™ floors. (The calculated damage to the 96™ floor is
shown in Figure 2—4). The fuel-heavy inner left wing hit the 95" floor slab, breaking it over the full 60 ft
depth of tenant space and another 20 ft into the building core. The fuselage was centered on the 96" floor
slab and filled the 95™ and 96" floors top to bottom. The severity of the impact was clear. A wheel from
the left wing landing gear flew through multiple partitions, through the core of the building, and became
embedded in one of the exterior column panels on the south side of the tower. The impact severed the
bolts connecting the panel to its neighbors, and the panel and tire landed on Cedar Street, some 700 ft to
the south. A second wheel landed 700 ft further south. Within the two floors, 15 to 18 perimeter columns
and five to six core columns were severed, and an additional one to three core columns were heavily
damaged. A 40 ft width of the 96™ floor slab was broken 80 ft into the building. The insulation was
knocked off nearly all the core columns and over a 40 ft width of floor trusses from the south end of the
core to the south face of the tower.
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Figure 2-3. South face damage of WTC 1 with key aircraft component locations marked.

The right wing of the aircraft was fragmented by the perimeter columns on the 97" floor. In the process,
12 of those columns were severed. The debris cut a path through the west and center array of trusses and
core columns, stripping the insulation over a 90 ft wide path. The insulation was stripped from a 50 ft
wide path on the south side of the floor space.

On the 98™ and 99" floors, the outboard 30 ft of the starboard wing was sliced by the perimeter columns,
of which five were severed. The debris cut a shallow path through the west and center array of trusses,
damaging the insulation up to the north wall of the building core.

This devastation took 0.7 s. The structural and insulation damage was considerable and was estimated
to be:

e 35 exterior columns severed, 2 heavily damaged.

e 6 core columns severed, 3 heavily damaged.
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e 43 0f 47 core columns stripped of insulation on one or more floors.

e Insulation stripped from trusses covering 60,000 ft* of floor area.
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Figure 2—4. Simulation of aircraft impact damage to the 96" floor in WTC 1.

Even with all this damage, the building still stood. The acceleration from the impact had been so severe
that people even on lower floors were knocked down and furniture was thrown about. Some survivors
reported fallen ceiling tiles throughout the building, all the way down to the Concourse Level. The pipes
that fed the automatic fire sprinkler system were severed. At least 166 windows were broken. Damage to
interior walls was reported from the Lobby to the 92™ floors. However, the building was designed with
reserve capacity: it could support significantly more load than the weight of the structure and its people
and contents. The building redistributed the load from the severed perimeter columns, mainly to their
neighboring columns. The undamaged core columns assumed the remaining load, as well as the load
from their damaged neighbors. WTC 1 still stood, and would have continued to do so, if not for the fires
that followed.

NIST could not determine how many occupants were in the path of the aircraft as it entered the tower.
Those in the direct collision path were almost certainly killed instantly. Many more would have lost their
lives from the burst of heat from the burning jet fuel. Fatal injuries were reported on floors as low as the
Concourse Level, where a fireball swept through the lobby.

In the impact region was further damage that would cost the lives of all the 1,355 people from the 92"
floor to the 110™ floor. The crash and flying debris had collapsed the walls of all three stairwells and
interrupted all elevator service to the upper 60 floors. All opportunity for escape had been eliminated.

NIST NCSTAR 1, WTC Investigation 23



Chapter 2 Draft for Public Comment

2.4 THE JET FUEL

To the wings of the 767-200ER, the perimeter columns acted like knife blades, slashing the aluminum
fuel tanks and atomizing much of the 10,000 gal of jet fuel liquid into a spray of fuel droplets. Atomized
jet fuel is highly flammable (similar to kerosene), so both the hot debris and the numerous pieces of
electrical and electronic gear in the offices were more than sufficient as ignition sources. A surge of
combusting fuel rapidly filled the floors, mixing with dust from the pulverized walls and floor slabs. The
pressure created by the heated gases forced the ignited mist out the entrance gash and blown-out windows
on the east and south sides of the tower. The resulting fireballs could be seen for miles, precipitating
many 9-1-1 calls.

Less than 15 percent of the jet fuel burned in the spray cloud inside the building. A roughly comparable
amount was consumed in the fireballs outside the building. Thus, well over half of the jet fuel remained
in the building, unburned in the initial fires. Some splashed onto the office furnishings and combustibles
from the aircraft that lodged on the impacted floors, there to ignite (immediately or later) the fires that
would continue to burn for the remaining life of the building. Some of the burning fuel shot up and down
the elevator shafts, blowing out doors and walls on other floors all the way down to the basement. Flash
fires in the lobby blew out many of the plate glass windows. Fortunately, there were not enough
combustibles near the elevators for major fires to start on the lower floors.

25 8:47 Am. TO 9:02 AM. EDT

The burning of the jet fuel cloud had consumed much of the oxygen within the 94" and 96" floors,
although photographs showing survivors indicated there were some zones with breathable air. The
oxygen-starved fires died down, but didn’t quite go out. Within the first 2 min after the impact, fires
could be seen in the north side windows on the 93" through 97" floors, the 96" floor of the south face,
and the 94™ floor of the east face. As fresh air entered the perforated facades, there began the steady
burning of the office furnishings and the 13 tons of combustibles from the aircraft that would eventually
overwhelm the already damaged building. By 9:00 a.m., these fires had grown and spread to the extent
shown in Figure 2-5. In addition to burning around the aircraft entrance hole, there was intense burning
on the north, east, and west faces of the 97" floor. Large fires burned on the south side of the 96" floor
and the east side of the 94" floor. At 8:52 a.m., a stream of smoke emerged from the south side of the
104" floor, although there was no evidence of a significant fire there yet.

There was no way to fight the fires. The piping providing the water supply to the automatic sprinklers
had been broken, and water was flowing down the stairwells. Even had this not happened, the system
was designed to supply water to about 8 sprinkler heads at one time, enough to control the flames from as
much as 1,500 ft? of burning material. The water supply was likely sufficient to control fires up to triple
that size. The fires, however, had already grown far larger than that.
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Note: Color coding—white, no fire; yellow, spot fire; red, fire visible inside; orange, external flaming.

Figure 2-5. Representation of exterior views of the fires on the four faces of WTC 1 from
8:47 a.m. to about 9:02 a.m.

There was also no way to abate the opaque, hot, and toxic smoke that quickly began accumulating. The
manually activated smoke purging system was intended for smoke removal during fire department
operations following a fire. Thus, it was not turned on during the 102 min that the tower would remain
standing. It would not have helped anyway. Neither the World Trade Center Safety Director nor the
arriving firefighters knew where the fires were located, so they could not have known how to direct the
intake and exhaust flows. Furthermore, the integrity of the vent shafts on the upper floors had been
compromised by the aircraft impact, making it unlikely that the system could have functioned as intended.

Most of the people in WTC 1 were aware of the possibility of an emergency. A quarter of them had been
working in the building since before the 1993 bombing, and most of those had been in the building on
that day. Half the people had been working in the building for at least two years; many had heard the
stories and had participated in the emergency drills.

The building occupants knew that something serious had happened. A third of the survivors had heard
the roar of the plane. Nearly two thirds reported feeling the violent movement of the building. Half
sensed that they were in a life-threatening situation. At the Concourse Level, a fatal fireball filled the
space from the elevators to the exit toward WTC 3. Almost immediately, people began calling 9-1-1,
both for help and to find out more about what was going on.

Within 5 min to 8 min of the strike, most of the 7,545 people below the floors of impact began to
evacuate. Their progress is tracked in Table 2-1. Water and debris were in the three stairwells. The air
smelled of jet fuel and was becoming gray with smoke and pulverized gypsum, thermal insulation, and
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concrete. Nonetheless, perhaps due to the guidance they had received since the 1993 bombing, for the
most part the people moved in an orderly manner down the stairs, helping those who needed assistance.
Within 15 min of the strike, nearly all of the people below the impact floors had descended about

10 floors from their original location.

Table 2-1. Locations of occupants of WTC 1.

Time Evacuated Lobby to 91 Floor 92" to 110" Floor
8:46 0 7,545 1,355
9:03 1,250 6,300 1,355
9:59 6,700 850 1,355

10:28 7,450 107 1,355

Note: The numbers in the rows do not add to the estimated total of 8,900 due to rounding errors in the less certain values.

At the time, there were some survivors from the 92 through 99" floors.
Most of those who were able moved to the areas where the fires had not
yet spread. Some were seen looking out from the former window spaces
and even standing on the deformed structural steel. At 8:52 a.m., the first
of at least 111 people was observed falling from the building.

Hundreds of people were on the floors above the impact zone. They soon
realized that they were unable to go downward to get away from the smoke
and heat that were building up around them. At 8:54 a.m., occupants
began breaking windows to provide access to fresh air. By 9:02 a.m.,

26 calls, representing hundreds of people, had been made to 9-1-1, asking
for help and seeking more information about what was happening. Some
of the people went toward the roof. However, there was no hope because
roof evacuation was neither planned nor practical, and the exit doors to the
roof were locked.

While the occupants
were not advised in
advance that roof
evacuation was not
possible, there was, and
is, no requirement in the
NYC Building Code for
the roof to be accessible
for emergency
evacuation or rescue.
Even had the roof been
accessible, the
helicopters could not
have landed due to the
severe heat and smoke.

Outside the building, a flurry of activity was beginning. Personnel of the Fire Department of the City of
New York (FDNY) were several blocks away, investigating a gas leak at street level, and observed the
aircraft impact. Within a minute, FDNY had notified its communications center and requested additional
alarms for the WTC. A Port Authority Police Department (PAPD) unit had reported to its Police Desk
that there had been an explosion with major injuries. By 8:50 a.m., the first fire engines had arrived, and
an Incident Command Post had been established in the WTC 1 lobby. An Emergency Medical Service
(EMS) Command was established 3 min later. More and more reports of damage, injuries, and deaths
flooded the communications channels, and knowledge of the extent of the catastrophe was emerging. At
8:52 a.m., the first New York City Police Department (NYPD) aviation unit arrived to evaluate the
possibility of roof rescue, but reported they were unable to land on the roof due to the heavy smoke. At
8:55 a.m., the firefighters entering WTC 1 began climbing the stairs (Figure 2—6). Their objectives were
to evacuate and rescue everyone below the fires, then to cut paths through the fires and rescue all those

above the fires.

At 8:59 a.m., a senior PAPD official called for evacuation of the entire WTC complex, although that call
was not heard nor heeded by others. By 9:00 a.m., 66 FDNY units had been dispatched to the scene, and
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the FDNY had called a fifth alarm for the dispatch of additional department personnel and equipment to
the WTC. Spectators had begun converging on the complex, but were advised to stand clear.

|© Goldfish Pictures 2001

m—

&5
Figure 2-6. Firefighters on the scene at about 9:07 a.m.

The aircraft impact also did damage to the communications in the tower. The capability for building-
wide broadcast from the Fire Command Desk was knocked out. Emergency responder radio traffic
peaked at about five times its normal traffic volume during the 20 min period after to the attack. This
peak gradually tapered off, but still continued at a sustained level three times the normal traffic volume.
The radio systems were not adequate to handle the high flow of emergency communications required for
this scale of operations. Many of the radio messages were unintelligible because many individuals were
trying to talk on the same radio channel at the same time.

2.6 9:02:59 Am. EDT

At 9:02:59 a.m., five hijackers flew United Airlines Flight 175 with 9 crew and 51 passengers into the
east side of the south face of WTC 2. For the most part, there was little awareness of this among the
people below the 92™ floor of WTC 1. Almost one-fifth of these had already left the building, and nearly
all the 6,300 others were already in the stairwells.

2.7 9:03 AM. TO 9:57 aMm. EDT

A fire needs a continuing supply of both gaseous fuel and oxygen if it is to keep burning, and the initially
burning combustibles in WTC 1 were being consumed. The additional fuel came from the office
furnishings next to those that were reaching the end of their burning life. The thermal radiation from the
flames and from the hot gases heated the nearby combustibles, creating flammable vapors. These vapors
needed a source of nearby air to continue the burning. The same flames and hot ceiling layer gases heated
the windows and window frames in the vicinity. The hot gases pushed on the weakened aluminum
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frames, sending some windows outward to fall to the Plaza below. Other windows were sucked into the
building. The fires now had both new fuel and fresh air.

And so the fires continued to spread, likely aided by as-yet unburned jet fuel that had soaked into some of
the furnishings and flooring. The coating of (non-combustible) gypsum and concrete fragments slowed
the burning rate by as much as half, but could not halt the fire from spreading. The overall movement of
the fires was toward the south side of the tower. By 9:15 a.m., the fires on the 97" floor had intensified
and filled most of the floor. Large fires had erupted on the east sides of the 92" and 96™ floors.

Seventy-five minutes after the impact, approaching 10:00 a.m., the fire on the 97" floor had begun to burn
itself out, but the fire on the 94" floor had intensified and filled much of the north half of the floor

(Figure 2-7). Starting about 9:30 a.m., there were vigorous fires on nearly the full perimeter of the

98" floor. There was still almost no burning on the 99" floor or above.
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Note: Color coding—white, no fire; yellow, spot fire; red, fire visible inside; orange, external flaming.

Figure 2—-7. Representation of exterior views of the fires on the four faces of WTC 1 from
about 9:38 a.m. to 9:58 a.m.

The hot smoke from the fires now filled nearly all the upper part of the tenant space on the impact floors.
Aside from isolated areas, perhaps protected by surviving gypsum walls, the cooler parts of this upper
layer were at about 500 °C, and in the vicinity of the active fires, the upper layer air temperatures reached
1,000 °C. The aircraft fragments had broken through the core walls on the 94™ through the 97" floors,
and temperatures in the upper layers there were similar to those in the tenant spaces.
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The perimeter columns, floors, and core columns were immersed in these hot gases and began to weaken.
Where the insulation was dislodged, the temperature of the steel rose rapidly, in contrast to steel members
where insulation was intact (Figure 2-8). The heaviest core columns with damaged insulation heated
slowly, as the absorbed heat was dissipated through their massive cross sections. The temperatures of the
lighter columns and the floor slabs rose more quickly, and those of the stripped trusses even more so.
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As a steel column is heated, its ability to support gravity loads and resist

Structural steels d t
lateral loads decreases. At temperatures of about 300 °C, steel loses about ructura’ siee's do no

need to melt to lose

20 percent of its yield strength (Figure 2-9). Under modest loads, steel is strength. Their melting
elastic, that is, it can compress, or shorten, but will recover when loads are points are about
removed. As the load increases, the steel becomes plastic, and the 1,600 °C, well above
shortening is unrecoverable. At still higher loads, the column buckles. At the 1,100 °C typical

peak value reached by
temperatures above 500 °C, the steel weakens, the loss of strength and fires of common

stiffness become significant, and the column's ability to carry its share of the | building combustibles.
building loads decreases. It shortens due to a combination of plastic
deformation and an additional, time-dependent deformation called creep that can increase column
shortening and hasten buckling. Figure 2-10 indicates the rates at which structural steel could have been
heated by the WTC fires and the effect of the thermal insulation in slowing the heating process.®

At this point, the core of WTC 1 could be imagined to be in three sections. There was a bottom section
below the impact floors that could be thought of as a strong, rigid box, structurally undamaged and at
almost normal temperature. There was a top section above the impact and fire floors that was also a
heavy, rigid box. In the middle was the third section, partially damaged by the aircraft and weakened by
heat from the fires. The core of the top section tried to move downward, but was held up by the hat truss.
The hat truss, in turn redistributed the load to the perimeter columns.

® Chapter 6 contains an explanation of how these temperature profiles were developed.
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Figure 2-10. Simulated temperatures of two adjacent trusses (left) and two adjacent
perimeter columns (right) exposed to the fires in WTC 1.

Simultaneously, the fires were creating another problem for the tower. The floors of the 93" through the
97" stories were being heated both by the hot gases from below and by thermal radiation from the fires on
the floor above (Figure 2—-11). On the south side of the building, where the fires were heating the long-
span trusses whose SFRM had been dislodged, the floors began to sag. In so doing, they began pulling
inward on their connections to the south face and to the core columns. Pull-in forces due to the sagging
floors did not fail the floor connections in most areas.
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Figure 2-11. Temperature contours on the top and bottom faces of the concrete slab
(96™ floor, WTC 1) at 100 min after impact. A portion of the concrete slab on the north
face (top) was damaged by the impact of the aircraft.

Meanwhile, the occupants from below the impact floors were moving steadily down the stairs at roughly
a floor per minute. Although they encountered firefighters climbing upward, this did not slow the
downward progress much. Within 75 min of the impact, 90 percent of the people who would survive had
left WTC 1. At 9:37 a.m., a Port Authority official instructed all units to direct the evacuees over the
bridge on West Street to the Financial Center. However, this change in evacuation route actually began
with the collapse of WTC 2.

Conditions on floors 92 and above continued to deteriorate. The presence of the fires and the resulting
high smoke and radiant heat levels made the 92™ floor through the 99" floor uninhabitable except in
small areas. Above the impact zone, there were only seven calls to 9-1-1 between 9:03 a.m. and

9:10 a.m.; and then, more than a half hour later, three last calls from floors 104 and 105 between

9:43 a.m. and 9:57 a.m. More people jumped through windows they broke or that had been broken by the
fires.

By 9:15 a.m., 30 FDNY units had signaled their arrival, and by 9:59 a.m., the

number had grown to 74. They had been told to stop short of the site Since the Command

. Boards were
because of the large number of ambulances already there and the debris destroyed in the
falling from the buildings. Many of the firefighters proceeded into WTC 1. collapse, it is unknown
Once inside, they found that only one of the 99 upward elevators was just how many
working, one that went as far as the 16™ floor. Most of the firefighters then firefighters went into
proceeded to ascend the three stairways, intending to help evacuate the weTn(t: i# ‘grh?: rt;'gzt
occupants, cutting paths through the fires as necessary. Because the cases, what level they
firefighters were carrying as much as a hundred pounds of bulky firefighting reached.
gear, their progress was slow and was impeded by the flow of evacuees

coming down the stairs. A few reached as high as floors in the 40s and 50s.
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2.8 9:58:59 Am. EDT

With no warning that could be discerned in WTC 1, WTC 2 collapsed. The shudder as the more than
250,000 tons of steel, concrete, and furnishings hit the ground was felt well beyond the site. Seismic
sensors located 100 miles away recorded the time and intensity of the event.

The gigantic concussion was felt by some of the nearly 800 people still in the stairwells in WTC 1. The
evacuation rate slowed to half its prior level as a new cloud of dust, smoke, and debris filled the
Concourse and the stairwells, and the lights went out. Higher up, no more calls to 9-1-1 originated from
above the 91°* floor.

At 10 a.m., NYPD and FDNY ordered all emergency responders out of WTC 1 and away from the WTC
site.

2.9 9:59 Am. TO 10:28 aMm. EDT

For the next half hour, the last 690 of the eventual survivors worked their
way down the last flights of stairs, across West Street to the west and
across Vesey Street to the north and to safety. By 10:28 a.m., all but 107
of the roughly 7,500 people who had been below the impact floors were
able to escape.

Having heard over their radios the orders that they should evacuate, some
of the responders inside the tower headed down the stairwells and out of
the building, telling their comrades on the way. Others did not, having not
received the message, having climbed too high to now get out in time, or
continuing on the missions to help others still in the building.

A pressure pulse generated by the collapse of WTC 2 appeared to intensify
the fires in WTC 1. Within 4 seconds of the collapse of WTC 2, flames

At 10:06 a.m., an NYPD
aviation unit advised that
WTC 1 would come
down and that all
emergency vehicles
should be moved away
fromit. At 10:20 a.m.,
observers in NYPD
helicopters said that the
top of the building was
leaning; and at

10:21 a.m., they said
that WTC 1 was buckling
on the southwest corner
and leaning to the south.

burst from the south side windows of the 98" floor. The fires on the north faces of the 92™, 94" and
96™ floors brightened noticeably. Flames near the south end of the east face of the 92" and 96™ floors
also flared. The fires on the east and south faces of the 98" floor already extended out the windows.

Those in the WTC 1 stairwells felt a gush of wind.

At 10:01 a.m., flames began coming out of the south side of the west face of the 104" floor, three floors
higher than any floor where fire had been previously observed and five floors above the highest floor with
a major fire. After a rapid growth period, this fire burned intensely up to the time the tower collapsed.

By 10:18 a.m., a substantial pressure pulse inside the building ejected jets of smoke from the 92" and 94"
through 98" floors of the north faces and the 94™ and 98" floors of the west face. Fires raged on the south
side of the 96" through 99" floors.

The sagging of the floors had increased. Although the floors on the north side of the tower had sagged
first, they contracted due to cooling when the fires moved toward the south. Now, the south side floors
had sagged to the point where the south perimeter columns bowed inward (Figure 2-12). By 10:23 a.m.,
the south exterior wall had bowed inward as much as 55 in.
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The tower was being overwhelmed. Three of the four major structural systems—the core, the floors, and
the perimeter walls—were weakening. The south wall became unstable and tried to transfer its remaining
load to the weakened core via the hat truss and to adjacent perimeter columns via the spandrels. The
entire section of the building above the impact zone began tilting as a rigid block toward the south. The
upper section of the building then collapsed onto the floors below. Within 12 s, the collapse of WTC 1
had left nothing but rubble.

| 120"+ B8, 29 px

32001, New York i

i HHTHHTNY
Note: Enhanced by NIST.

Figure 2-12. South face of WTC 1 at 10:23 a.m., showing inward buckling (in inches) of
perimeter columns.

NIST NCSTAR 1, WTC Investigation 33



Chapter 2

Draft for Public Comment

2.10 THE OUTCOME
Seven major factors led to the collapse of WTC 1:

e Structural damage from the aircraft impact;

o Large amount of jet fuel sprayed into the building interior, that ignited widespread fires over

several floors;

o Dislodging of SFRM from structural members due to the aircraft impact, that enabled rapid

heating of the unprotected structural steel;

o Open paths for fire spread resulting from the open plan of the impact floors and the breaking

of partition walls by the impact debris;

o Weakened core columns that increased the load on the perimeter walls;

e Sagging of the south floors, that led to pull-in forces on the perimeter columns; and

o Bowed south perimeter columns that had a reduced capacity to carry loads.

After the building withstood the initial aircraft damage, the timing of the collapse was largely determined
by the time it took for the fires to weaken the core and to reach the south side of the building and weaken

the columns and floor assemblies there.

There were no survivors among the 1,355 people who were on or above the 92™ floor. The aircraft had

destroyed all egress paths downward, and roof rescue was impossible.

Of the roughly 7,545 building occupants who started that morning below
the 92" floor, all but 107 escaped the building. Those left behind were
trapped by debris, awaiting assistance, helping others, or were just too late
in starting their egress. For the most part, the evacuation was steady and
orderly.

Six percent (almost 500) of the survivors from WTC 1 had a limitation that
impaired their ability to evacuate. Many were able to evacuate, often with
assistance; others were less fortunate. About 40 to 60 mobility-impaired
occupants were found on the 12" floor, where they had been placed in an
attempt to clear the stairways. Just before the collapse of WTC 1,

Had the building been
significantly more than
one-third occupied, the
casualties would have
been far higher, since
the exiting population
would have exceeded
the capacity of the
stairwells to evacuate
them in the time
available.

emergency responders were assisting about 20 of these people down the stairwell. It remains unclear how

many of these people survived.

Those emergency responders who entered the building and the emergency personnel who were already in
the building were helpful in assisting the evacuation of those below the impact floors. However, there
was insufficient time and no path to reach any survivors on the impact floors and above. Any attempts to
mitigate the fires would have been fruitless due to the lack of water supply and the difficulty in reaching
the fire floors within the time interval before the building collapse. It is not known precisely how many
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emergency responders entered the building nor how many of the 421 responder casualties occurred in
WTC 1. NIST estimated that approximately 160 FDNY fatalities occurred outside the WTC towers.
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Chapter 3
THE ACCOUNT OF WORLD TRADE CENTER 2

3.1 8:46:30 Am. EDT

The nature of the events leading to the collapse of WTC 2 had a number of important features distinct
from those of WTC 1. Those contrasts led to a larger overall fraction of the occupants surviving despite
the building collapsing in a shorter period. As was the case with WTC 1, what follows is the result of an
extensive, state-of-the-art reconstruction of the events that accompanied and followed the aircraft impact.
Numerous facts and data were obtained, then combined with validated computer modeling to produce an
account that is believed to be close to what actually occurred. The reader should again keep in mind that
the building and the records kept within it were destroyed and the remains of the towers were disposed of
before this Investigation began. As a result, there are some facts that could not be discerned, and there are
uncertainties in this accounting. Nonetheless, NIST was able to gather sufficient evidence and
documentation to conduct a full investigation upon which to reach firm findings and recommendations.
The reconstruction effort, the uncertainties, the assumptions made, and the testing of these assumptions
are documented in Part 1l of this report.

The ordeal for the occupants of WTC 2 began at the same time as it did for those in WTC 1, when
American Airlines Flight 11 stuck WTC 1 at 8:46 a.m. Nearly all of the roughly 8,600 people in WTC 2
were well aware that something serious had occurred in the other tower. Half the people heard the
terrible sound of the aircraft hitting WTC 1, just a few hundred feet away. One-fifth of the people saw the
flames, smoke, or the debris ejected from the south side of WTC 1, over 10 percent felt WTC 2 moving,
and another fifth in WTC 2 were quickly alerted to the seriousness of what had happened by co-workers,
phone calls, or the morning news. Over half believed they were personally at risk.

Many began talking to each other, gathering personal items and helping others. Fortunately, they began
to get out of the building. Within 5 min, half the people had left their floor, and that fraction grew
rapidly. About one-sixth used the elevators, with more of these people starting on the higher floors. The
remainder divided themselves evenly among the three stairways. NIST estimated that approximately
3,000 people escaped because of the actions they took in the 16 min following the aircraft impact on
WTC 1, especially their use of the elevators.

At 9:00 a.m. came the first building-wide public address system announcement that there was a fire in
WTC 1, that WTC 2 was secure, and that people should return to their offices.

This added confusion to an already tense situation, a situation that became even more turbulent when at

9:02 a.m., a contradictory announcement said that people may wish to start an orderly evacuation if
conditions on their floor warranted.
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3.2 9:02:59 am. EDT

Sixteen and a half minutes after the first impact, five hijackers flew United Airlines (UA) Flight 175, with
9 crew and 51 passengers, into WTC 2 at about 540 mph, about 100 mph faster than AA 11 (Figure 3-1).
UA 175 was also a Boeing 767-200ER and had also left Boston, bound for Los Angeles. It flew into
WTC 2 carrying about 9,100 gal (62,000 Ib) of jet fuel, evenly distributed between the inboard portions of
the left and right wing tanks. The cargo bay held about nine tons of luggage, mail, electrical equipment,
and food. Combining this with the combustible cabin materials and luggage, the plane brought about

14 tons of solid combustibles into the tower with it.

© 2001 Carmen Taylor 9:02:59 a.m.

Figure 3-1. Imminent impact of United Airlines Flight 175 with WTC 2.

3.3 THE IMMEDIATE DAMAGE

The aircraft completely disappeared into the building in a fifth of a second. In response to the force of the
collision, the top of the tower swayed 27 in. to the north, taking 2.6 s to reach the maximum
displacement. UA Flight 175 was heading approximately 15 degrees east of Plan North” when it hit the
south face of WTC 2 about 23 ft east of the center. The off-center impact twisted the upper part of the

" Plan North was approximately 29 degrees clockwise from True North.
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tower in a counterclockwise movement. The building vibrated in the north-south direction, along with a
twisting motion, with the amplitude decreasing steadily with each oscillation.

The center of the nose of the plane struck at the 81° floor slab. The plane was banked 38 degrees to the
left (right wing upward) and was heading slightly (6 degrees) downward from the horizontal. Since the

bank angle was steeper than that of AA Flight 11, this entry wound stretched over nine floors, from 77 to
85, rather than eight in WTC 1 (Figure 3-2). The occupancy of those floors is shown in Table 3-1.
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Figure 3-2. South face damage of WTC 2 with key aircraft component locations marked.
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Table 3-1. Tenants on impact floors in WTC 2.

Floors Tenant Business
85 Harris Beach Legal
84 Eurobrokers Brokerage
83 Mitsui; 1Q Banking; Financial Software
79 through 82 Fuji Bank Banking
77 and 78 Baseline Investment Services

The bulk of the impact damage was confined to six floors. Figure 3-3 shows the combined damage.
Floors 77, 84, and 85 were struck only by the outer extent of the wings. Empty of fuel, the light framing
and aluminum sheet of the wing did little damage to the building structure or the SFRM on the columns
and trusses on these floors. There were 433 broken windows on the north, east, and south facades.
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Figure 3—-3. Simulation of aircraft impact damage to the 78" through 83" floors in WTC 2.

The middle of the left wing hit the 78" floor, severing nine perimeter columns and breaking 19 windows
on the south face. The SFRM was stripped from the floor trusses over the same width as the building
core. The stripping of insulation from the trusses continued inward across the tenant space and about two
thirds of the way into the core. There was no direct core column damage from the debris on this floor.
However, the southeast corner core column was so damaged on the 80" floor that it broke at its splices on

the 77" and 83" floors.

There was heavier damage to the 79" floor. The left engine and the inboard section of the left wing
shattered a 25 ft wide section of the center of the floor slab all the way to the core of the building and
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severed 15 perimeter columns. Reaching the building core, the debris severed nine columns, heavily
damaged another, and abraded the SFRM from the eastern two thirds of the columns and trusses all the
way to the north end of the core.

The damage was most severe on the 80" and 81 floors, hit directly by the fuselage. On the lower floor, a
chunk of the floor slab was broken, just above the affected piece of the 79" floor. In addition, a 70 ft
deep strip along the east side of the core floor was crushed. The north side floor slab sagged along its
eastern end. Ten of the perimeter columns severed on the 79" floor were displaced here also. Within the
building core, ten columns were severed, including many that were severed on the 79" floor. The SFRM
was stripped not only from the eastern two thirds of the core structural elements, nearly to the north wall,
but also from most of the trusses on the east tenant space, all the way to the north facade.

On the 81 floor, the fuselage pulverized a section of the floor 40 ft wide that extended into the southeast
corner of the core. The SFRM and gypsum fire protection on the full depth of the east side of the core
and in the entire east side of the tenant space was stripped. The structural damage to the core columns
was limited to near the southeast corner, but as mentioned above, the impulses felt here caused damage to
the key corner column all the way down to the 78" floor. The right engine passed all the way through the
81 floor, exited from the northeast corner, and damaged the roof of a building on Church Street, before
coming to rest some 1,500 ft northeast of WTC 2 near the corner of Murray and Church Streets. The right
landing gear assembly passed through the 81% floor at the east side of the north face and landed near the
engine on the roof of a building on Park Place. (See Figure 1-1 for the street locations relative to the
towers.)

The right engine hit the 82™ floor spandrels about 50 ft from the east edge of the building, crushing part
of the 82" floor slab. Along with the inboard section of the right wing, it severed eight to nine perimeter
columns, including some to the east of those severed on the lower floors. The wing caused truss damage
up to the southeast corner of the core and severed five columns. As on the 81% floor, the fire protection
on the east side of the tenant space and the east side of the core was dislodged.

The 83" floor caught the middle of the starboard wing. The east side floor slab appeared to be dislodged
and sagged at least half of the way into the building.

The result of the core column damage was that the building core leaned slightly to the southeast above the
impact zone. The tendency of the core to lean was resisted by the floors and the hat truss.

The direct impact of the aircraft was over in about 0.6 s. The structural and insulation damage was
estimated to be:

e 33 exterior columns severed, 1 heavily damaged.
e 10 core columns severed, 1 heavily damaged.
e 39 of 47 core columns stripped of insulation on one or more floors.

e Insulation stripped from trusses covering 80,000 ft* of floor area .
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The tower swayed more than one foot back and forth in each direction on the impact floors, about one-
third the sway under the high winds for which the building was designed. Nonetheless, just like WTC 1
across the Plaza, WTC 2 absorbed the aircraft strike and remained standing.

By 9:03 a.m., most of the people in WTC 2 had already left their usual work floors. Nearly 40 percent of
all the occupants had left the building, (Table 3-2), and 90 percent of those who would survive had begun
their evacuation. Many of those still on the east side of the impact floors were likely Killed or seriously
injured by the impact. The same was true for many of those on the 78" floor skylobby, who were
deciding on a course of action, waiting for the express elevators to transport them to the ground floor, or
attempting to return to their offices. Those on the west side of the building were less seriously affected.
In calls to 9-1-1, they reported fallen ceiling tiles, collapsed walls, jet fuel, heat, smoke, and fire.

Table 3-2. Location of occupants of WTC 2.

Time Escaped Lobby to 76" Floor 77" to 110" Floor
8:46 0 5,700 2,900
9:03 3,200 4,800 637
9:36 6,950 1,050 619
9:59 8,000 11 619

Note: The numbers in the rows do not add to the estimated total of 8,600 occupants due to rounding in the less certain values.

This aircraft had also severed the pipes that fed the automatic sprinklers and
destroyed all elevator service to the impact floors. But, unlike AA Flight 11,
the off-center strike of UA Flight 175 had left one of the three stairways

Stairwell A remained
passable because it
was well west of the

passable, Stairway A on the north side of the building core. aircraft strike center
and patrtially
When the aircraft struck WTC 2, emergency responders had already been protected by

dispatched to the WTC site, and the initial surge of emergency responder radio elevator machinery

had subsided to a level approximately three times that of normal operations. and the long
. . . . dimension of the
However, the radio traffic volume was still at a level where approximately building core

one-third to one-half of the radio communications was not understandable.

3.4 THE JET FUEL

Within about one half of a second, dust and debris flew out of windows on the east and north faces.
Several small fireballs of atomized jet fuel burst from windows on the east face of the 81% and 82" floors,
coalescing into a single, large fireball that spanned the entire face. A tenth of a second later, fire appeared
in the dust clouds ejected from the south face of the 79" 81% and 82" floors. Almost simultaneously,
three fireballs came from the east side of the north face. The largest came from the 80" through 82"
floors. A second, somewhat smaller one came from the same floors on the northeast corner of the
building. The smallest emerged from the 79" floor. No dust or fireballs came from the west face.

As in WTC 1, less than 15 percent of the jet fuel burned in the spray cloud inside the building. Roughly
10 percent to 25 percent was consumed in the fireballs outside the building. Thus, well over half of the
jet fuel remained after the initial fireballs.
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The rapid burning of the jet fuel inside the building created an overpressure that was estimated at 2 psi to
3 psi for 0.5sto 2 s. For awindow and frame of over 10 ft?, this amounts to over 3,000 pounds of force,
more than enough to break windows. Photographs of the north and east faces appeared to show hanging
floor slabs where the fireballs had been ejected from the building. Based on the failure of the truss seat
connections, NIST estimated that the static capacity of an undamaged floor was 4.8 psi against uplift
pressure and 4.4 psi against downward pressure over the entire floor. It is not unreasonable that a
combination of physical damage from the impact and overpressure from the fireballs caused the partial
collapse of these floor slabs.

35 9:03 AM. TO 9:36 AM. EDT

The fireballs burned for 10 s, extending almost 200 ft out from the north, east, and south faces. Having
consumed the aerosol fuel, the flames then receded.

For the next half hour, small fires were burning in and near the aircraft impact cavity on the south side of
the building. There were vigorous fires on the east side of the 80™ through 83" floors (Figure 3-4),
especially on the northeast end of the 81 and 82™ floors, where the aircraft had bulldozed the office
desks and chairs and added its own combustibles. In addition to the ample supply of fuel, these fires had
access to plenty of air, as numerous windows on the east face had been blown out by the impact or
fireball. They would continue to burn as long as the building stood.
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Figure 3—-4. Representation of exterior views of the fires on the four faces
of WTC 2 at about 9:20 a.m.

Between 9:30 a.m. and 9:34 a.m., there were several large bursts of smoke from the 79" and 80™ floors of
the north face, possibly resulting from the ignition of pools of jet fuel that had settled there, or from
shifting of dislodged floor slabs elsewhere.

Dire structural changes were occurring in the building interior. Core columns, including the massive
southeast corner column, had been severed by the aircraft. The loads from these columns had been

NIST NCSTAR 1, WTC Investigation 43



Chapter 3 Draft for Public Comment

redistributed to other, intact core columns and to the east exterior wall. The core leaned to the south and
east, restrained from further movement by the east and south walls through the floors and the hat truss.

The fires were weakening the structure in a manner different from WTC 1. First, the severed core
columns in the southeast corner led to the failure of some column splices to the hat truss. Nonetheless,
the hat truss continued to transfer loads from the core to the perimeter walls. Second, the overall load
redistribution increased the loads on the east wall. Third, the increasing temperatures over time on the
long-span floors on the east side had led to significant sagging on the 79" through 83" floors, resulting in
an inward pull force. Fourth, within 18 min of the aircraft impact, there was inward bowing of the east
perimeter columns as a result of the floors sagging. As the exposure time to the high temperatures
lengthened, these pull-in forces from the sagging floors increased the inward bowing of the east perimeter
columns.

Meanwhile, people continued their evacuation. By 9:36 a.m., almost 7,000 of the 8,600 occupants had
left the building. From the impact floors and above, 18 occupants had discovered that the hot, smoke-
filled, debris-laden Stairway A was not fully blocked and had made their way to survival. It is not known
how many more of the 619 other people who had been on or above the impact floors became aware of
this, but none made it out of the building. There are no records of information regarding this escape route
having been collected and transmitted to others who might have been able to use it.

The PAPD, NYPD, and FDNY centers were now being inundated with calls from the two buildings. In
the confusion, some of the callers did not identify which building they were in. At 9:12 a.m., PAPD was
notified that the WTC 2 floor warden phones were not working. Other calls alerted them to trapped and
injured people. At 9:18 a.m., FDNY reported that they had a single elevator working to floor 40. A
simultaneous call indicated that FDNY was relocating its command post across West Street. At

9:30 a.m., EMS set up a triage desk in the lobby of WTC 2.

3.6 9:36 AM. TO 9:58 Am. EDT

By 9:58 a.m., all but eleven of the occupants who had been below the impact floors had left the building
and crossed the street to safety.

The fires continued to burn in the east half of the building.

At 9:55 a.m., firefighters communicated that they had reached floor 55 of WTC 2, one of the few calls for
which a record survived indicating how high the responders had reached. Before WTC 2 collapsed,
firefighters had reached the 78" floor by using the single functioning elevator to the 40" floor and then
climbing the stairs.

The physical condition of the tower had deteriorated seriously. The inward bowing of columns on the
east wall spread along the east face. The east wall lost its ability to support gravity loads, and,
consequently, redistributed the loads to the weakened core through the hat truss and to the adjacent north
and south walls through the spandrels. But the loads could not be supported by the weakened structure,
and the entire section of the building above the impact zone began tilting as a rigid block to the east and
south (Figure 3-5). Column failure continued from the east wall around the corners to the north and south
faces. The top of the building continued to tilt to the east and south, as, at 9:58:59 a.m., WTC 2 began to
collapse.
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3.7 THE OUTCOME
Seven factors led to the collapse of WTC 2:

o Direct structural damage from the aircraft impact, which included more severe damage to the
core columns than in WTC 1;

o Jet fuel sprayed into the building interior, that ignited widespread fires over several floors;

o Dislodging of SFRM from structural members due to the aircraft impact and aircraft and
building debris, which enabled rapid heating of the unprotected structural steel;

e Sustained fires on the east side of the tower and an ample air supply;

e Weakened core columns that increased the loads on the perimeter walls; and

e Sagging of the east floors, that led to pull-in forces on the east perimeter columns; and
o Bowed east perimeter columns that had a reduced capacity to carry loads.

After the building withstood the initial aircraft damage, the timing of the collapse was largely determined
by the time for the fires to weaken the perimeter columns and floors on the east and south sides of the
building. That the aircraft impact damage to the core was more severe in WTC 2 than in WTC 1
contributed to the shorter time to collapse.

The loss of life in WTC 2 was significantly reduced by the prompt

. . . . As with WTC 1, had the
start of evacuation activity before the tower was hit by the aircraft. s Wi a

building been more than

Only a quarter of those initially on or above the impact floors died one-third occupied, the
when the building collapsed, as contrasted with 100 percent in WTC 1. | casualties would have been
Eighteen people on those upper floors found that one stairwell was far higher as the population
passable in time to evacuate. Whether others found this escape route would have exceeded the
is unknown capacity of the stairwells to

evacuate them in the time

Of the roughly 6,000 people who started the morning below the available.

77" floor, all but 11 evacuated the building, indicating sufficiently
efficient movement within the three stairwells within the time available.

Even more than in WTC 1, those emergency responders who entered WTC 2 and the emergency
personnel who were already in the building were helpful in assisting the evacuation of those below the
impact floors. However, there was insufficient time to reach any survivors on the impact floors and
above. Any attempts to mitigate the fires were fruitless due to the lack of water supply and the difficulty
in reaching the fire floors within the time interval before the building collapse. It is not known precisely
how many emergency responders entered the building nor how many of the 421 emergency responder
casualties occurred in WTC 2.
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@_2001 Mark Stetler

Figure 3-5. Photograph of WTC 2 tilting to the southeast at the onset of collapse.
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THE TOLL

By sunset on September 11, 2001, all seven buildings on the World Trade Center site lay in ruins
(Figure 4-1). Table 4-1 compiles the locations of the decedents.
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Figure 4-1. The WTC site on September 17, 2001.
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Table 4-1. Likely locations of World Trade Center decedents at time of impact.

Location® Number

World Trade Center 1 Occupants (Total) 1,462

At or Above the Impact Floors 1,355

Below the Impact Floors 107
World Trade Center 2 Occupants (Total) 630

At or Above the Impact Floors 619

Below the Impact Floors 11
Confirmed Below Impact Zone in WTC 1 or WTC 2 30°
Unknown Location Inside WTC 1 or WTC 2 24°
Emergency Responders (Total) 421°

FDNY 343

NYPD 23

PAPD 37

Hospital/Paramedic 7

Federal 2

Volunteer Responders 9
Bystander/Nearby Building Occupant 18
American Airlines Flight 11 87°
United Air Lines Flight 175 60°
No Information 17
Total 2,749

a. Where possible, NIST used eyewitness accounts to place individuals. Where no specific accounts existed, NIST used
employer and floor information to place individuals.

b. These individuals were typically security guards and fire safety staff who were observed performing activities below the
floors of impact after the aircrafts struck.

c. These 24 individuals were largely performing maintenance, janitorial, delivery, safety, or security functions.

d. Emergency responders were defined to be people who arrived at the site from another location. Thus, security staff and Port
Authority staff (different from PA Police Officers) were not defined as emergency responders.

e. Does not include the five hijackers per aircraft.
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Chapter 5
THE DESIGN AND CONSTRUCTION OF THE TOWERS

5.1 BUILDING AND FIRE CODES

Codes for the design, construction, operation, and maintenance of buildings are the blueprints by which a
society manifests its intent to provide public safety and welfare. They incorporate the knowledge,
experience, procedures and practices of the applicable engineering disciplines, the values of the
contemporary society, the experiences from prior successes and failures, and knowledge of the
commercial products, services, and technologies available for the tasks at hand.

In the United States, building and safety regulations of state and local jurisdictions are most frequently
based on national "model" building codes (model codes) developed by private sector organizations.
Model codes are developed by panels of experts, updated periodically, and generally adapted to local
conditions by state and local governments. Proposals to modify the model codes, offered by individuals
or organizations, are discussed in open forums before being accepted or rejected by a voting process.
Localities adopting model codes update their versions periodically as well, but typically not on the same
schedule. To a lesser and decreasing extent, some jurisdictions have generated their own building codes
to reflect specialized local conditions and preferences. The Federal government's role in determining
specific codes is minimal and not mandatory (except for federally owned, leased, regulated or financially-
assisted properties).

The model codes adopt by reference voluntary consensus standards developed by a large humber of
private sector standards development organizations. These standards include measurement methods;
calculation methods; data sets; and procedures for design, construction, and practice.

There are also key stakeholder groups that are responsible for or influence the practices used in the
design, construction, operation, and maintenance of buildings in the United States through the code
development process. These include organizations representing building owners and managers, real
estate developers, contractors, architects, engineers, suppliers, and insurers. (Infrequently, members of
the general public and building occupants participate in this process.) These groups also provide training,
especially as it affects the ability to implement code provisions in practice, since lack of adequate training
programs can limit the application of improved code provisions.

5.2 THE CODES AND THE TOWERS
5.2.1 The New York City Building Code

The New York City (NYC) Building Code was and is part of the Administrative Code of New York City.
The Code has been amended from time to time by Local Laws to update safety requirements or to
incorporate technological advances. These Local Laws were enacted by the New York City Council. To
aid the implementation of and to clarify building code requirements, New York City issued mandatory
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“rules” that were typically initiated by City Government offices and issued under authority of the
Building Commissioner.

At the time the WTC project began in the early 1960s, the 1938 NYC Building Code was in effect. In
1960, reflecting growing dissatisfaction with the failure of the Code to keep pace with changes that had
occurred in the building industry, the Building Commissioner requested the New York Building Congress
to form a working committee to study the problem. On December 6, 1968, Local Law 76 repealed the
1938 code and replaced it with the 1968 code. As is the general custom with changes to building codes,
the new provisions did not apply to buildings approved under the prior code, provided they did not
represent a danger to public safety and welfare.

The 1968 NYC Building Code also included “Reference Standards.” These included standard test
methods and design standards published by standards development organizations. Some of these
Reference Standards included modifications to the published standards, as well as stand-alone standards
developed by New York City.

Through 2002, 79 Local Laws had been adopted that modified the 1968 Building Code. The major Local
Law affecting the structural design of buildings dealt with seismic provisions. Five of the Local Laws
had provisions that pertained to fire protection and life safety that were of interest to the WTC
Investigation:

o Local Law 5 (1973) added, among other specifications, requirements for:

— Compartmentation (subdivision) within upper story, unsprinklered, large floor areas. Its
provisions applied retroactively to existing office buildings.

— Signs regarding the use of elevators and stairs, also retroactive.
— Afire alarm system for buildings more than 100 ft in height.

e Local Law 55 (1976) added a requirement for inspection of all sprayed fire protection,
effective immediately but not retroactive.

e Local Law 33 (1978) added a requirement for trained fire wardens on each floor.

e Local Law 86 (1979), among other provisions, required full compliance with Local Law 5 by
February 7, 1988, and exempted fully sprinklered buildings from compartmentation
requirements.

e Local Law 16 (1984) added requirements for sprinklers in new and existing buildings taller
than 100 ft. Since Local Law 5 only required compartmentation of non-sprinklered spaces,
this negated the compartmentation requirements from Local Law 5.

The World Trade Center was located in Manhattan and would normally have been designed and
constructed according to the NYC Building Code of 1938. However, the WTC was constructed by The
Port Authority on land that it owned. As an interstate agency established under a clause of the United
States Constitution permitting compacts between states, The Port Authority's construction projects were
not required to comply with any building code. Nonetheless, The Port Authority instructed its consultants
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to design the two towers to comply with the 1938 NYC Code. In 1965, The Port Authority directed the
architect and consulting engineers to revise their designs for the towers to comply with the second and
third drafts of what would become the 1968 NYC Code. The rationale for this step was that the new
Code, allowed the use of advanced techniques in the design of the World Trade Center, as well as the
more lenient provisions regarding exit stairs and the reduced fire ratings. To reaffirm a "long standing
policy" of The Port Authority that its facilities meet or exceed New York Building Code requirements, a
formal memorandum of understanding between The Port Authority and the New York City Department of
Buildings was established after the bombing in 1993.

5.2.2 Pertinent Construction Provisions

To gain perspective on the conditions under which the WTC towers were constructed, the rationale for the
design, and the building structures themselves, the Investigation Team and its contractors reviewed tens
of thousands of pages of documents provided by The Port Authority and its contractors and consultants,
Silverstein Properties and its contractors and consultants, the Fire Department of the City of New York,
the New York City (NYC) Police Department, the NYC Law Department, the NYC Department of
Design and Construction, the NYC Department of Buildings, the NYC Office of Emergency
Management, the manufacturers and fabricators of the building components, the companies that insured
the WTC towers, and the building tenants.

NIST deemed it important to understand how the provisions under which the WTC was constructed and
maintained compared to equivalent provisions in place elsewhere in the United States at that time. The
Investigation selected three codes for comparison:

e The 1964 New York State (NYS) Building Code, which governed construction outside the
New York City limits;

e The 1965 BOCA Basic Building Code, a model building code typically adopted by local
jurisdictions in the northeastern region of the United States; and

e The 1967 Municipal Code of Chicago, under which the Sears Tower (110 stories) and the
John Hancock Center (100 stories) were built.

For the most part, the provisions in the various codes were similar, if not identical, indicating that there
was a common understanding of the essentials of building safety and that the codes were at similar stages
of evolution:

o There were only modest differences among the codes in the provisions for gravity loads.

o All three of the contemporaneous building codes had provisions for wind loads that were less
stringent than those used for the tower design.

e None of the codes had provisions for design against progressive collapse.

o For alterations or additions to a building, there were criteria to determine whether the whole
building or only the alterations needed to comply with the current code requirements. The
"trigger" was either the fraction of the building cost involved in the renovation or the fraction
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of the building dimensions. The NYC 1968 code was slightly less conservative than the
Chicago Code and the BOCA Code. The NYS Code required that any addition or alteration
conform to the contemporary code.

e The 1968 NYC Code required inspection of sprayed fire protection, but did not specify if
testing was required.

e Only the NYC Code contained provisions for bracing (lateral support to prevent buckling of
columns and walls) and stresses associated with transverse deflections of structural members.

The investigators examined the 2001 edition of the NYC Building Code to determine the extent to which
Local Laws had modified the code provisions between the times of construction and collapse of the
towers. The 2001 NYC Building Code was essentially the same as the 1968 edition, as amended by the
intervening Local Laws.

5.2.3 Tenant Alteration Process

With hundreds of tenants, The Port Authority realized that many would want extensive modifications to
their space, both before they moved in and during the course of their occupancy. In anticipation, The Port
Authority:

e Set up a special office to review and approve plans, issue variances, and conduct inspections.

o Developed a formal tenant alteration process for any modifications to leased spaces in WTC
1 and WTC 2 to maintain structural integrity and fire safety. The Tenant Construction
Review Manual, first issued in 1971, contained the technical criteria, standards, and review
criteria for use in planning alterations (architectural, structural, mechanical, electrical, and
fire protection). Alteration designs were to be completed by registered design professionals,
and as-built drawings were to be submitted to The Port Authority. The 1968 NYC Building
Code was referenced. The review manual was updated four times until, in 1998, the manual
was replaced by the Architectural and Structural Design Guidelines, Specifications, and
Standard Details.

The interiors of the towers had been heavily modified over the years due to tenant turnover, same-tenant
space usage changes, the addition of sprinklers, and asbestos abatement.

5.3 BUILDING DESIGN
5.3.1 Loads

The NYC Building Code specified minimum design values for both dead and live gravity loads and for
lateral (wind) loads.

o Each tower was designed to support dead loads (its own weight) consistent with the
provisions in the 1968 NYC Building Code. The dead loads included the weight of the
structural system and loads associated with architectural, mechanical, plumbing, and
electrical systems.
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e Each tower was designed to support live loads (the combined weights of the people and the
building contents) exceeding those specified in the 1968 NYC Building Code.

e The design wind loads used in the towers were higher than those required by the 1968 NYC
Building Code and the three other codes identified earlier.

5.3.2 Aircraft Impact

The accidental 1945 collision of a B-25 bomber with the Empire State Building sensitized designers of
high-rise buildings to the potential hazards of such an event. However, building codes did not then, and
do not currently, require that a building withstand the impact of a fuel-laden commercial jetliner. A Port
Authority document indicated that the impact of a Boeing 707 aircraft flying at 600 mph was analyzed
during the design stage of the WTC towers. However, the investigators were unable to locate any
documentation of the criteria and method used in the impact analysis and were thus unable to verify the
assertion that *...such collision would result in only local damage which could not cause collapse or
substantial damage to the building and would not endanger the lives and safety of occupants not in the
immediate area of impact.”® Since the ability for rigorous simulation of the aircraft impact and of the
ensuing fires are recent developments and since the approach to structural modeling was developed for
this Investigation, the technical capability available to The Port Authority and its consultants and
contractors to perform such an analysis in the 1960s would have been quite limited.

5.3.3 Construction Classification and Fire Resistance Rating

The model building codes classify building constructions into different “Types” or "Classes." The Class
pertinent to the WTC towers was Class 1 (fire resistive). The 1938 New York Building Code had no
subdivisions of Class 1 construction, which required a 4 hour fire resistance rating for columns and a

3 hour rating for floors. The 1968 version of the Code subdivided Class 1 for office occupancies into 1A,
with requirements identical to the 1938 Class 1, and 1B. Class 1B specified a 3 hour rating for columns
and girders supporting more than one floor and a 2 hour rating for floors including beams. There were no
height or area requirements that differentiated between Class 1A and Class 1B, and the towers could have
been classified as either one. The Port Authority elected to provide the fire protection in the WTC towers
with Class 1B standards.

Achieving a specified rating for a truss-supported floor using a spray-applied fire resistive material
(SFRM) was an innovation at the time of the WTC design and construction. NIST was not able to find
any evidence that there was a technical basis to relate SFRM thickness to a fire resistance rating, nor was
there sufficient prior experience to establish such thickness requirements by analogy. NIST did find
documentation that the Architect of Record and the Structural Engineer of Record had each written to the
Port Authority, stating that the fire rating of the WTC floor system could not be determined without
testing. NIST was unable to find any indication that such tests were performed nor any technical basis for
the specification of the particular SFRM product selected or its application thickness.

8 Letter with an attachment dated November 13, 2003 from John R. Dragonette (Retired Project Administrator, Physical
Facilities Division, World Trade Department) to Saroj Bhol (Design and Engineering Department, PANYNJ).
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The NYC Building Code required inspection at the time of application of the

. e There were no code
SFRM, to be conducted under the supervision of a building inspector or a

requirements nor

licensed design professional who assumed responsibility for compliance. general practice by
This inspection included verification of the thickness of the material, its which spray applied
density, and its adhesion, each using a specific ASTM test method. The insulation was to be

inspected over the life

Code contained a requirement that SFRM installed in areas where it was of the building.

subject to mechanical damage be protected and maintained in a serviceable
condition.

5.34 Compartmentation

Both the 1968 NYC Building Code and The Port Authority practice required partitions to separate tenant
spaces from each other and from common spaces, such as the corridors that served the elevators, stairs
and other common spaces in the building core. These were intended to limit fire spread on a floor and to
prevent the spread of a fire from one tenant space to that of another.

e The Port Authority specified partitions separating tenant spaces from exit access corridors to
have a 2 hour rating. This allowed dead end hallways to extend to 100 ft (rather than 50 ft
with 1 hour partitions), which permitted more flexibility in tenant layouts. Above the ceiling,
penetrations for ducts or to allow for return airflow were fitted with rated fire dampers to
preserve the fire rating. This 2 hour rated construction was not used in the original design,
but was specified later by The Port Authority as tenant spaces were altered.

o For walls separating tenant spaces to achieve a 1 hour rating, they needed to continue through
any concealed spaces below the floor and above the ceiling. The Port Authority chose to stop
these demising walls at the bottom of the suspended ceiling and use 10 ft strips of 1 hour
rated ceiling on either side of the partition. There was no precedent for this approach and,
after a warning from the general contractor, the tenant alteration guidelines required that
tenant partitions have a continuous fire barrier from top of floor to bottom of slab.

e There were no requirements in the 1968 Building Code or in The Port Authority guidelines
for partitions wholly within tenant spaces. As mentioned in Section 1.2.2, these gypsum
board walls generally ran from the floor slab to just above the suspended ceiling, although
some extended to the slab above when the tenant desired additional sound attenuation. For
these partitions to be fire rated, the ceiling would have had to be rated as well but were not
required to be so.

o Enclosures for vertical shafts, including stairways and transfer corridors, elevator hoistways,
and mechanical or utility shafts were required to be of 2 hour fire rated construction. These
innovative walls are further described below.

There was a conflict regarding the number of partitions within a tenant space. On the one hand, the
design of the WTC towers was intended to provide about 30,000 ft* per floor of nearly uninterrupted
space and access to views of the Manhattan panorama. On the other hand, Local Law 5 dictated
compartmentation into no more than 7,500 ft? areas for unsprinklered spaces. These areas could be
increased to 15,000 ft* if protected by 2 hour fire resistive construction and smoke detectors. The
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compartmentation limit was removed when complete sprinkler protection was provided. Following a
1975 fire, The Port Authority began installing sprinklers at the time a new tenant moved in. By
September 11, 2001, the installations had been completed throughout the towers, and, in general, the
tenants on the impact floors had few internal partitions except for those surrounding conference rooms
and executive offices.

Firestopping materials are used to fill gaps in walls and floors through which smoke and flames might
pass. Such passage could negate the fire endurance value of the wall or floor. The 1968 NYC Building
Code included comprehensive requirements identifying when and where firestopping was required. The
1964 New York State Building Code addressed the issue in less detail, and the Chicago Building Code
had no requirements. The NFPA Life Safety Code had firestopping requirements for exterior and interior
partitions at floor levels, and did allow a trade-off for sprinklered concealed spaces. In the towers, unlike
many buildings, the exterior wall was connected with the floors without gaps.

5.3.5 Egress Provisions

The primary egress system for the office spaces was the three stairways
located in the building core. There were four main requirements for these
stairways: number, width (including separate width requirements for the
doors), separation of the doors to the stairways, and travel distance to the
stairway doors.

The NYC Building Code
used the “units of exit
width” method for
specifying exit capacity,
in which each 22 in. unit
of exit width provided
the capacity for 60

The number of stairways and the width of the doors resulted from the
implementation of the 1968 edition of the NYC Building Code, whose
provisions were less restrictive than those in the 1938 edition. The

1968 code eliminated a fire tower (an enclosed staircase accessed through
a naturally ventilated vestibule) as a required means of egress and reduced
the number of required stairwells from six to three and the width of the
doors leading to the stairs from 44 in. to 36 in.

people. Thus each

44 in. stairwell provided
for 120 people and the
56 in. stairwell provided
2% units, or 150 people,
for a total occupant load
per floor of 390.

Of the three staircases, two (designated A and C) were 44 in. wide; stairway B was 56 in. wide. The
largest occupant load in the office spaces was 365 people per floor (36,500 ft* on the largest floor, with
100 ft* per person). Neither the 1968 NYC Building Code nor any of the contemporaneous codes
mandated consideration of the number of building stories in determining the number and widths of the

stairwells.

For the floors classified in the office use group (all floors except the observation deck and
restaurant/meeting spaces), a minimum of two stairwells would have been required to serve the
occupants, each equally sized. The three modern building codes considered in this report (International
Building Code (IBC) (2000), NYC Building Code (2003), and NFPA 5000 (2003)), as well as the
1968 NYCBC, were consistent in this requirement, each regardless of building height. However, the

resulting width of these minimum requirements would differ. Two 44 in. stairwells would have satisfied
IBC minimum requirements, two 65 in. stairwells would have satisfied NFPA 500 requirements, and two
78 in. stairwells would have satisfied the 1968 and 2003 NYC Building Code requirements. Alternatively,
as was built at WTC 1 and WTC 2, three stairwells of narrower construction, but equivalent or greater
total required width, would also satisfy the egress requirements in the modern building codes.
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The 1968 NYC Building Code contained a requirement that the stairwells be “as far apart as practicable.”
Since the stairwells on the impact floors of WTC 1 were substantially closer together than those on the
impact floors of WTC 2, it certainly was possible to have designed a greater separation in WTC 1. Local
Law 16 (1984) added a quantitative requirement that the separation between exit door openings be at least
one-third of the maximum travel distance of the floor. For the WTC towers, this maximum distance was
180 ft, and the smallest separation of stairwell doors was 70 ft. The towers were consistent with this
requirement.

NFPA 5000 (2003) and IBC (2000) incorporate a requirement that the separation of the stairwells be no
less than one-third the overall diagonal length of the building. For the towers this length was 294 ft, and
one-third was 98 ft. Thus, the stairwell separations on some floors would have been inconsistent with the
later codes (with which the buildings in New York City were not required to comply).

At the top of the two towers were floors that were classified as public assembly floors: the Windows on
the World restaurant complex in WTC 1 (Floors 106 and 107) and the Top of the World observation deck
in WTC 2 (Floor 107). The design number of occupants on each of these floors was over 1,000. On
September 11, 2001, there were about 188 people in the Windows on the World and few in the Top of the
World since it was before the opening hour. Thus, had the stairwells remained passable through the
impact region, the capacity would have been sufficient for the occupant load observed on that morning.
Nonetheless, the egress requirements for assembly occupancy were more stringent than for business
occupancy in both the NYC Building Code in 1968 and in 1996, when the Windows on the World
re-opened after refurbishment following the 1993 bombing in the basement. NIST found documentation
that The Port Authority had created areas of refuge consistent with the width provisions of the 1968 NYC
Building Code but was unable to find evidence indicating that the requirements for the number of exits
for the evacuation of over 1,000 people from each of these floors had been considered in the design or
operation of the buildings. The New York City Department of Buildings, however, had reviewed the
egress capacity from these floors and apparently concurred that the proposed remodel to these spaces
would meet the intent of the NYC Building Code.

Subsequently, NIST communications in 2005 with The Port Authority and the NYC Department of
Buildings identified a difference of interpretation regarding the number of exits required to serve these
floors. The Port Authority stated that a fourth exit was not required since the assembly use space in
guestion constituted less than 20 percent of the area of principal use, with principal use area defined as the
entire building. The Department of Buildings stated that the 20 percent rule did not apply to assembly
spaces such as restaurants and observation decks that are open to the public, and therefore exit reduction
cannot be applied and a fourth exit was required.

The Department further clarified that areas of refuge and horizontal exits are not to be credited for
required means of egress (unless the spaces are used non-simultaneously) and that for places of assembly,
with occupant load in excess of 1,000, the floor shall have a minimum of four independent means of
egress (stairs) to street. If the floor were divided into areas of refuge with rated walls, as was the case for
the WTC towers, each area is to be considered an independent place of assembly that needs its own
access to two means of egress (stairs) without going through another assembly space if they have an
occupant load of less than 500 each (or three means of egress if the area of refuge had an occupant load
between 500 and 999). Further, since the only means of egress from the roof-top deck was through the
space on the observation floor, the Department clarified that occupant load from the deck would need to
be added to the occupant load of the observation floor and that the travel distance from the roof deck

58 NIST NCSTAR 1, WTC Investigation



Draft for Public Comment The Design and Construction of the Towers

along the connecting stairs to the required means of egress at the observation floor shall be within the
maximum permitted by the NYC Building Code.

Given the low occupancy level on September 11, 2001, NIST found that the issue of egress capacity from
these places of assembly, or from elsewhere in the buildings, was not a significant factor on that day. Itis
conceivable that such a fourth stairwell, depending on its location and the effects of aircraft impact on its
functional integrity, could have remained passable, allowing evacuation by an unknown number of
additional occupants from above the floors of impact. If the buildings had been filled to their capacity
with 25,000 occupants, however, the required fourth stairway would likely have mitigated the insufficient
egress capacity for conducting a full building evacuation within the available time.

The elevator system was described in Chapter 1. These were not to be used for emergency evacuation
except under the control of the fire department. However, roughly 3,000 of the people who were initially
at or above the impact floors in WTC 2 and were warned by the attack on WTC 1, survived, in large part
by taking the elevators downward before the aircraft struck WTC 2.

Following the 1993 bombing, The Port Authority instituted the following changes to reduce egress time,
in addition to those stairwell improvements mentioned in Section 1.1.2;

e Construction of new egress corridors, north (to Church St. and Vesey St.) and south (to
Liberty St.) for faster evacuation from the Concourse (mall), and of two escalators from the
Concourse (mall), one to the plaza at WTC 5 and one up to WTC 4 and onto Church St.

e Semiannual fire drills in conjunction with the FDNY.

o Appointment of Fire Wardens, specially trained and equipped with flashlights, whistles, and
identifying hats.

Building Communications

WTC emergency procedures specified that all building-wide announcements .

. . A Fire Command Desk
were to be broadcast from the Fire Command Desk (FCD), located in the (Figure 5-1) was
lobby of each WTC tower, using prepared text (Figure 5-1). A situation located in the lobby of
requiring evacuation for any reason, including fire or smoke, would have led each tower. The

to the following announcement, enabling a phased evacuation: computer screen
monitored the fire

alarms, smoke

Your attention please. We are experiencing a smoke condition in sensors, sprinkler

the vicinity of your floor. Building personnel have been dispatched water flow, elevator
to the scene and the situation is being addressed. However, for lobby smoke
precautionary reasons, we are conducting an orderly evacuation of detectors, fire signal

. . activation, air handling
floors . Please wait until we announce your floor number over fans. status of
the public address system. Then follow the instructions of your fire eIevé\tors, and troubles
safety team. We will continue to keep you advised. We apologize with the fire systems.

29

for the inconvenience and we thank you for your cooperation.

® Port Authority of New York and New Jersey. World Trade Center Emergency Procedures Manual 2001, Confidential.
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The announcement to be used when a particular floor required an evacuation was:

“Your attention please. It is now time for your floor to be evacuated. In accordance with the
directions from your fire safety team, please take the exit stairs nearest to your location. We
remind you that communications, emergency lighting and other essential services are in service.
We will continue to keep you advised. We apologize for the inconvenience and we thank you for
your cooperation.”*°

At the discretion of the Fire Safety Director, the information and instructions broadcast to the building
occupants could be modified to suit the nature of the emergency.

2001 John Labriola

Figure 5-1. Fire Command
Desk in WTC 1, as seen from a
mezzanine elevator, looking
west.

5.3.6 Active Fire Protection

The provision of fire safety in the WTC towers revolved around a Fire Safety Plan that provided direction
for fire emergency response and was organized around a hierarchy of staff trained in its implementation.
In charge in each tower was the Fire Safety Director, who oversaw emergency response until the arrival
of the Fire Department of the City of New York (FDNY), gathered necessary information, and relayed it
to the Fire Chief upon arrival. In an emergency, the Fire Safety Director proceeded to the FCD or the fire
scene. He/she had one or more Deputy Fire Safety Directors located at the FCD and at the sky lobbies.
The front line was a set of Floor Wardens and Deputy Floor Wardens who were responsible for assessing
conditions and assisting the evacuation of occupants on their respective floors. The Floor Wardens had
their own communications system.

Built into each tower were four resources to mitigate the effects of a fire: an alarm system to alert people
to the presence of the fire, an automatic sprinkler system and a standpipe system for controlling the fire
by the application of water, and a smoke venting system to improve visibility as people proceeded toward
exits. The primary documentation of the design, installation, maintenance, and modification of these
systems was stored on the 81* floor of WTC 1 and was lost when that building collapsed. Contractors to
the Investigation Team were able to re-create descriptions of the physical systems and their capabilities
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from limited duplicate information provided by The Port Authority, Silverstein Properties, Inc, and
contractors, consultants, and operators involved with the systems.

The original fire alarm system used the technology current at the time and was engineered exclusively for
the World Trade Center towers. The 1993 bomb explosion in WTC 1 destroyed the communications to
the Operations Control Center, and the alarm system was revealed to be vulnerable to a single point of
failure. Repair was problematic, since spare parts for the 25-year-old system were unavailable and the
software was no longer supported. The Port Authority immediately commissioned a new state-of-the-art
system for WTC 1, WTC 2, WTC 4, WTC 5, and the subterranean levels. This retrofit involved the
installation of over 10,000 detectors, pull stations, and monitors; 30,000 notification devices (speakers
and strobe lights); 150 miles of conduit; and 1,000 miles of wiring. Redundant Operations Control
Centers were located in the basements of both towers.

The primary monitoring and control of the fire alarm system was performed at the FCD located in the
lobby of each building. The new system included:

o Numerous interconnected microprocessors located in each of the four WTC buildings.

e Smoke sensors located throughout the tenant spaces, at each elevator landing, in return air
ducts, and in electrical and mechanical rooms.

o At least one manual fire alarm station installed in each story in the evacuation path.

e Emergency voice and alarm speakers for notification and communication in all areas within
the buildings, designed to ensure system function in the event 50 percent of the system
became inoperable.

e Automatic notification of the fire department upon fire alarm activation.

o Two-way communications stations at the remote fire panels, at the Floor Warden stations,
and at the standpipes.

o A two-way telephone system for the firefighters to make announcements.

e Emergency voice and alarm communication capability, both under manual control at
the FCD.

e Strobe lights to provide alarm indications for the hearing impaired.
o Water flow indicators for the fire sprinkler system, including indicators for disabled systems.

No documentation of the status of the replacement system survived the 2001 attack. However, a 2002
analysis estimated that over 80 percent of the towers had been retrofitted and that about 25 percent of the
original system was still in use.
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Although there were localized carbon dioxide and halon systems within the towers, the Safety Plan
predominantly relied on water for containing and suppressing a fire (Figure 5-2). By

September 11, 2001, automatic sprinklers had been installed throughout WTC 1 and WTC 2.2 The New
York City water distribution system supplied water to the complex from two independent connections
located under Liberty Street to the south and VVesey Street to the north. Within each tower were six
5,000 gal water storage tanks, three located on the 110" floor and one each on the 20", 41, and 75"
floors. These were filled from the city water supply through pipes that ran through the stairwell
enclosures. In the event of a fire, the gravity-fed water would flow via two pipes down to as many of the
thousands of installed sprinkler heads as had been activated. The WTC engineering staff could supply
additional water upward from the city mains using manually started pumps located in the towers; the
FDNY could augment the supply using fire department connections and truck-based pumps. While there
were redundant vertical supply pipes, there was only a single connection to the array of sprinklers on any
given floor.
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Figure 5-2. Schematic of sprinkler and standpipe systems.

19 The exceptions to this were the computer rooms (protected with halon and carbon dioxide systems), kitchens (protected with
dry chemical and steam smothering systems), mechanical spaces on the 108" through 110" floors, and the electrical rooms
throughout the buildings, for which the application of water would have been inappropriate.
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In the aftermath of the 1993 bombing of WTC 1, dense smoke in the stairwells severely prolonged the
evacuation of the tower. As a result, The Port Authority constructed a manually activated (by Port
Authority staff at the direction of FDNY) smoke purge system and integrated the system's use into its
WTC Fire Safety Plan. The system was designed to meet the 1968 NYC Building Code and was
functional by September 11, 2001. The non-dedicated system used the existing building ventilation
system, in contrast with an alternative dedicated system that would have been used only for smoke
management. Each tower was divided into three zones, with the blowers located on the mechanical
equipment floors (7, 41, 75 and 108). In the smoke purge mode, the mechanical system was aligned so
that an entire zone was vented; there was no provision to vent an individual floor. The smoke from the
impact floors in WTC 1 would have been drawn upward to the 108" floor, while the smoke from the
impact floors in WTC 2 would have been drawn downward to the 75" floor. The system was designed to
clear the zone of smoke after the fire was extinguished, perhaps during post-fire cleanup operations, lest
the forced air increase the burning intensity.

54 BUILDING INNOVATIONS
54.1 The Need for Innovations

Had the towers been built according to conventional design, they would have been heavier and would
have had less usable space on each floor. Thus, a resourceful approach was taken in translating The Port
Authority’s needs and Yamasaki’s design into practice.

The Investigation Team identified six innovations incorporated in the lateral-load-resisting system and the
gravity-load-carrying system of the towers. Their roles were discussed in Chapter 1. In addition, there
were two innovations in achieving the required fire resistance ratings. The innovative, tiered elevator
system was also discussed in Chapter 1. The following sections describe these new technologies. The
use of spray-applied fire resistive materials is discussed in more detail in Section 5.6.

5.4.2 Framed Tube System

WTC 1 and WTC 2 were among the first steel-structure, high-rise buildings built using the framed-tube
concept to provide resistance to lateral (wind) loads. The framed-tube system had previously been used
in the concrete-framed, 43-story DeWitt-Chestnut and the 38-story Brunswick buildings, both in Chicago
and both completed in 1965.

In the framed-tube concept, the exterior frame system resists the force of the wind. The exterior columns
carry a portion of the building gravity loads, and in the absence of wind, are all in compression, i.e., the
loads push down on and shorten the columns. Under the effect of a strong wind alone, columns on the
windward side are in tension, i.e., they elongate as the top of the building bends away from the wind. The
columns on the leeward side are compressed. The columns on the walls parallel to the wind are half in
tension (on the windward side) and half in compression (on the leeward side). The net effect of combined
gravity and wind loads is larger compression on the leeward side and reduced compression, or in rare
instances even tension, on the windward side.

Prior to final design, tests had been performed at the University of Western Ontario to assess the stiffness
of the wall panels, which consisted of three columns, each three stories high, and the associated spandrel
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plates as shown in Figure 1-4. These tests used quarter-scale thermoplastic models of panels planned for
the 20™, 47", and 74" floors. (Recall that the structural members became lighter at the higher floors.)
The tests also examined the effect of the spandrel thickness, the width of the box columns, and the
presence and thickness of stiffeners. Forces were applied to the models, and the resulting deflections
measured. The results of these tests guided the final design of the wall panels and provided support for
The Port Authority’s acceptance of the resulting structural design. This included the innovations
described in Sections 5.4.3 and 5.4.4.

5.4.3 Deep Spandrel Plates

The standard approach to construction of the framed tube would have used spandrel beams or girders to
connect the columns. The towers used a band of deep plates as spandrel members to tie the perimeter
columns together.

544 Uniform External Column Geometry

In a typical high-rise building, the columns would have been larger near the base of the building and
would have become smaller toward the top as they bore less wind and gravity loads. However, the
Yamasaki design called for the appearance of tall, uniform columns (Figure 1-2). This was achieved by
varying both the strength of the steels and the thickness of the plates that made up the perimeter columns.

5.4.5 Wind Tunnel Test Data to Establish Wind Loads

To determine the extreme wind speeds that could be expected at the top of the towers, Worthington,
Skilling, Helle & Jackson (WSHJ) collected data on the wind speeds and directions recorded in the New
York area over the prior 50 years. From these data, a design wind speed for the buildings was determined
for a 50 year wind event, defined as the wind speed, averaged over a 20 min duration at 1,500 ft above the
ground. The estimated value was just under 100 mph in all directions.

To estimate how the buildings would perform under wind loads, both during construction and upon
completion, WSHJ conducted a then unique wind tunnel testing program at Colorado State University
(CSU) and the National Physical Laboratory (NPL) in the United Kingdom. In each wind tunnel, a
physical model of Lower Manhattan, including the towers, was subjected to steady and turbulent winds
consistent with the estimated design wind speeds. The model scale was 1/500 for the CSU tests and
1/400 for the NPL tests. The tower models were thus about 3 ft tall. Separate tests were conducted for
the single tower and for the two towers at various spacings, with various values of the tower stiffness and
damping, and for various wind directions. The two laboratories obtained similar results. Tests on the two-
tower models showed that the wind response of each tower was significantly affected by the presence of
the other tower.

WSHJ also conducted experiments to determine the wind-induced conditions that would be tolerated by
the people who would work in and visit the towers. Breaking new ground in human perception testing,
the investigators found that surprisingly low building accelerations caused discomfort.

64 NIST NCSTAR 1, WTC Investigation



Draft for Public Comment The Design and Construction of the Towers

The test results led to changes in the building design, including stiffer perimeter columns, and the
addition of viscoelastic dampers described in the next section. The dampers were used to reduce the
building vibrations due to winds.

5.4.6 Viscoelastic Dampers

The tower design included the first application of damping units to supplement the framed-tube in
limiting wind-induced oscillations in a tall building. Each tower had about 10,000 dampers.

On most truss-framed floors (tenant floors), a damper connected the lower chord of a truss to a perimeter
column. A depiction of the units is shown in Figure 5-3. On beam-framed floors (generally the
mechanical floors with their heavier loads), a damper connected the lower flange of a wide-flange beam
(that spanned between the core and the perimeter wall) to a spandrel.
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\_ Two 7/8" Diameter Bolts
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Figure 5-3. Diagram of floor truss showing viscoelastic damper.

Two sets of experiments, conducted by the 3M Company (the manufacturer of the viscoelastic material)
and by the Massachusetts Institute of Technology, examined the damping characteristics of the units.
Both studies found that the units provided significant supplemental damping under design conditions.

5.4.7 Long-Span Composite Floor Assemblies
The floor system in the towers (Figure 1-6) was novel in two respects:
o The use of open-web, lightweight steel trusses topped with a slab of lightweight concrete; and

e The composite action of the steel and concrete that resulted from the “knuckles” of the truss
diagonals extending above the top chord and into the poured concrete.

Tests conducted in 1964 by Granco Steel Products and Laclede Steel Company (the manufacturer of the
trusses for WTC 1 and WTC 2) determined the effectiveness of the knuckles in providing composite
action. Another set of tests, performed by Laclede Steel Company, determined that any failure of the
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knuckles occurred well beyond the design capacity. A third set of tests, performed at Washington
University in 1968, confirmed the prior results and indicated that failure was due to crushing of the
concrete near the knuckles.

5.4.8 Vertical Shaft Wall Panels

While similar to other gypsum shaft wall systems and firewalls, the compartmentation system used in the
vertical shafts (e.g., for elevators, stairs, utilities and ventilation) was unique in that it eliminated the need
for any framing. The walls consisted of gypsum planks placed into metal channels at the floor and ceiling
slabs. The planks were 2 in. thick (2% in. on floors with 16 ft ceiling heights) and 16 in. wide, with metal
tongue and groove channels attached to the long sides that served as wall studs. An assembled wall was
then covered with gypsum wallboard. The planks were likely custom fabricated for this job, as the
investigators found no mention of similar products in gypsum industry literature of the time or since.

55 STRUCTURAL STEELS
5.5.1 Types and Sources

Roughly 200,000 tons of steel were used in the construction of the two WTC towers. The building plans
called for an unusually broad array of steel grades and multiple techniques for fabricating the structure
from them. The NIST team obtained the information needed to characterize the steels from structural
drawings provided by The Port Authority, copies of correspondence during the fabrication stages, steel
mill test reports, interviews with fabrication company staff, search of the contemporaneous literature, and
measurements of properties at NIST. Sorting through this immense amount of information was made
difficult by the large number of fabricators and suppliers, the use of proprietary grades by some of the
manufacturers; and the fact that the four fabricators of the impact and fire floor structural elements no
longer existed at the time of this Investigation.

Fortunately, the potential for confusion had led the building designers to a tracking system whereby the
steel fabricators stamped and/or stenciled each structural element with a unique identifying number. The
structural engineering drawings included these identifying numbers as well as the yield strengths of the
individual steel components. Thus, when NIST found the identifying number on an element such as a
perimeter column panel, the particular steel specified for each component of the element was known, as
well as the intended location of the steel in the tower.

In all, 14 grades of steel were specified in the structural engineering plans, having yield strengths from
36 ksi to 100 ksi. Twelve were actually used, as the fabricators were permitted to substitute 100 ksi steel
where yield strengths of 85 ksi and 90 ksi were specified. Table 5-1 indicates the elements for which the
various grades were used. The higher yield strength steels were used to limit building weight while
providing adequate load carrying capacity.
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Table 5-1. Specified steel grades for various applications.

Yield Strength (ksi)

Application 36 42 45 46 50 55 60 65 70 75 80 100
Perimeter columns v 4 4 4 4 v 4 v v v v v
Spandrel plates v v v v v v v v v v v v
Core columns 4 v (a) (a)

Floor trusses v v

a. About 1 percent of the wide flange core columns were specified to be of these higher grades.

5.5.2 Properties

The Port Authority required a thorough and detailed quality assurance programs to ensure compliance
with the specifications for the steel, welds and bolts. The steel data went beyond the minimum yield
strength (the property of greatest importance) to include tensile strength and ductility. The quality
assurance program included unannounced inspections and confirming tests.

NIST performed confirmatory tests on samples of the 236 pieces of recovered steel to determine if the
steel met the structural specifications. Making a definitive assessment was complicated by overlapping
specifications from multiple suppliers, differences between the NIST test procedures and the test
procedures that originally qualified the steel, the natural variability of steel properties, and damage to the
steel from the collapse of the WTC towers. Nonetheless, the NIST investigators were able to determine
the following:

e There were 14 grades (strengths) of steel that were specified. However, a total of 32 steels in
the impact and fire floors were sufficiently different (grade, supplier, and gage) to require
distinct models of mechanical properties.

e The steels in the perimeter columns met their intended specifications for chemistry,
mechanical properties, yield strengths, and tensile properties. The steels in the core columns
generally met their intended specifications for both chemical and mechanical properties.

e Roughly 13 percent of the measured strength values for the perimeter and core columns were
at or below the specified minimums (Figure 5-4). The strength variation was consistent with
the historical variability of steel strength and with the effects from damage during the
collapse of the towers. The measured values were within the typical design factor of safety.

e The yield strengths of many of the steels in the floor trusses were above 50 ksi, even when
they were specified to be 36 ksi.

e Tests on a limited number of recovered bolts showed they were much stronger than expected
based on reports from the contemporaneous literature.

The mechanical properties of steel are reduced at elevated temperatures. Based on measurements and
examination of published data, NIST determined that a single representation of the elevated temperature
effects on steel mechanical properties could be used for all WTC steels. Separate values were used for
the yield and tensile strength reduction factors for bolt steels.
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Figure 5-4. Ratio of measured yield strength (F,) to specified minimum
yield strength for steels used in WTC perimeter columns.

5.6 PASSIVE FIRE PROTECTION
5.6.1 Thermal Insulation

When steel is heated it loses both strength and stiffness. Thus, measures must be taken to protect the steel
in a structure from temperature rise (and consequent loss of strength) in case of fire.

Bare structural steel components can heat quickly when exposed to a fire of even moderate intensity.
Therefore, some sort of thermal protection, or insulation, is necessary. This insulation can be in direct
contact with the steel, such as a spray-applied fire resistive material (SFRM), or can be a fire resistant
enclosure surrounding a structural element.

5.6.2 Use of Insulation in the WTC Towers

The thermal protection of the steel structures in the WTC towers included a combination of SFRM and
enclosures of gypsum wallboard. The use of SFRM for floor truss protection was new in high-rise
buildings, and the requirements evolved during the construction and life of the towers. By examining
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documents supplied by The Port Authority, LERA, and the SFRM manufacturers, NIST was able to
document much of the sequence of these changing requirements and arrive at an estimation of the passive
protection in place on September 11, 2001.

Floor Systems

At the time the WTC was designed, the ASTM E 119 test method had been used for nearly 50 years to
determine the fire resistance of structural members and assemblies. However, The Port Authority
confirmed to the Investigation Team that there was no record of fire endurance testing of the innovative
assemblies representing the thermally protected floor system used in the towers. The floor assembly was
not tested despite the fact that the Architect of Record and the Structural Engineer of Record stated that
the fire rating of this novel floor system could not be determined without testing.

Prior to construction, the Architect of Record had used information from (unidentified) manufacturers to
recommend a 1 in. thickness of SFRM around the top and bottom chords of the trusses and a 2 in.
thickness for the web members of the trusses. This was to achieve the fire endurance requirements for
Class 1A construction (Section 5.3.3).

In 1969, The Port Authority directed that a %z in. thick coating of CAFCO BLAZE-SHIELD Type D
(CAFCO D), a mixture of cement and asbestos fibers, be used to insulate the floor trusses. This was to
achieve a Class 1A rating, even though the preponderance of evidence suggests that the towers were
chosen to be Class 1B, the minimum required by the NYC Building Code. NIST found no evidence of a
technical basis for selection of the ¥ in. thickness. This coating had been installed as high as the 38" floor
of WTC 1 when its use was discontinued due to recognition of adverse health effects from inhalation of
asbestos fibers. The spraying then proceeded with CAFCO DC/F, a similar product in which the asbestos
was replaced by a glassy mineral fiber and whose insulating value was reported by Underwriters
Laboratories, Inc., to be slightly better than that of CAFCO D. On the lower floors, the CAFCO D was
encapsulated with a sprayed material that provided a hard coat to mitigate the dispersion of asbestos fibers
into the air.

In 1994, The Port Authority measured the SFRM thickness on trusses on floors 23 and 24 of WTC 1. In
all, average thicknesses were reported for 32 locations, and the overall average thickness was found to be
0.74in. NIST performed a further evaluation of the SFRM thickness using photographs taken in the
1990s of floor trusses on (hon-upgraded) floors 22, 23, and 27 of WTC 1 (Figure 5-5). By measuring
dimensions on the photographs, NIST estimated the insulation thicknesses on the diagonal web members
of trusses. (The thickness of chord member insulation could not be measured.) The average thickness
and standard deviation of web members was 0.6 in. £ 0.3 in. on the main trusses, 0.4 in. £ 0.25 in. on the
bridging trusses, and 0.4 in. =+ 0.2 in. on the diagonal struts. These numbers indicated that there were
areas where the coating thickness was less than the specified 0.5 in.
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Figure 5-5. Irregularity of coating thickness and gaps in coverage on
SFRM-coated bridging trusses.

In 1995, The Port Authority performed a study to establish requirements for retrofit of sprayed insulation
to the floor trusses during major alterations when tenants vacated spaces in the towers. Based on design
information for fire ratings of a similar, but not identical, composite floor truss system contained in the
Fire Resistance Directory published by Underwriters Laboratories, Inc., the study concluded that a 1% in.
thickness of sprayed mineral fiber material would provide a 2 hour fire rating, consistent with the

Class 1B requirements. In 1999, the removal of existing SFRM and the application of new material to
this thickness became Port Authority policy for full floors undergoing new construction and renovation.
For tenant spaces in which only part of a floor was being modified, the SFRM needed only to be patched
to ¥4 in. thickness or to match the 1% in. thickness, if it had previously been upgraded. In the years
between 1995 and 2001, thermal protection was upgraded on 18 floors of WTC 1, including those on
which the major fires occurred on September 11, 2001, and 13 floors of WTC 2 that did not include the
fire floors. The Port Authority reported that the insulation used in the renovations was CAFCO
BLAZE-SHIELD II.

In July 2000, an engineering consultant to The Port Authority issued a report on the requirements of the
fire resistance of the floor system of the towers. Based on calculations and risk assessment, the consultant
concluded that the structural design had sufficient inherent fire performance to ensure that the fire
condition was never the critical condition with respect to loading allowances. The report recommended
that a 1.3 in. thickness be used for the floor trusses.

In December 2000, another condition assessment concluded that the structural insulation in the towers
had an adequate 1 hour rating, considering that all floors were now fitted with sprinklers. The report also
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noted the ongoing Port Authority program to upgrade the fire resistive material thickness to 1%z in. in
order to achieve a 2 hour fire rating.

The Port Authority provided NIST with the records of measurements of SFRM thickness on upgraded
floors in both towers. The average thickness and standard deviation on the main trusses was 2.5 in. £
0.6 in. NIST analysis of several Port Authority photographs from the 1990s of the upgraded 31°* floor of
WTC 1 indicated an average thickness and standard deviation on the main trusses of 1.7 in. £ 0.4 in.
NIST found no statistically significant difference in the average thickness of the upgraded insulation in
the two towers.

Perimeter Columns

In 1966, the contractor responsible for insulating the perimeter columns proposed applying a 1 3/16 in.
thick coating of CAFCO D to the three external faces (Figure 5-6) to achieve a 4 hour rating, which is a
Class 1A rating requirement (1 hour more than Class 1B). NIST found evidence of a technical basis for
this decision. In the construction drawings prepared by the exterior cladding contractor, the following
SFRM thicknesses were specified:

e 7/8in. of vermiculite plaster on the interior face and 1 3/16 in. of CAFCO D on the other
three faces.

e Y in. of vermiculite plaster on the interior surfaces of the spandrels and ¥z in. of CAFCO D
on the exterior surfaces.
1-6
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Figure 5-6. Thermal insulation for perimeter columns.
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Vermiculite plaster had a higher thermal conductivity and thereby increased heat migration from the room
air to the column steel and, thus, could keep the steel temperature at 70 °F when the temperature was 0 °F
outside.

In October 1969, The Port Authority provided the following instructions to the contractor applying the
sprayed fire protection, in order to maintain the Class 1-A Fire Rating of the NYC Building Code:

e 23/16 in. of CAFCO D for columns smaller than 14WF228 and 1 3/16 in. for columns
equal to or greater than 14WF228.

e Y in. covering of CAFCO D for beams, spandrels and bar joists.

NIST’s review of available documents has not uncovered the reasons for selecting CAFCO fire resistive
material or the technical basis for specifying ¥ in. thickness of SFRM for the floor trusses. As with the
trusses, CAFCO DC/F was applied to the perimeter columns above the 38™ floor of WTC 1 and all the
perimeter columns in WTC 2.

Core Columns and Beams
Multiple approaches were used to insulate structural elements in the core:

e Those core columns located in rentable and public spaces, closets, and mechanical shafts
were enclosed in boxes of gypsum wallboard (and thus were inaccessible for inspection).
The amount of the gypsum enclosure in contact with the column varied depending on the
location of the column within the core. SFRM (CAFCO D and DC/F) was applied on those
faces that were not protected by the gypsum enclosure. The thicknesses specified in the
construction documents were 1 3/16 in. for the heavier columns and 2 3/16 in. for the lighter
columns.

o Columns located at the elevator shafts were protected using the same SFRM thicknesses.
They were not enclosed and thus were accessible for routine inspections.

Inspection of the columns within the elevator shaft spaces in 1993 indicated some loss of SFRM
coverage. As a result, new insulation was applied to selected columns within the elevator shaft space.
Information provided to NIST indicated that a different SFRM, Monokote Type 2-106, was used.
Thickness measurements for columns and beams below the 45™ floor indicated average thicknesses of
0.82 in. and 0.97 in., respectively. Information from The Port Authority indicated that the minimum
required thickness of the re-applied SFRM was ¥ in. for the columns and %2 in. for the beams.

NIST was unable to locate information from which to characterize the insulation of the core columns and
beams that were not accessible. Except as noted above, once completed, the core was generally not
inspected. NIST was not able to locate any post-collapse core beams or columns with sufficient
insulation still attached to make pre-collapse thickness measurements.

1 This designation indicates that the column is a 14 in. deep wide flange section and weighs 228 pounds per foot.
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Summary of SFRM on September 11, 2001

Table 5-2 summarizes the types and thicknesses of the SFRMs used in the towers. According to Port
Authority documents, in the upper part of the towers, trusses on floors 92 through 100 and 102 in WTC 1
had upgraded insulation by September 11, 2001. In WTC 2, truss insulation had been upgraded on
floors 77, 78, 85, 88, 89, 92, 96, 97, and 99.

Table 5-2. Types and locations of SFRM on fire floors.

Thickness (in.)

Building Component Material Specified? Installed Alﬁwsaﬁ()j/slir;b
FLOOR SYSTEM
Original
Main trusses and diagonal struts | CAFCO DC/F 0.5 0.75 0.6
Bridging trusses CAFCO DC/F 0.5° 0.38¢ 0.6% 0.3
Upgraded
Main trusses BLAZE-SHIELD Il 15 25 2.2
Main truss diagonal struts BLAZE-SHIELD Il 1.5 25 2.2
Bridging trusses BLAZE-SHIELD II 15 25 2.2
EXTERIOR WALL PANEL
Box columns
Exterior face CAFCO DC/F 13/16 (e) 1.2
Interior face Vermiculite plaster 7/8 (e) 0.8
Spandrels
Exterior face CAFCO DC/F 0.5 (e) 0.5
Interior face Vermiculite plaster 0.5 (e) 0.5
CORE COLUMNS
Wide flange columns
Light CAFCO DC/F 23/16 (e) 2.2
Heavy CAFCO DC/F 13/16 (e) 1.2
Box columns
Light CAFCO DC/F ) (e) 2.20
Heavy CAFCO DC/F ) (e) 1.2@
CORE BEAMS CAFCO DC/F 0.5 (e) 0.5
a. “Specified” means material and thicknesses determined from correspondence among various parties.
b. The analysis is described in Chapter 6.

34

Q oo

Not expressly specified. SFRM was required for the areas where the main trusses ran in both directions (a) and, while not
required, was also applied in the areas where they ran in one direction only (b).

Not able to determine.
Not specified.

NIST NCSTAR 1, WTC Investigation

Thickness assumed equal to wide flange columns of comparable weight per foot.

Analysis of photographs indicated that the thickness was approximately one half that on the main trusses.
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5.7 CONCRETE

Two types of concrete were used for the floors of the WTC towers: lightweight concrete in the tenant
office areas and normal weight concrete in the core area. Because of differences in composition and
weight, the two types of concrete respond differently to elevated temperatures, as shown in Figure 5-7.
While their tensile strengths degrade identically, lightweight concrete retains more of its compressive
strength at higher temperatures.
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Figure 5-7. Temperature—dependent concrete properties.

At ordinary temperatures, the concrete in the WTC floors would have been in compression. As the fires
raged, the floors would have heated and sagged. When the forces due to the sagging exceeded the tensile
strength of the concrete, the concrete would have cracked. At the point the concrete cracked, only the
reinforcing steel and trusses would have been carrying the gravity loads.

5.8 THE TENANT SPACES
5.8.1 General

About 80 percent of the floors had a single tenant. Many of these floors were filled with arrays of
modular office cubicles, their low partitions affording sightlines to the windows, with perhaps an
occasional perimeter conference room or executive office in the way (Figure 1-11). Trading floors
(Figure 1-12) had tables and computers throughout and food service areas to minimize time away from
the non-stop transactions. The remaining 20 percent of the floors were each subdivided among as many
as 25 tenants. Some of the approximately 25 tenants that occupied two or more contiguous floors
installed convenience stairways within their own space.

Certain floors were of special interest to the Investigation. These were the floors on which there was
structural damage from the aircraft and/or on which extensive fires were observed. These floors,
designated as focus floors, and the information the Investigation Team obtained regarding them are
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characterized in Table 5-3. Additional information, obtained from the tenant firms and The Port
Authority, is summarized in the remainder of this chapter.

5.8.2 Walls

The plans for the tenant spaces in WTC 1 showed no interior walls whose sole function was to subdivide
the floors. There were a number of partitioned offices and conference areas. Although NIST was not
able to obtain layout drawings for the fire floors in WTC 2, the verbal descriptions of those floors
indicated similarly open space. The types of interior walls were described in Section 5.3.4.

5.8.3 Flooring

The floors themselves were the tops of the 4 in. thick concrete slabs that were integrated with the ceiling
trusses of the story below. Some tenants had installed slightly raised (6 in.) floors on top of the slab
under which communication cables were run. This was especially true on trading floors. There was a
wide range of floor coverings in use. Inlaid wood and marble were used in some reception areas. Most
commonly, the expanse of the floor was covered with nylon carpet.

5.8.4 Ceilings

There were two different ceiling tile systems originally installed in the towers under Port Authority
specification. The framing for each was hung from the bottom of the floor trusses, resulting in an
apparent room height of 8.6 ft and an above-ceiling height of about 3.4 ft. The tiles in the tenant spaces
were 20 in. square, % in. thick, lay-in pieces on an exposed tee bar grid system. The tiles in the core area
were 12 in. square, % in. thick, mounted in a concealed suspension system. Neither system was specified
to be fire-rated, and it was estimated that in a fire they might provide only 10 min to 15 min of thermal
protection to the trusses before the ceiling frame distorted and the tiles fell. Chemically, the tiles were
similar, and their combustible content, flame spread, and smoke production were all quite low.

5.8.5 Furnishings

The decorating styles of the tower tenants
ranged from simple, modular trading floors to
customized office spaces. The most common
layout of the focus floors was a continuous
open space populated by a large array of
workstations or cubicles (Figure 1-11). The
number of different types of workstations in
the two towers was probably large. However,
discussions with office furniture distributors
and visits to showrooms indicated that, while
there was a broad range of prices and

appearances, the cubicles were fundamentally it JP ;

similar to that shown in Figure 5-8. Source: Reproduced with permission of The Port Authority
of New York and New Jersey.

Figure 5-8. A WTC workstation.
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The workstations were typically 8 ft square, bounded on all four sides by privacy panels, with an entrance
opening in one side only. Within the area defined by the panels was a self-contained workspace: desktop
(almost always a wood product, generally with a laminated finish), file storage, bookshelves, carpeting,
chair, etc. Presumably there were a variety of amounts and locations of paper, both exposed on the work
surfaces and contained within the file cabinets and bookshelves. The cubicles were grouped in clusters or
rows, with up to 215 units on a given floor.

NIST estimated the fuel loading on these floors to have been about 4 Ib/ft? (20 kg/m?), or about 60 tons
per floor. This was somewhat lower than found in prior surveys of office spaces. The small number of
interior walls, and thus the minimal amount of combustible interior finish, and the limited bookshelf
space account for much of the differences.
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Table 5-3. Floors of focus.

Building

Floor

Tenant

Damage®

Fires®

Material
Obtained®

General Description of Tenant Layout

WTC1

92

Carr Futures, empty

Y

FP (Carr), V

93

Marsh & McLennan
(M&M), Fred Alger
Mgmt.

Y

FP,F, V

M&M occupied the south side. Filled with workstations. Demising walls
for the south facade to the edges of the core. Offices along the east side of
the south core wall. Stairwell to the 94™ floor.

94

Marsh & McLennan

FP,F,V

Generally open space filled with workstations. Offices and conference
rooms around most of the perimeter. Stairwell to the 93" floor.

95

Marsh & McLennan

FP,F,V

Generally open space filed with workstations. Offices, conferences and
work areas in exterior corners. Large walled data center along north and
east sides. Two separate stairwells, one to 94" floor, the other to the 96"
and 97" floors.

96

Marsh & McLennan

FP,F,V

Generally open space filled with workstations. Offices at exterior corners
and middle of north and south facades. Some conference rooms on north
and south sides of core. Stairwell connection to 95 and 97" floors.

97

Marsh & McLennan

FP,F,V

Generally open space filled with workstations. Offices at exterior corners
and in the middle of the north facade. Two separate stairwells: one
connected to the 95" and 96" floors, the other connected to the 98™, 99",
and 100" floors.

98

Marsh & McLennan

FP,F,V

Generally open space filled with workstations. Offices at exterior corners
and middle of north and south facades. Some conference rooms on north
and south sides of core. Stairwell connected to the 97", 99", and 100"
floors.

99

Marsh & McLennan

FP,F,V

Open space filled with workstations on the east side and east half of the
north side. Offices at exterior corners and along south and west sides.
Large walled area on west side of north facade. Stairwell connected to the
97", 98", and 100" floors.

100

Marsh & McLennan

FP,F,V

Considerable number of workstations, but more individual offices than the
other floors. Partitioned offices extended the full length of the west wall
and also at other locations along walls and at exterior corners. Stairway
connected to the 97", 98™ and 99" floors.

104

Cantor Fitzgerald

Trading floor. Tables with many monitors.
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Material
Building | Floor Tenant Damage® | Fires® | Obtained® General Description of Tenant Layout
77 Baseline Y Y FP,V Generally open space. Offices along east and west core walls. A few
offices in each exterior corner of the floor.
78 Baseline, 1% Y Y FP,V West side open. Northeast quadrant walled. Offices along south side of
Commercial Bank east core wall. Offices along east side of south facade.
79 Fuji Bank Y Y \Y
80 Fuji Bank Y Y FP,V Generally open space filled with workstations. Offices or conference
rooms at exterior corners and along south half of west facade. Large vault
WTC 2 at southeast corner of core.
81 Fuji Bank Y Y \Y
82 Fuji Bank Y Y V
83 Chuo Mitsui, 1Q Y \ Chuo Mitsui had half the area. Wide open space. No information
Financial regarding 1Q Financial.
84 Eurobrokers Y \% Open floor for trading. Tables rather than workstations. Perimeter offices.
85 Harris Beach Y FP.V Offices around full perimeter. Offices along east, west and south walls of

core.

a. Floors on which the exterior photographs indicated direct damage from the aircraft.
b. Floors on which the exterior photographs indicated extensive or sustained fires.
¢. Types of descriptive material obtained: FP, floor plan; F, documentation of furnishings; V, verbal description of interior.
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Chapter 6
RECONSTRUCTION OF THE COLLAPSES

6.1 APPROACH

The following presents an overview of the methods used to reach the accounts in Part I. The details may
be found in the companion reports to this document, which are indexed in Appendix B.

A substantial effort was directed at establishing the baseline performance of the WTC towers, i.e.,
estimating the expected performance of the towers under normal design loads and conditions. This
enabled meeting the third objective of the Investigation, as listed in the Preface to this report. The
baseline performance analysis also helped to estimate the ability of the towers to withstand the
unexpected events of September 11, 2001. Establishing the baseline performance of the towers began
with the compilation and analysis of the procedures and practices used in the design, construction,
operation, and maintenance of the structural, fire protection, and egress systems of the WTC towers. The
additional components of the performance analysis were:

e The standard fire resistance of the WTC truss-framed floor system,
e The quality and properties of the structural steels used in the towers, and
e The response of the WTC towers to design gravity and wind loads.

The second substantial effort was the simulation of the behavior of each tower on September 11, 2001,
providing the basis for meeting the first and second objectives of the Investigation. This entailed four
modeling steps, each stretching the state of the technology and testing the limits of software tools:

1. The aircraft impact into the tower, the resulting distribution of jet fuel, and the damage to the
structure, partitions, insulation materials, and building contents.

2. The spread of the multifloor fires.
3. The heating of the structural elements by the fires.

4. The response of the damaged and heated building structure, and the progression of structural
component failures leading to the initiation of the collapse of the towers.

For the final analyses, four cases were used, each involving all four of the modeling steps. Case A and
Case B were for WTC 1, with Case B generally involving more severe impact and fire conditions than
Case A. For WTC 2, Case D involved more severe impact and fire conditions than Case C. The results
of the two cases for each tower provided some understanding of the uncertainties in the predictions.

There were substantial uncertainties in the as-built condition of the towers, the interior layout and
furnishings, the aircraft impact, the internal damage to the towers (especially the insulation), the
redistribution of the combustibles, and the response of the building structural components to the heat from
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the fires. To increase confidence in the simulation results, NIST used information from an extensive
collection of photographs and videos of the disaster, eyewitness accounts from inside and outside the
buildings, and laboratory tests involving large fires and the heating of structural components. Further,
NIST applied formal statistical methods to identify those parameters that had the greatest effect on the
model output. These key inputs were then varied to determine whether the results were reasonably
robust.

The combined knowledge from all the gathered data and analyses led to the development of a probable
collapse sequence for each tower,*? the identification of factors that contributed to the collapses, and a list
of factors that could have improved building performance or otherwise mitigated the loss of life.

6.2 DEVELOPMENT OF THE DISASTER TIMELINE

Time was the unifying factor in combining photographic and video information, survivor accounts,
emergency calls from within the towers, and communications among emergency responders. The visual
evidence was the most abundant and the most detailed.

The destruction of the WTC towers was the most heavily photographed disaster in history. The terrorist
attacks occurred in an area that is the national home base of several news organizations and has several
major newspapers. New York City is also a major tourist destination, and visitors often carry cameras to
record their visits. Further, the very height that made the towers accessible to the approaching aircraft
also made them visible to photographers. As a result there were hundreds of both professional and
amateur photographers and videographers present, many equipped with excellent equipment and the
knowledge to use it. These people were in the immediate area, as well as at other locations in New York
and New Jersey.

There was a surprisingly large amount of photographic material shot early, when only WTC 1 was
damaged. By the time WTC 2 was struck, the number of cameras and the diversity of locations had
increased. Following the collapse of WTC 2, the amount of visual material decreased markedly as people
rushed to escape the area and the huge dust clouds generated by the collapse obscured the site. There isa
substantial, but less complete, amount of material covering the period from the tower collapses to the
collapse of WTC 7 late the same afternoon.

There were multiple sources of visual material:

e Recordings of newscasts from September 11 and afterward, documentaries, and other
coverage provided information and also pointed toward other potential sources of material.

o Web sites of the major photographic clearinghouses.

e Local print media.

12 The focus of the Investigation was on the sequence of events from the instant of aircraft impact to the initiation of collapse for
each tower. For brevity in this report, this sequence is referred to as the "probable collapse sequence,"” although it does not
actually include the structural behavior of the tower after the conditions for collapse initiation were reached and collapse
became inevitable.
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e NYPD and FDNY.
o Collections of visual material assembled for charitable or historical purposes.

¢ Individuals’ photographs and videos that began appearing on the World Wide Web as early
as September 11, 2001.

o Responses to public appeals for visual material by the Investigation Team.

Investigation staff contacted each of the sources, requested the material, made arrangements for its
transfer, and addressed copyright and privacy issues. Emphasis was placed on obtaining material in a
form as close as possible to the original in order to maintain as much spatial and timing information as
possible: direct digital copies of digital photographs and videos, high resolution digitized copies of film or
slide photographs, and direct copies from the original source of analog video.

The assembled collection included:

e 6,977 segments of video footage, totaling in excess of 300 hours. The media videos included
both broadcast material and outtakes. Additionally, NIST received videotapes recorded by
more than 20 individuals.

e 6,899 photographs from at least 200 photographers. As with the videos, many of the
photographs were unpublished.

This vast amount of visual material was organized into a searchable database in which each frame was
characterized by a set of attributes: photographer (name and location), time of shot/video, copyright
status, content (including building, face(s), key events (plane strike, fireballs, collapse), the presence of
FDNY or NYPD people or apparatus, and other details, such as falling debris, people, and building
damage).

The development of a time line for fire growth and structural changes in the

WTC buildings required the assignment of times of known accuracy to each The TV network clocks

were quite close to the

video frame and photograph. Images were timed to a single well-defined actual time since they

event. Due to the large number of different views available, the chosen event | were regularly

was the moment the second plane struck WTC 2, established from the time updated from highly
accurate

stamps in the September 11 telecasts. Based on four such video recordings,

the time of the second plane impact was established as 9:02:59 a.m. geopositioning

satellites or the

. . . precise atomic-clock-
Absolute times were then assigned to all frames of all videos that showed the | pased timing signals

second plane strike. By matching photographs and other videos to specific provided by NIST as a
events in these initially assigned videos, the time assignments were extended | Public service.

to visual materials that did not include the primary event. Times were also
cross-matched using additional characteristics, such as the appearance and locations of smoke and fire
plumes, distinct shadows cast on the buildings by these plumes, the occurrence of well-defined events
such as a falling object, and even a clock being recorded in an image. By such a process, it was possible
to place photographs and videos extending over the entire day on a single time line. As the time was
assigned to a particular photograph or video, the uncertainty in the assignment was also logged into the
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database. Inall, 3,032 of the catalogued photographs and 2,673 of the video clips in the databases were
timed with accuracies of + 3 s or better.

This process enabled establishing the times of four major events of September 11, listed in Table 6-1.
The building collapse times were defined to be the point in time when the entire building was first
observed to start to collapse.

Table 6-1. Times for major events on September 11, 2001.

Event Time
First Plane Strike 8:46:30 a.m.
Second Plane Strike 9:02:59 a.m.
Collapse of WTC 2 9:58:59 a.m.
Collapse of WTC 1 10:28:22 a.m.

There were additional sources of timed information. Phone calls from people within the building to
relatives, friends, and 9-1-1 operators conveyed observations of the structural damage and developing
hazards. Communications among the emergency responders and from the building fire command centers
contributed further information about the areas where the external photographers had no access.

6.3 LEARNING FROM THE VISUAL IMAGES

The photographic and video images were rich sources of information on the condition of the buildings
following the aircraft impact, the evolution of the fires, and the deterioration of the structure. To enable
analysis of this information, a shorthand notation (based on the building design drawings) was used to
label the exterior columns and windows of the buildings:

e First, the faces of the towers were numbered in a manner identical to those used in the

original plans:
WTC 1: north: 1 east: 2 south: 3 west: 4
WTC 2: west: 1 north: 2 east: 3 south: 4

e The 59 columns across each tower face were assigned three-digit numbers. Following the
floor number, the first digit was that of the face, and the remaining two digits were assigned
consecutively from right to left as viewed from outside the building. Thus, the fourth column
from the right on the east face of the 81 floor of WTC 1 was labeled 81-204.

o Each of the 58 windows on each floor and tower face was assigned the number of the column
to its right as viewed from the outside of the building and was also identified by its floor.
Thus the rightmost window on the east face of the 94™ floor of WTC 1 was labeled 94-201.

As an example of information that was extracted, Figure 6—1 shows an enhanced image of the east face of
WTC 2. Figure 6-2 expands a section of interest. The amount of detail available is evident. For
instance, large piles of debris are present on the north side of the tower on the 80" and 81 floors, and
locations where fires are visible or where missing windows are easily identified. Many details of each
frame were important in tracking the evolution of the fires and the damage to the buildings.
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Figure 6-1. 9:26:20 a.m. showing the east face of WTC 2.

In each photograph and each video frame, each window was also coded to indicate whether the window
was still in place or not and the extent to which flames and smoke were visible. Color-coded graphics of
the four fagades of the two towers were then constructed. Examples of these graphics were shown in
Chapters 2 and 3.

The results of the visual analysis included:

e The locations of the broken windows, providing information on the source of air to feed the
fires within.

e Observations of the spread of fires.

o Documentation of the location of exterior damage from the aircraft impact and subsequent
structural changes in the buildings.

o |dentification of the presence or absence of significant floor deterioration at the building
perimeter.

e Observations of certain actions by building occupants, such as breaking windows.
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Figure 6-2. Close-up of section of Figure 6-1.

The near-continuous observations of the externally visible fires provided input to the computer
simulations of fire growth and spread. The discrete observations of changes in the displacement of
columns and, to a far lesser degree, floors became validation data for the modeling of the approach to
structural collapse of the towers. Table 6-2 lists the most important observations.

6.4 LEARNING FROM THE RECOVERED STEEL
6.4.1 Collection of Recovered Steel

The Investigation Team had two reasons for obtaining specimens of structural steel from the collapsed
towers. The primary objective was characterizing the quality of the steel and determining its properties
for use in the structural modeling and analysis of the collapse sequences. The second reason was
obtaining information regarding the behavior of the steel in the aircraft impact zone and in areas which
had major fires.

Within weeks of the destruction of the World Trade Center, contractors of the City of New York had
begun cutting up and removing the debris from the site. Members of the FEMA-sponsored and ASCE-led
Building Performance Assessment Team, members of the Structural Engineers Association of New York,
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Table 6-2. Indications of major structural changes up to collapse initiation.

Tower Time (a.m.) Observation

Smoke suddenly expelled on the north face (floors 92, 94, 95 to 98) and west face (92,

10:18 94 to 98).

Inward bowing of perimeter columns on the east side of the south face from floors 94

10:23 to 100; maximum extent: 55 in. = 6 in. at floor 97.

WTC 1

First exterior sign of collapse (downward movement of building exterior).

10:28:22 Tilting of the building section above the impact and fire area to due south as the

o structural collapse initiated. First exterior sign of downward movement of building at
floor 98.

Exterior fireball from the east face of floor 82 and from the north face from floors 79
9:02:59 to 82. The deflagration prior to the fireballs may have caused a significant pressure
pulse to act on floors above and below.

Inward bowing of exterior wall columns on most of the east face from floors 78 to 83;

9:21 maximum extent: 7 in. to 9 in. at floor 80.

First exterior sign of collapse (downward movement of building exterior).

The northeast corner tilted counterclockwise around the base of floor 82. Column
buckling was then seen progressing across the north face and nearly simultaneously on
the east face.

Tilting of the building section above the impact and fire area to the east and south
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 did increase until dust clouds obscured the view.

WTC 2

9:58:59

and Professor A. Astaneh-Asl of the University of California, Berkeley, CA, with support from the
National Science Foundation, had begun work to identify and collect WTC structural steel from the
various recycling yards where the steel was taken during the clean-up effort. The Port Authority also
collected structural steel elements for future exhibits and memorials.

Over a period of about 18 months, 236 pieces of steel were shipped to the NIST campus, starting about
six months before NIST launched its Investigation. These samples ranged in size and complexity from a
nearly complete three-column, three-floor perimeter assembly to bolts and small fragments. Figures 6-3
through 6-5 show some of the recovered steel pieces. Seven of the pieces were from WTC 5. The
remaining 229 samples represented roughly 0.25 percent to 0.5 percent of the 200,000 tons of structural
steel used in the construction of the two towers.

The collection at NIST included samples of all the steel strength levels specified for the construction of
the towers. The locations of all structural steel pieces in WTC 1 and WTC 2 were uniquely identified by
stampings (recessed letters and numbers) and/or painted stencils. NIST was successful in finding and
deciphering these identification markings on many of the perimeter panel sections and core columns, in
many cases using metallurgical characterization to complete missing identifiers. In all, 42 exterior panels
were positively identified: 26 from WTC 1 and 16 from WTC 2. Twelve core columns were positively
identified: eight from WTC 1 and four from WTC 2. Twenty-three pieces were identified as being parts
of trusses, although it was not possible to identify their locations within the buildings.
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B Fractured end
Splice in the| near the 100th
98th floor === floor level |

Souce: NIST.

Figure 6-3. Examples of a WTC 1 core column (left) and truss material (right).

Source: NIST.

Figure 6-4. WTC 1 exterior panel hit by the fuselage of the aircraft.

Overlaying the locations of the specimens with photographs of the building exteriors following the

aircraft impact (for perimeter columns and spandrels) and the extent-of-damage estimates (Section 6.8)
(for core columns) enabled the identification of steel pieces near the impact zones. These included five
specimens of exterior panels from WTC 1 and two specimens of core columns from each of the towers.

6.4.2 Mechanical and Physical Properties

NIST determined the properties of many of the recovered pieces for comparison with the original
purchase requirements, comparison with the quality of steel from the WTC construction era, and input to
the structural models used in the Investigation. Structural steel literature and producers' documents were
used to establish a statistical basis for the variability expected in steel properties.
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The properties of the steel samples tested were
consistent with the specifications called for in the
steel contracts. In particular, the yield strengths of
all samples of the floor trusses were higher than
called for in the original specifications. This was in
part because the truss steels were supplied as a
higher grade than specified. Overall, approximately
87 percent of all perimeter and core column steel
tested exceeded the required minimum yield
strengths specified in design documents. Test data
for the remaining samples were below specifications,
but were within the expected variability and did not
affect the safety of the towers on

September 11, 2001. Furthermore, lower strength
values measured by NIST could be expected due to
(a) differences in test procedures from those used in
the qualifying mill tests and (b) the damaged state of
the samples. The values of other steel properties
were similar to typical construction steels of the
WTC construction era. The limited tests on bolts
indicated that their strengths were greater than the
specified minimum, and they were stronger than
contemporaneous literature would suggest as typical.
The tested welds performed as expected.

ag\ W-DONDTENTER

NIST measured the stress-strain behavior at room
temperature (for modeling baseline performance),
high temperature strength (for modeling structural

response to fire), and at high strain rates (for Source: NIST.
modeling the aircraft impact). Based on data from Figure 6-5. WTC 1 exterior panel hit by
published sources, NIST estimated the thermal the nose of the aircraft.

properties of the steels (specific heat, thermal
conductivity, and coefficient of thermal expansion) for use in the structural modeling of the towers’
response to fire.

6.4.3 Damage Analysis

NIST performed extensive analyses of the recovered steel specimens to determine their damage
characteristics, failure modes, and (for those near the fire zones) fire-related degradation. In some cases,
assessment of enhanced photographic and video images of the towers enabled distinguishing between
damage that occurred prior to the collapse and damage that occurred as a result of the collapse. Because
the only visual evidence was from the outside of the buildings, this differentiation was only possible for
the perimeter panel sections. The observations of fracture and failure behavior, confirmed by an
Investigation contractor, were also used to guide the modeling of the towers' performance during impact
and subsequent fires and to evaluate the model output.
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For two of the five exterior panels from the impact zone of WTC 1, the general shape and appearance of
the recovered pieces matched photographs taken just before the building collapse. Thus, NIST was able
to attribute the observed damage to the aircraft impact. NIST also made determinations regarding the
connections between structural steel elements:

e There was no evidence to indicate that the joining method, weld materials, or welding
procedures were inadequate. Fractures of the columns in areas away from a welded joint
were the result of stretching and thinning. Perimeter columns hit by the plane tended to
fracture along heat-affected zones adjacent to welds.

e The failure mode of spandrel connections varied. At or above the impact zone, bolt hole tear-
out was more common. Below the impact zone, it was more common for the spandrels to be
ripped from the panels. There was no evidence that fire exposure changed these failure
modes.

o The exterior column splices at the mechanical floors, which were welded in addition to being
bolted, generally did not fail. The column splices at the other floors generally failed by bolt
fracture.

e The perimeter truss connectors (or seats) below the impact zone in WTC 1 were
predominantly bent down or torn off completely. Above the impact zone, the seats were as
likely to be bent upward as downward. Core seats could not be categorized since their as-
built locations could not be determined.

o Failure of core columns was a result of both splice connection failures and fracture of the
columns themselves.

Examination of photographs showed that 16 of the exterior panels recovered from WTC 1 were exposed
to fire prior to the building collapse. None of the nine recovered panels from within the fire floors of
WTC 2 were directly exposed to fire. NIST used two methods to estimate the maximum temperatures
that the steel members had reached:

o Observations of paint cracking due to thermal expansion. Of the more than 170 areas
examined on 16 perimeter column panels, only three columns had evidence that the steel
reached temperatures above 250 °C: east face, floor 98, inner web; east face, floor 92, inner
web; and north face, floor 98, floor truss connector. Only two core column specimens had
sufficient paint remaining to make such an analysis, and their temperatures did not reach
250 °C. NIST did not generalize these results, since the examined columns represented only
3 percent of the perimeter columns and 1 percent of the core columns from the fire floors.

e Observations of the microstructure of the steel. High temperature excursions, such as due to
a fire, can alter the basic structure of the steel and its mechanical properties. Using
metallographic analysis, NIST determined that there was no evidence that any of the samples
had reached temperatures above 600 °C.
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These results were for a very small fraction of the steel in the impact and fire zones. Nonetheless, these
analyses indicated some zones within WTC 1 where the computer simulations should not, and did not,
predict highly elevated steel temperatures.

6.5 INFORMATION GAINED FROM OTHER WTC FIRES

There had been numerous fires in the towers prior to September 11, 2001. From these, the Investigation
Team learned what size fire WTC 1 and WTC 2 had withstood and how the tower occupants and the
responders functioned in emergencies. While The Port Authority's records of prior fires were lost in the
collapses, FDNY provided reports on 342 fires that had occurred between 1970 and 2001.

Most of these fires were small, and occupants extinguished many of them before FDNY arrival. Forty-
seven of these fires activated one to three sprinklers and/or required a standpipe hose for suppression.
Only two of the fires required the evacuation of hundreds of people. There were no injuries or loss of life
in any of these fires, and the interruptions to operations within the towers were local.

A major fire occurred in WTC 1 on February 13, 1975, before the installation of the sprinkler system. A
furniture fire started in an executive office in the north end of an 11" floor office suite in the southeast
corner of the building. The fire spread south and west along corridors and entered a file room. The fire
flashed over, broke seven windows, and spread to adjacent offices north and south. The air conditioning
system turned on, pulling air into the return air ducts. Telephone cables in the vertical shafts were
ignited, destroying the fire-retarded wood paneling on the closet doors. The fire emerged on the 12" and
13" floors, but there was little nearby that was combustible. The fire also extended vertically from the 9™
to the 19" floors within the telephone closet. Eventually the fire was confined to 9,000 ft* of one floor,
about one-fourth of the total floor area. The trusses and columns in this area had been sprayed with
CAFCO D insulation to a specified % in. thickness. Four trusses were slightly distorted, but the structure
was not threatened.

Only one major fire incident resulted in a whole-building evacuation. At 12:18 p.m. on February 26,
1993, terrorists exploded a bomb in the second basement underground parking garage in the WTC
complex. The blast immediately killed six people and caused an estimated $300 million in damage. An
intense fire followed and, although the flames were confined to the subterranean levels, the smoke spread
into four of the seven buildings in the WTC complex. Most of the estimated 150,000 occupants
evacuated the buildings, including approximately 50,000 from the affected towers. In all, 1,042 people
were injured in the incident, including 15 who received blast-related injuries. The evacuation of the
towers took over 4 hours. The incident response involved more than 700 firefighters (approximately

45 percent of FDNY’s on-duty personnel at the time).

In addition, there was a fire on the 104" floor of WTC 1 on September 11, 2001, that apparently did not
contribute to the eventual collapse, yet was quite severe. At 10:01 a.m., flames were first observed on the
west face, and by 10:07 a.m., intense flames were emanating from several windows in the southern third
of that face. The fire raged until the building collapsed at 10:28 a.m. Thus, the tower structure was able
to withstand a sizable fire for about 20 min, presumably with the ceiling tile system heavily damaged and
the truss system exposed to the flames. The 104" floor was well above the aircraft impact zone, so there
should have been little damage to the insulation, which was the same (Table 5-3) as on the floors where
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the fires led to the onset of the collapse. The photographic evidence showed no signs of column bowing
or a floor collapse.

6.6 THE BUILDING STRUCTURAL MODELS
6.6.1 Computer Simulation Software
Structural modeling of each tower was required in order to:

o Establish the capability of the building, as designed, to support the gravity loads and to resist
wind forces;

e Simulate the effects of the aircraft impacts;

e Reconstruct the mechanics of the aircraft impact damage, fire-induced heating, and the
progression of local failures that led to the building collapse.

The varied demands made different models necessary, and different software packages were used for each
of these three functions. The reason for the choice in each case is presented in the next three sections of
the report.

6.6.2 The Reference Models

Under contract to NIST, Leslie E. Robertson Associates (LERA) constructed a global reference model of
each tower using the SAP2000, version 8, software. SAP2000 is a software package for performing finite
element calculations for the analysis and design of building structures. These global, three-dimensional
models encompassed the 110 stories above grade and the 6 subterranean levels. The models included
primary structural components in the towers, resulting in tens of thousands of computational elements.
The data for these elements came from the original structural drawing books for the towers. These had
been updated through the completion of the buildings and also included most of the subsequent,
significant alterations by both tenants and The Port Authority. LERA also developed reference models of
a truss-framed floor, typical of those in the tenant spaces of the impact and fire regions of the buildings,
and of a beam-framed floor, typical of the mechanical floors.

LERA's work was reviewed by independent experts in light of the firm's earlier involvement in the WTC
design. It was that earlier work, in fact, that made LERA the only source that had the detailed knowledge
of the design, construction, and intended behavior of the towers over their entire 38-year life span. The
accuracy of the four models was checked in two ways:

e The two global models were checked by Skidmore, Owings and Merrill (SOM), also under
contract to NIST, and by NIST staff. This entailed ensuring consistency of the models with
the design documents, and testing the models, e.g., to ensure that the response of the models
to gravity and wind loads was as intended and that the calculated stresses and deformations
under these loads were reasonable.

e The global model of WTC 1 was used to calculate the natural vibration periods of the tower.
These values were then compared to measurements from the tower on eight dates of winds
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ranging from 11.5 mph to 41 mph blowing from at least four different directions. As shown
in Table 6-3, the N-S and E-W values agreed within 5 percent and the torsion values agreed
within 6 percent, both within the combined uncertainty in the measurements and calculations.

e SOM and NIST staff also checked the two floor models for accuracy. These reviews
involved comparison with simple hand calculations of estimated deflections and member
stresses for a simply supported composite truss and beam under gravity loading. For the
composite truss sections, the steel stress results were within 4 percent of those calculated by
SAP2000 for the long-span truss and within 3 percent for the short-span truss. Deflections
for the beams and trusses matched hand calculations to within 5 percent to 15 percent. These
differences were within the combined uncertainty of the methods.

Table 6-3. Measured and calculated natural vibration periods (s) for WTC 1.

Direction of Motion
N-S E-W Torsion
Average of Measured Data 114 10.6 4.9
Original Predicted Values 11.9 10.4 -
Reference Global Model Predictions 114 10.7 5.2

The few discrepancies between the developed mode