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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 Age(FEMA) and the American Society of Civil Engineers began
planning a building performance study of the disastére week of October 7, as soon as the rescue and
search efforts ceased, the BuildingfBenance Study Team went to the site and began its assessment.
This was to be a brief effort, as the study teamistat of experts who largely volunteered their time

away from their other professional commitmentse Building Performance Study Team issued its

report in May 2002, fulfilling its godto determine probable failure memhisms and to identify areas of
future investigation that could le&d practical measures for improvingetlamage resistance of buildings
against such unforeseen events.”

On August 21, 2002, with funding from the U&ngress through FEMA, the National Institute of
Standards and Technology (NIST) announced its imgjldnd fire safety investigation of the WTC
disaster. On October 1, 2002, the National Caotitn Safety Team Ac¢Public Law 107-231), was
signed into law. (A copy of the Public Law ixinded in Appendix A). The NIST WTC Investigation
was conducted under the authority of Megional Construction Safety Team Act.
The goals of the investigation of the WTC disaster were:
X To investigate the building construction, thetenels used, and the technical conditions that
contributed to the outcome of the WTC disaster.
X To serve as the basis for:
Improvements in the way buildings are dgsid, constructed, maintained, and used,;
Improved tools and guidance for industry and safety officials;
Recommended revisions to current esdstandards, and practices; and

Improved public safety.
The specific objectives were:
1. Determine why and how WTC 1 and WTC 2 cp#lad following the initial impacts of the

aircraft and why and how WTC 7 collapsed;

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

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

4. ldentify, as specifically as possible, areas imext 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. The purpose of NIST
investigations is to improve the safety and structimtalrity of buildings in the United States, and the
focus is on fact finding. NIST investigative temare authorized to assess building performance and

emergency response and evacuation

procedures in Keeoivany building failure that has resulted in

substantial loss of life or that posed significant po&éati substantial loss of life. NIST does not have
the statutory authority to make findings of fault negligence by individuals or organizations. Further,
no part of any report resulting from a NIST investigatinto a building failure or from an investigation
under the National Construction Saféiigam Act may be used in any suit or action for damages arising
out of any matter mentioned in such ref@f USC 281a, as amended by Public Law 107-231).

Organization of the Investigation

The National Construction Safety Team for thisdstgation, appointed by the then NIST Director,

Dr. Arden L. Bement, Jr., was led by

Dr. S. Shy@under. 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 prsgttor expert.

interdependent projects whose leade

The Investigation included e
rs comprisectthainder of the team. A detailed description of

ight

each of these eight projects is available at http://stcgov. The purpose of each project is summarized

in Table P-1, and the key technical c

omponents are illustrated in Fig. P-1.

Table P—1. Federal building and fire safety investigation of the WTC disaster.

Technical Area and Project Leader

Project Purpose

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

Document and analyze the code ps@mns, procedures, and practig
wused in the design, construction, operation, and maintenance of
structural, passive fire prttion, and emergency access and
evacuation systems of WTC 1, 2, and 7.

es
the

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

Analyze the baseline performance of WTC 1 and WTC 2 under
ctdesign, service, and abnormal loads, and aircraft impact damags
the structural, fire protéion, and egress systems.

2elp

Mechanical and Metalhgical Analysis of
Structural Steel; Project Leader: Dr. Fra
W. Gayle

Determine and analyze the mecltahiand metallurgical properties
n&nd quality of steel, weldments, and connections from steel
recovered from WTC 1, 2, and 7.

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

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

Reconstruction of Thermal and Tenabili
Environment; Project Leader: Dr. Richa
G. Gann

yReconstruct the time-evolving temperature, thermal environmen
dand smoke movement in WTC 1, 2, and 7 for use in evaluating t
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. Térese P. McAllister

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

e of

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

those who survived and those who did not, and the performanceg
the evacuation system.

Analyze the behavior and fate of occupants and responders, both

of

Emergency Response Technologies an
Guidelines; Project éader: Mr. J. Randa

d Document the activities of the emergency responders from the ti
| of the terrorist attacks on WTC 1 and WTC 2 until the collapse o

me
f

Lawson

WTC 7, including practices followed and technologies used.

XXXil
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NIST WTC Investigation Projects

Video/
Photograp hic
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Oral History Data
Emergency
Response

Records

Recovered
Structural Steel

Figure P—1. Technical components of the federal building and fire safety
investigation of the WTC disaster.

National Construction Safety Team Advisory Committee

The NIST Director also established an advisomygittee as mandated under the National Construction
Safety Team Act. The initial members of the commitivere appointed following a public solicitation.
These were, with their terms in parentheses:

x Paul Fitzgerald, Executive Vice President (est)r FM Global, National Construction Safety
Team Advisory Committee Chair (2002-2009)

x John Barsom, President, Bars@uonsulting, Ltd. (2002-2011).

x John Bryan, Professor Emeritus, University of Maryland (2002)

x David Collins, President, The Preview Group, Inc. (2002-2010)

x Glenn Corbett, Professor, John Jay College of Criminal Justice (2002- )

x Philip DiNenno, President, Hughes Associates, Inc.(2002- )
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X Robert Hanson, Professor Emeritus, University of Michigan (2002-2009)

x Charles Thornton, Co-Chairman and Managirigddpal, The Thornton-Tomasetti Group, Inc.
(2002-2011)

x Kathleen Tierney, Director, Natural HazardssRarch and Applications Information Center,
University of Colorado at Boulder (2002- )

x Forman Williams, Director, Center for Energgsearch, University of California at San Diego
(2002-2011)

This National Construction Safety Team Advis@€ommittee provided technical advice during the
Investigation and commentary on drafts of the Ingasibn reports prior to their public release. NIST
has benefited from the work of many people ingheparation of these reports, including the National
Construction Safety Team Advisory Committééhe content of the reports and recommendations,
however, are solely the responsibility of NIST.

Public Outreach

During the course of this Investigation, NIST held lpubriefings and meetingdisted in Table P-2) to
solicit input from the public, present preliminargdings, and obtain comments on the direction and
progress of the Investigation from theblic and the Advisory Committee.

NIST maintained a publicly accessible Web site duringlthisstigation at http://te.nist.gov. The site
contained extensive information on treckground and progress of the Investigation.

NIST's WTC Public-Private Response Plan

The collapse of the WTC buildings has led to bresakamination of how tall buildings are designed,
constructed, maintained, and used, especially withrdegamajor events such as fires, natural disasters,
and terrorist attacks. Reflecting the enhancedastan effecting necessary change, NIST, with support
from Congress and the Administration, has put acela program, the goal of which is to develop and
implement the standards, technology, and practieedad for cost-effective improvements to the safety
and security of buildings and building occupantsluding evacuation, emergency response procedures,
and threat mitigation.
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Table P—2. Public meetings and briefings of the WTC Investigation.

Date Location Principal Agenda
June 24, 2002 New York City, NY Public meeting: Public comments on the Draft Plan for the
pending WTC Investigation.
August 21, 2002 Gaithersburg, MD Media briefing announcing the formal start of the Investigafion.

December 9, 2002 Washington, DC | Media briefing on release of the Public Update and NIST reqliest
for photographs and videos.

April 8, 2003 New York City, NY | Joint public forum with Columbia University on first-person
interviews.

April 29-30, 2003 Gaithersburg, MD | NCST Advisory Committee meeting on plan for and progress|on
WTC Investigation with a public comment session.

May 7, 2003 New York City, NY| Media briefing on release of May 2003 Progress Report.

August 26-27, 2003 | Gaithersburg, MD| NCST Advisory Committee meeting on status of the WTC
investigation with a public comment session.

September 17, 2003 New York City, N)YMedia and public briefing on initiation of first-person data
collection projects.

December 2-3, 2003, Gaithersburg, MD | NCST Advisory Committee meeting on status and initial results
and release of the Public Updatéh a public comment session

February 12, 2004 New York City, NY Public meeting on progress and preliminary findings with public
comments on issues to be considered in formulating final
recommendations.

June 18, 2004 New York City, N Media/public briefing on release of June 2004 Progress Report.

June 22-23, 2004 Gaithersburg, MO 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 fireesistance test of WTC floor
system at Underwriters Laboratories, Inc.

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

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

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

=

June 23, 2005 New York City, NY Media and public briefing on redse of all drafteports for the
WTC towers and draft recommetigas for public comment.

September 12-13, | Gaithersburg, MD | NCST Advisory Committee meeting on disposition of public

2005 comments and update to draft reports for the WTC towers.
September 13-15, | Gaithersburg, MD | WTC Technical Conference fgtakeholders and technical
2005 community for dissemination of findings and recommendations

and opportunity for the public to make technical comments.

December 14, 2006 Teleconference | NCST Advisory Committee meeting on status of WTC 7
investigation and draft annual report to Congress, with a publ|c
comment session.

December 16, 2007 Teleconference | NCST Advisory Committee meeting on status of WTC 7
investigation and draft annual report to Congress, with a publjc
comment session.
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The strategy to meet this goal is a three-part, NEIT public-private response program that includes:

x 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.

X A research and development (R&D) programnga) facilitate the implementation of
recommendations resulting from the WTC Investmyatiand (b) provide the technical basis for
cost-effective improvements to national buildingl dine codes, standards, and practices that
enhance the safety of buildings, theécupants, and eengency responders.

X 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, @esaesulting from the WTC Investigation and the
R&D program, and (b) provide practical guidameel tools to better prepare facility owners,
contractors, architects, engineers, emergen@oreters, and regulatory authorities to respond to
future disasters.

The desired outcomes are to make buildings, occapant first responders safer in future disaster
events.

National Construction Safety Team Reports on the WTC Investigation

This report documents the Investigation findinggareing WTC 7 and the techniques and technologies

by which these technical results were achieved. A summary report appears as NIST NCSTAR 1A, and a
support document, NIST NCSTAR 1-9A, presents thkrteal details of the WTC 7 collapse analysis.

The titles of the full set of Investigation publications are:

NIST (National Institute of Stadards and Technology). 200Bederal Building and Fire Safety
Investigation of the World Trade Center Disasteinal Report on the Collapse of the World Trade
Center Towers.NIST NCSTAR 1. Gaithersburg, MD, September.

NIST (National Institute of Stadards and Technology). 200Bederal Building and Fire Safety
Investigation of the World Trade Center Disasteénal Report on the Collapse of World Trade Center
Building 7. NIST NCSTAR 1A. Gaithersburg, MD, October.

Lew, H. S., R. W. Bukowski, and N. J. Carino. 20@&deral Building and Fire Safety Investigation of
the World Trade Center Disaster: Design, Constiuttiand Maintenance of Structural and Life Safety
SystemsNIST NCSTAR 1-1. National Institute 8tandards and Technology. Gaithersburg, MD,
September.

Fanella, D. A., A. T. Derecho, and S. K. Ghosh. 2@@sleral Building and Fire Safety

Investigation of the World Trade Center Disaster: Design and Construction of Structural Systems.
NIST NCSTAR 1-1A. National Institute of &dards and Technology. Gaithersburg, MD,
September.
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Ghosh, S. K., and X. Liang. 2005ederal Building and Fire Safety Investigation of the World
Trade Center Disaster: Comparison of Building Code Structural Requiremisifss.
NCSTAR 1-1B. National Institute of Standarawlalechnology. Gaithdosirg, MD, September.

Fanella, D. A., A. T. Derecho, and S. K. Ghosh. 20®&deral Building and Fire Safety
Investigation of the World Trade Center Disastdiaintenance and Modifications to Structural
SystemsNIST NCSTAR 1-1C. National Institute 8tandards and Technology. Gaithersburg,
MD, September.

Grill, R. A., and D. A. Johnson. 200%ederal Building and Fire Safety Investigation of the World
Trade Center Disaster: Fire Protection and LBafety Provisions Applied to the Design and
Construction of World Trade Center 1, 2, andnd Post-Construction Provisions Applied after
Occupancy NIST NCSTAR 1-1D. National Institute 8tandards and Technology. Gaithersburg,
MD, September.

Razza, J. C., and R. A. Grill. 200bederal Building and Fire Safety Investigation of the World
Trade Center Disaster: Comparison of Codes, Sdatgl and Practices in Use at the Time of the
Design and Construction of World Trade Center 1, 2, an8ilIST NCSTAR 1-1E. National
Institute of Standards and Technglogsaithersburg, MD, September.

Grill, R. A., D. A. Johnson, and D. A. Fanella. 200deral Building and Fire Safety
Investigation of the World Trade Center Disast&amparison of the 1968 and Current (2003) New
York City Building Code ProvisiondNIST NCSTAR 1-1F. Nationahstitute of Standards and
Technology. Gaithersburg, MD, September.

Grill, R. A., and D. A. Johnson. 200Bederal Building and Fire Safety Investigation of the World
Trade Center Disaster: Amendments to the Firet&stion and Life Safety Provisions of the New
York City Building Code by Local Laws Adopwtile World Trade Center 1, 2, and 7 Were in
Use NIST NCSTAR 1-1G. National Institute ofeBidards and Technology. Gaithersburg, MD,
September.

Grill, R. A., and D. A. Johnson. 200Bederal Building and Fire Safety Investigation of the World
Trade Center Disaster: Post-Construction Modifioas to Fire Protection and Life Safety Systems
of World Trade Center 1 and NIST NCSTAR 1-1H. National Institute of Standards and
Technology. Gaithersburg, MD, September.

Grill, R. A., D. A. Johnson, and D. A. Fanella. 20BBderal Building and Fire Safety Investigation
of the World Trade Center Disaster: Post-Constion Modifications to Fire Protection, Life
Safety, and Structural Systems of World Trade Cent®I3T NCSTAR 1-11. National Institute of
Standards and Technology. Gaithersburg, MD, September.

Grill, R. A., and D. A. Johnson. 200Bederal Building and Fire Safety Investigation of the World
Trade Center Disaster: Design, Installation, andefgiion of Fuel System for Emergency Power in
World Trade Center.7NIST NCSTAR 1-1J. National Institsof Standards and Technology.
Gaithersburg, MD, September.
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Sadek, F. 2005Federal Building and Fire Safety Investigatiof 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 8tandards and Technology. Gaithersburg, MD,
September.

Faschan, W. J., and R. B. Garlock. 206®deral Building and Fire Safety Investigation of the
World Trade Center Disaster: Reference Struatdodels and Baseline Performance Analysis of
the World Trade Center Tower®IST NCSTAR 1-2A. Natiordnstitute 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. Navarro2005. Federal Building and Fire Safety Investigation of the World Trade
Center Disaster: Analysis of Aircraft Impacts into the World Trade Center TONIST,

NCSTAR 1-2B. National Institute of Standardelalechnology. Gaithdrsirg, MD, September.

Gayle, F. W., R. J. Fields, W. E. Luecke, S. W. Banorl. Foecke, C. N. McCowan, T. A. Siewert, and
J. D. McColskey. 2005Federal Building and Fire Safety Investigation of the World Trade Center
Disaster: Mechanical and Metallurgical Analysis of Structural St&dIST NCSTAR 1-3. National
Institute of Standards and Technglogzaithersburg, MD, September.

Luecke, W. E., T. A. Siewert, and F. W. Gayle. 20BBderal Building and Fire Safety
Investigation of the World Trade Center Disaster. Contemporaneous Structural Steel
Specifications.NIST Special Publication 1-3A. Natidrlastitute of Standards and Technology.
Gaithersburg, MD, September.

Banovic, S. W. 2005Federal Building and Fire Safety Investigation of the World Trade Center
Disaster: Steel Inventory and IdentificatiohllIST NCSTAR 1-3B. National Institute of Standards
and Technology. Gaithersburg, MD, September.

Banovic, S. W., and T. Foecke. 20@ederal Building and Fire Safety Investigation of the World
Trade Center Disaster: Damage and Failure Modes of Structural Steel Compohd8iE.
NCSTAR 1-3C. National Institute of Standardsla echnology. Gaithdosirg, MD, September.

Luecke, W. E., J. D. McColskey, C. N. McCaw&. W. Banovic, R. J. Fields, T. Foecke,

T. A. Siewert, and F. W. Gayle. 200bederal Building and Fire Safety Investigation of the World
Trade Center Disaster: Mechanical Properties of Structural StdélST NCSTAR 1-3D.

National Institute of Standards and Teclugyl. Gaithersburg, MD, September.

Banovic, S. W., C. N. McCowan, and W. E. Luecke. 200&deral Building and Fire Safety
Investigation of the World Trade Center Disaster: Physical Properties of Structural SW&[E.
NCSTAR 1-3E. National Institute of Standarasl& echnology. Gaithdbsrg, MD, September.

Evans, D. D., R. D. Peacock, E. D. Kuligowsk, S. Dols, and W. L. Grosshandler. 200=®deral
Building and Fire Safety Investigation of the VWoflrade Center Disaster: Active Fire Protection
SystemsNIST NCSTAR 1-4. National Institute &tandards and Technology. Gaithersburg, MD,
September.
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Kuligowski, E. D., D. D. Evans, and R. D. Peacock. 20®&deral Building and Fire Safety
Investigation of the World Trade Center Disasteast-Construction Fires Prior to September 11,
2001. NIST NCSTAR 1-4A. National Institute of &@tdards and Technology. Gaithersburg, MD,
September.

Hopkins, M., J. Schoenrock, and E. Budnick. 20B&deral Building and Fire Safety Investigation
of the World Trade Center Disaster: Fire Suppression Syst&t&ST NCSTAR 1-4B. National
Institute of Standards and Technologsaithersburg, MD, September.

Keough, R. J., and R. A. Grill. 200%ederal Building and Fire Safety Investigation of the World
Trade Center Disaster: Fire Alarm SystendlST NCSTAR 1-4C. National Institute of Standards
and Technology. Gaithersburg, MD, September.

Ferreira, M. J., and S. M. Strege. 20@®deral Building and Fire Safety Investigation of the
World Trade Center Disaster: Smoke Management Systdih$3. NCSTAR 1-4D. National
Institute of Standards and Technglogsaithersburg, MD, September.

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

W. M. Pitts, and K. R. Prasad. 200Bederal Building and Fire Safety Investigation of the World Trade
Center Disaster: Reconstruction of the Fires in the World Trade Center ToWN&83. NCSTAR 1-5.
National Institute of Standards and haology. Gaithersburg, MD, September.

Pitts, W. M., K. M. Butler, and V. Junker. 200Bederal 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 &tdards and Technology. Gaithersburg, MD,
September.

Hamins, A., A. Maranghides, K. B. McGrattdh, Johnsson, T. J. Ohlemiller, M. Donnelly,

J. Yang, G. Mulholland, K. R. Prasad, S. KukuR. Anleitner and T. McAllister. 200%-ederal
Building and Fire Safety Investigation of the World Trade Center Disaster: Experiments and
Modeling of Structural Steel Elements Exposed to ANEST NCSTAR 1-5B. National Institute of
Standards and Technology. Gaithersburg, MD, September.

Ohlemiller, T. J., G. W. Mulholland, A. Maranglgs, J. J. Filliben, and R. G. Gann. 208&deral
Building and Fire Safety Investigation of the \Woflrade Center Disaster: Fire Tests of Single
Office WorkstationsNIST NCSTAR 1-5C. National Institei of Standards and Technology.
Gaithersburg, MD, September.

Gann, R. G., M. A. Riley, J. M. Repp, A. S. Wtthker, 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 ShockdIST NCSTAR 1-5D. Nationdhstitute of Standards and
Technology. Gaithersburg, MD, September.

Hamins, A., A. Maranghides, K. B. McGrattan,J. Ohlemiller, and R. Anleitner. 200=ederal
Building and Fire Safety Investigation of the World Trade Center Disaster: Experiments and
Modeling of Multiple Workstatins Burning in a CompartmenhIST NCSTAR 1-5E. National
Institute of Standards and Technolodgsaithersburg, MD, September.

NIST NCSTAR 1-9, WTC Investigation XXXiX



Preface Draft for Public Comment

McGrattan, K. B., C. Bouldin, and G. Forney. 20@%deral Building and Fire Safety
Investigation of the World Trade Center Disast&aomputer Simulation of the Fires in the World
Trade Center TowersNIST NCSTAR 1-5F. National Institei of Standards and Technology.
Gaithersburg, MD, September.

Prasad, K. R., and H. R. Baum. 20BBderal Building and Fire Safety Investigation of the World
Trade Center Disaster: Fire Structure Intecaand Thermal Response of the World Trade Center
Towers. NIST NCSTAR 1-5G. National Institute 8tandards and Technology. Gaithersburg,
MD, September.

Gross, J. L., and T. McAllister. 200%-ederal Building and Fire Safety Investigation of the World Trade
Center Disaster: Structural Fire Response and Prédb&pllapse Sequence of the World Trade Center
Towers. NIST NCSTAR 1-6. National Institute 8tandards and Technology. Gaithersburg, MD,
September.

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

Gross, J., F. Hervey, M. Izydorek, J. Mammoser, and J. Treadway. B8@&ral Building and

Fire Safety Investigation of the World Trade Cemeyaster: Fire Resistance Tests of Floor Truss
SystemsNIST NCSTAR 1-6B. National Institute &tandards and Technology. Gaithersburg,
MD, September.

Zarghamee, M. S., S. Bolourchi, D. W. Eggers, O. O. Erbay, 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, Connection, and Subsystem Structural AnaliS§3. NCSTAR 1-6C.

National Institute of Standards and Teclugyl. Gaithersburg, MD, September.

Zarghamee, M. S., Y. Kitane, O. O. ErbayPT McAllister, and J. L. Gross. 200Bederal
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 andiEire.
NCSTAR 1-6D. National Institute of Standardslal echnology. Gaitheébsirg, MD, September.

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

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

x|

Fahy, R., and G. Proulx. 200%ederal Building and Fire Safety Investigation of the World Trade
Center Disaster: Analysis of Published Aaats of the World Trade Center EvacuatioflST
NCSTAR 1-7A. National Institute of Standamisd Technology. Gaithdyarg, MD, September.

Zmud, J. 2005Federal Building and Fire Safety Investigation of the World Trade Center
Disaster: Technical Documentation for Survey AdministratiNiST NCSTAR 1-7B. National
Institute of Standards and Techngloaithersburg, MD, September.
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Lawson, J. R., and R. L. Vettori. 2006ederal Building and Fire Safety Investigation of the World
Trade Center Disaster: The Emergency Response OperatilsS. NCSTAR 1-8. National Institute of
Standards and Technology. Gaithersburg, MD, September.

McAllister, T., R. G. Gann, J. D. Averill, J. Gross, W. L. Grosshandler, J. R. Lawson, K. B.
McGrattan, H. E. Nelson, W. M. Pitt&. R. Prasad, F. H. Sadek. 2008deral Building and Fire
Safety Investigation of the World Trade Center Disaster: Structural Fire Response and Probable
Collapse Sequence of World Trade Center BuildingllST NCSTAR 1-9. National Institute of
Standards and Technology. Gaithersburg, MD, October.

MacNeill, R., S. Kirkpatrick, B. Petesg, and R. Bocchieri, 2008. Federal Binlgland Fire Safety
Investigation of the World Trade Center Disasterol&l Structural Analysis of the Response of World
Trade Center Building 7 tBires and Debris Impact DamagRIST NCSTAR 1-9A. National Institute of
Standards and Technology, Gaithersburg, MD, October.
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Chapter 1
INTRODUCTION

11 PROJECT OBJECTIVES

On September 11, 2001, at 8:46:30 a.m. EDT, five hijackers flew American Airlines Flight 11 (AA 11), a
Boeing 767-200ER aircraft, into the north face of World Trade Center (WTC) 1 at a speed of about 440
mph. At 9:02:59 a.m., five other hijackers flew United Airlines Flight 175, also a Boeing 767-200ER, into
the south face of WTC 2 at about 540 mph. The airargficts did considerable damage to the structure

of the towers, but the towers remained standiing. impacts also triggered fires on multiple floors
simultaneously. Such fires further weakened thecgiral systems of WTC 1 and WTC 2 and led to the
collapse of both towers. WTC 2 collapsed first at 9:58:59 a.m. EDT, followed by the collapse of WTC 1
at 10:28:22 a.m. EDT.

The collapse of WTC 1 caused structural damage to WTC 7, a 47 story building to the north of the WTC
complex. Damage to WTC 7 included severed extexatrmns on the lower floors. The collapse of WTC

1 also resulted in initiation of fires on at le&6tfloors of WTC 7, extensive window breakage on the

south face of WTC 7; and loss of city water that siggipthe automatic sprinkler system in the lower zone

of WTC 7. After nearly seven hours of burning, WTC 7 collapsed at 5:20:52 p.m. EDT.

A principal part of the National Institute of Standsand Technology (NIST) investigation of the WTC
disaster was the examination of the WTC€olapse. The specific objectives were to:

1. Determine why and how WTC 7 collapsed;

2. Determine all technical aspects of fire giton, occupant behavior, evacuation, and
emergency response;

3. Determine what procedures and practices wseal in the design, construction, operation,
and maintenance of WTC 7; and

4. ldentify, as specifically as possible, areas imext building and fire codes, standards, and
practices that warrant revision.

This report describes the technical effort to meesehobjectives. Much of the material developed to
address Objective 3 and some of Objective 2dpmmbared in the NIST NCSTAR WTC reports published

in September 2005. Relevant content is summarizedsimgport, with references to the prior reports for
those seeking more detail. NIST NCSTAR 1A is a summary report of the sequence of events at WTC 7
on September 11, 2001, the findings of the Itigation, and the NIST recommendations. Additional
details on the collapse analysis appear in NIST NCSTAR 1-9A.
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1.2 TECHNICAL APPROACH

121 Data Gathering

Similar to the investigation into the collapse of tWTC towers, data for WTC 7 were collected from a
number of sources and reviewed. Such data includedmation about the structural geometry, details,
and connections; the thickss and condition of the passive fire protection in the building; and recorded
observations of debris impact damage and fireapsubsequent to collapse of the WTC towers.
Information about the building construction wasadhéd from original drawings and specifications,
reports, and available records from The Port Autha@f New York and New Jersey (PANYNJ or Port
Authority), Silverstein Properties (SP), and a number of contractors that had worked on the design,
construction, or modifications to WTC 7. The downts obtained included erection and fabrication shop
drawings of the building, which provided detailetbimation about the floor and column connections.
Additional information and documentsgarding the layout of the building interior were obtained from
WTC 7 tenants. Interviews with emergency responidad building officials provided accounts of the
human activity inside the building and around the WTC site. A large number of photographic and
videographic records were acquired, enabling extracfidine details of the damage to and fire in the
building. While not as plentiful ake imagery for the WTC towers,&gWTC 7 evidence was sufficient to
guide the reconstruction of the day's events.

Information about the building design and contentseappin Chapters 2, 3, and 4. The photographic and
videographic data are presented in Chapter 5. €& and 7 contain the descriptions of the activities
of the emergency responders and building occupants, respectively.

1.2.2 Reconstruction of the Collapse of WTC 7

The probable WTC 7 collapse sequence developtdsnnvestigation was based on observations from
available evidence (photos, videos, and eyewitness accounts) as well as a series of computer simulations
that modeled the complete sequence of eventsigadithe collapse of WTC 7. The analyses accounted
for the debris-impact damage resudtifrom the collapse of WTC 1, the growth and spread of fires, the
heating and thermal weakening of structural comptse@nd the progression of local structural failures
that led to the collapse of the building. Similathe analyses conducted for the WTC towers, the
analyses of WTC 7 continued to advance the currert stahe art and tested the limits of computational
capabilities. The collapse analysis of WTC 7 hamh¢tude both the failure initiation and propagation
sequences to explain the observed collapse sequ&heeunprecedented complexity and sophistication
of these analyses required the use of various stestégi managing the computational demands, while
adequately capturing the essential physics of the problem.

Figure 1-1 is a flowchart of the analysis sequearteinterdependencies for the reconstruction of the
WTC 7 collapse, which was similar to the analysguence for the WTC towers. However, for the
analysis of WTC 7, the structural analysis was divioko two steps - the structural response to fire and
the structural response to an initial failure event, as@tdd in Figure 1-1. The estimate of debris impact
damage, which was based on visual evidence, isgedvin Chapter 5. Chtgr 8 presents the collapse
hypotheses evaluated for the collapse of WTC 7. fifb@lynamics simulations and the resulting heating
of the structure are presented in Chapters 9 ana4Pectively. The analysid the structural response

to the fire to determine the initial failure eventl{@pse initiation phase) is presented in Chapter 11, and
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the global response of WTC 7 to the initial faileneent (collapse propagation phase) is provided in
Chapter 12. Chapter 13 presentsptabable collapse sequence for WTC 7.

Figure 1-1. WTC 7 analysis sequence and interdependencies.

The analyses performed to determine the probaliipse sequence for WTC 7 considered the response
of the structural system to debris impact damtayaperature-dependent properties of steel and concrete,
growth and spread of the fires, and heating otctiral components. The structural response analyses
relied upon the following information:

X Available architectural, structural, fabricatiomdaerection drawings of the original building and
subsequent building alterations.

x Extent of damage to the building resultingnfrdebris impact from the collapse of the WTC
towers.

X Photographic and videographic records with tgteemps that documented the observed sequence
of events, including fire spread and building collapse.

x Temperature-time histories for structural compusend connections for fires in WTC 7 based
on fire dynamics simulations and thermal finite element analyses.
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X Temperature-dependent mechanical properties of the steels, welds, and bolts used in the
construction of WTC 7, including elés plastic, and creep properties.

X Column loads due to dead and design live loads/shn the design drawings, used to verify the
structural models.

The fire dynamics and thermal analyses were sirtdléhe analyses described in detail in the WTC
towers reports. However, there were some differemcttge analyses, which are briefly described here.

The major fires in WTC 7 were simulated usthg Fire Dynamics Simulator (FDS). The FDS
calculations were similar to those conductedfarC 1 and WTC 2 (NIST NCSTAR 1-5F). There were
far fewer photographs and videosWwTC 7 than of the towers. Thus, the details of the WTC 7 fires were
not as precise as for the fires in the towers. Howelerimagery was sufficient to guide the WTC 7 fire
simulations. Unlike the fire simulations for WTGathd WTC 2, the fire simulations for WTC 7 were
conducted for each floor individually as there werehwious pathways for the flames and heat to pass
from one floor to another, aside from the debris-damaged in the southwest corner of the building. As
described in Chapter 5, sustained and/or lags fivere observed on Floors 7 through 9 and 11 through
13. While use was made of the appearance of flamésvindow breakage in photographs and videos in
formulating the simulations, the Investigation Teaalired that the absolute timing of the simulations
might not align exactly with the timing of the fires 8eptember 11, 2001. In addition, there might have
been concealed, yet major fireslire mechanical space on Floors 5 and 6. Thus, a variety of possible
fires on Floors 5 and 6 were simulated to determihether each would have produced a visible telltale
and whether they would have been severe enougkdken key structural elements on those floors.

The Fire Structure Interface (FSI) was useihripose the gas temperatures from the FDS simulations
(Chapter 10) on the structural components of WTC 7 (Chapter 2) to predict the evolving thermal state of
the building. The FSI created thermal loading datau$e by the structural models that simulated the
collapse of the building (Chapters 11 and 12). Thectiral response of WTC 7, simulated to understand
the collapse initiation mechanism, was performed usiaghermal data. The thermal analysis approach
was similar to that used to simulate the firduced thermal loads on WTC 1 and WTC 2 described in
NCSTAR 1-5G. The temperature data for use in the structural analysis of WTC 7 contained thermal data
sampled at 30 min intervals for a 6 hour period. damh time step, a set of thermal data was generated
that specified the thermal state of the lower 16 asoof the building. Three different thermal response
computations were used, all of which representeshbstic and reasonable range of fire scenarios for

WTC 7 on September 11, 2001. Case A used the temuperdata as obtained from the FDS simulation.
Case B increased the FDS gas temperature by 10 parcdiCase C decreased the FDS gas temperatures
by 10 percent. Given the limited visual evidertbe, Investigation Team estimated, using engineering
judgment, that a 10 percent change was within theerahgncertainty in the extent and intensity of the

fires.

WTC 7 was a large, complex structural system. To include all of the structural components and
connections and their associated behavior and fai@ehanisms using refined finite element meshes
was not possible. The analysis approach usesdawariant of the well-established sub-structuring
approach, adapted for the analysis of structwittshighly nonlinear behaor that progressed from
individual components to major subsystemgltibal systems, as shown in Figure 1-2.
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Component Subsystems Global

%o core columns %0 NE floor section %0 Lower 16-stories

%0 beam-to-girder %o full tenant floor structural response
connections to fire, leading to

%o girder-to-column the initial failure
connections ) ) event
%o 47 story analysis o
the structural
response to the
initial failure event

Detailed nonlinear Nonlinear analyses with Nonlinear analyses to
analyses to determine component behavior and determine global
component behavior and failure mechanism behavior and sequential
failure mechanisms. simplifications to determine failure mechanisms.

major subsystem behavior
and sequential failure
mechanisms.

Figure 1-2. Structural analysis sequence.

Component structural analyses were conducted tdifigenitical behavior and failure mechanisms that
contributed to the global structural response of WTC 7. These component analyses included (1) buckling
of a core column, (2) beam-to-girder connectionder thermal loading, and (3) girder-to-column
connections under thermal loading. Subsystenyaaalwere then performed that incorporated the
behavior and failure mechanisms identified in thegonent studies. The subsystem analyses included
(1) the northeast corner of a typical floor and (2)leténant floor, both under gravity and fire loads.
Modifications were made to reduce the magleé and complexity and enhance computational
performance without adversely affecting the accuaddfe results. Whenever modeling modifications
were used, they were validated against the ddtadenponent model results. The two global analyses
explained above incorporated critical behavior &ildre mechanisms, determined from component and
subsystem analyses, while making necessaryfioations in the level of modeling detail.

Two structural models of WTC 7, including flosystems, exterior walls, and core structure were
developed and executed to understand the respotise bifiilding to debris impact damage and
subsequent fire effects and to develop the collapse hypothesis.

x The first model, an implicit analysis developed using ANSYS, estimated the structural response
to elevated temperatures of the lower 16 storighebuilding, where the fires grew and spread,
until an initial failure event appeared immineshie to thermally-induced structural damage and
failures (Chapter 11). This model accounted for the temperature-dependent behavior of the
structural members and connections in thediffected floors, including thermal expansion,
stiffness and strength degradation at elevegagperatures, and the failure modes of the
connections under fire.
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x The second model, an explicit analysis developed using LS-DYNA, estimated the structural
response of the full 47 story structure to thigahfailure event due to fire (from the 16 story
ANSYS model), and the vertical and horizontaigression of failures that led to global collapse
of WTC 7 (Chapter 12). This model accounfedthe potential for progressive collapse in the
building, including buckling of columns due to lafdateral restraint, dynamic effects associated
with failure progression, and impact of falling flsorThe progressive collapse analysis included
three steps: vertical progression of failure, hamtal progression of failure, and global collapse.

The three thermal response cases (A, B, and C) ugerd in the ANSYS analysis. Based on ANSYS
model results, it became apparent as the analysgsggsed that the sequential failures that were
occurring were essentially at the same locations atidsimilar failure mechanisms. However, as might
be expected, the failures were shifted in time, i.ese@failures occurred at a later time than the same
failures in Case A, and Case A failures occurred dkea figne than Case B failures. As a result, only the
fire-induced damage produced by Case B temperatassarried forward asehnitial condition for the
LS-DYNA analysis (Chapter 12), since the damagruged in the least computational time (about 6
months).

1.3 WTC 7 REPORTS

This report, NIST NCSTAR 1-9, is a detailed technieglort of the investigation and analyses. ltis
written for technical experts in each of the relewdistiplines. The following reports further document
the investigation of the collapse of WTC 7.

NIST NCSTAR 1A is a final summary report of thevéstigation of the collapse of WTC 7, and includes
an accounting for readers who are not experts in edtite afisciplines relevant to the investigation. It
also includes the NIST recommendations to reduce trexigewof the outcome of future mishaps in tall
buildings.

NIST NCSTAR 1-9A is a detailed technical repaofrithe LS-DYNA model development and analyses.
This report is summarized in Chapter 12 of this report.

Previous Investigation reports that docuteenWTC 7 conditions or events include:

NIST NCSTAR 1-1, summarized the design, constomctand maintenance of structural and life safety
systems in WTC 7, as well as the WTC towersldifional details on these subjects for WTC 7 can be
found in the following technical reports:

X NIST NCSTAR 1-1A: Design And Construction Of Structural Systems
X NIST NCSTAR 1-1C: Maintenance andollifications to Structural Systems

X NIST NCSTAR 1-1D: Fire Protection and Ligafety Provisions Applied to the Design and
Construction and Post-constructioro¥sions Applied after Occupancy

X NIST NCSTAR 1-1E: Comparison of Codes, Standards, and Practices in Use at the Time of the
Design and Construction

6 NIST NCSTAR 1-9, WTC Investigation
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x NIST NCSTAR 1-1G: Amendments to the Fire [Bation and Life Safety Provisions of the New
York City Building Code by Local Lawadopted while WTC Buildings Were in Use

X NIST NCSTAR 1-11: Post-construction Modificati® to Fire Protection, Life Safety, and
Structural Systems

X NIST NCSTAR 1-1J: Design, Installation, and Operation of Fuel Systems for Emergency Power

NIST NCSTAR 1-4 summarized the design and instalfatif the active fire protection systems in WTC
7 and a description of the normal operation ofyf@dinctional systems and their potential effect on
controlling the fires on September 2001. Additional details on thesabjects for WTC 7 can be found
in the following technical reports:

X NIST NCSTAR 1-4B: Fire Suppression Systems
X NIST NCSTAR 1-4C: Fire Alarm Systems
X NIST NCSTAR 1-4D: Smoke Management Systems

Chapter 6 of NIST NCSTAR 1-6A provided ttiteermophysical properties for Monokote MK-5, the
gypsum-based sprayed fire-resistive maté8&RM) used to insulate the WTC 7 steel.
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Chapter 2
BUILDING CONSTRUCTION, CODES, AND STANDARDS

2.1 HISTORY OF THE BUILDING

WTC 7 was a 47 story commercial office building lechimmediately to the north of the main WTC
complex. It occupied the block bounded by VeSaget on the south, Barclay Street on the north,
Washington Street on the west, and West Broadway on the east. Located approximately 370 ft (110 m)
from the north side of WTC 1, it was connected ®\MTC complex by a 120 ft wide elevated plaza and

a 22 ft wide pedestrian bridge at tH&f®or level. Its location retive to the WTC Plaza is shown in

Figure 2-1. Completed in 1987, \ET7 contained approximately 2 milliorf fif floor area.

WTC 7 was trapezoidal in plan with dimensions of approximately 329 ft on the longer side, 247 ft on the
shorter side, 144 ft wide, and 610 ft high. Théddug was constructed over a pre-existing electrical
substation owned by Consolidated Edison (Condggis The original @ns for the Con Edison

substation included supporting a high-rise building, and the foundation was sized for the planned
structure. However, the final design for WTC 7 had a larger footprint than originally envisioned and
accommodations were made in the foundation, as téescim Section 2.4.1. Over the years, numerous
structural modifications were made throughout thi&img, mainly to suit its largest tenant, Salomon
Brothers Inc., later to become Salomon Smith Baaraynow Citigroup. One of the more substantial
modifications was the addition of a penthouse, redetoeas the east penthouse, which was used to house
a chiller plant and cooling towers for Salomon BrosheAlso, large portions of Floors 41 and 43 were
removed on the east side of the building to accommodate trading floors for Salomon Brothers. The
removed floor areas were subsequently restoredthidrading activity wamoved to another venue.

Above Floor 7, the building had typical steel framfaghigh-rise construction. The floor systems had
composite construction with stdeams supporting normal weight cogie slabs on metal deck, with a
floor thickness of 5.5 in. The core and exterior oots supported the floor system and carried their loads
to the foundation. The exterior moment frame aésisted wind forces. Many of the columns above
Floor 7 did not align with the foundation columns bsaced frames, transfer trusses, and transfer girders
were used to transfer loads beem these column systems, primarily between Floors 5 and 7. Floors 5
and 7 were heavily reinforced concrete slabsetal deck, with thicknesses of 14 in. and 8 in.,
respectively. A complete description of the structure is given in Section 2.4.

The architectural design was performed by Emory Ro8ons, P.C. The structural engineer of record
was the Office of Irwin G. Cantor, and the medhahengineer was P.C. Syska & Hennessy, P.C.
Tishman Construction Corporation was the general contractor.
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Figure 2-1. WTC complex.
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2.2 BUILDING CODES

Unlike the World Trade Center Towers (WTC 1 &id@C 2), which were developed and owned by The
Port Authority, WTC 7 was developed on land owbgdhe Port Authority, but the building was owned
by Seven World Trade Company and Silverstein Dmpraent Corporation, General Partners. It was
designed and constructed as a “Tenant Alteration Project” of the Port Authority.

When WTC 7 was designed in the mid-1980s, th&819Y C Building Code (NYCBC) with amendments
was in effect. The Project Specifications for WTCssuied in 1984, required that the structural steel be
designed in accordance with the then current NBU@ding Code. The November, 1978 edition of the
Specifications for the Design, Fabrication and Ereatio8tructural Steel for Buildings published by the
American Institute of Steel Construction asitained in the Eighth Edition of the AlS@anual of Steel
Construction(AISC 1980) was the current steel design specification document. A comparison of the
1968 NYCBC with contemporaneous buildiogdes is presented in NIST NCSTAR 1-1E.

The Port Authority develzed a tenant alteration process for any modifications to leased spaced in the
WTC complex to maintain structural integrity anaefsafety. The Tenant Construction Review Manual
contained technical criteria to be used in plahakerations for tenants. The manual included the
applicable standards and review criteria to be bgetthe Port Authority Engineering Department.
Alteration designs were to be completed by depigrfiessionals, and at the completion of the work, as-
built drawings were to be submitted to the Pauthority. Since WTC 7 was built as a “Tenant
Alteration Project,” its design arabnstruction followed the requirements of the 1984 edition of the
Tenant Construction Review Manudbetails of the Tenant Congtition Review Manual are found in
NIST NCSTAR 1-1C.

Although the PANYNJ was not subject to the NYCBC, WTC 7 was intended to be designed in
accordance with the NYCBC and all applicable refiee standards. Based on citations in the
construction documents, the 1968 NYCBC, including ainamnts to January 1, 1985, appears to have
been used for the design and construction provisions of WTC 7.

Based on the height, area, primary occupancy cleasdih, and installation of a fire sprinkler and
standpipe system, the minimum construction tygermitted by the NYCBC) was type 1-C (2 h
protected) classification. However, some documentation, including some building drawings and
specifications for bidders on the contract for fireprodfing structural steel, indicate a Type 1-B (3 h
protected) classification. Chapter 11 in NIST NCSTAR 1-1D gives a summary of fire protection
measures used in WTC 7, which were consistent with a Type 1-C classification.

After the publication of the WTC investigation repdrtsSeptember 2005, documents which contained a

set of measured thicknesses of the sprayed fire-resistaterial (SFRM) used in WTC 7 were obtained.

The SFRM thickness measurements were consistendwifipe 1-B classification, with the exception of

the floor system. A Type 1-B classification required a 3 h fire resistance rating on the columns and a 2 h

The application of sprayed fire-resigtimnaterials (SFRM) is often referred to“fieproofing.” The sprayed fire-resistv
materials themselves are also sometimes called “fireproofinghidmeport, SFRM is used to describe the thermal insulation
spray-applied to protect the steel, and thetireproofing is used to describe thet of applying the SFRM. In quotations
from contract documents or correspondencefehm “sprayed-on fireproofing” is uséar SRFM; in such cases, the original
wording is preserved. In no case did the Investigation Tirasume that the protected steel was actually "fireproof."
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fire resistance rating on the floors. For a sprirdddouilding, a Type 1-C classification required a 2h fire
resistance rating on the columns and a 1.5 h fire resistance rating on the floors.

Based on the SFRM measurements and projessmondence, the columns had SFRM thicknesses
consistent with a 3 h fire resistance rating, the hugtek had SFRM thicknesses consistent with a 2 h fire
resistance rating, and the floor framing (beamsgartters) had SFRM thicknesseansistent with a 2 h

fire resistance rating. The SFRM for the structuratey is presented in Section 2.5. In this report,
Type 1-C classification was assumed, but the actual classification may have been type 1-B.

2.3 CON EDISON SUBSTATION BUILDING DESCRIPTION

The Con Edison substation was consted in 1967 and consisted of a three-story steel framed structure
with cast-in-place concrete floors and walls. It Weesmted on the north side of the site and extended
approximately 40 ft north of the north face of WTGag,shown in Figure 2—2ats southern boundary was
irregular, but extended roughly two-thirds of the width of WTC 7.

Some of the WTC 7 columns framed into Hubstation columns. During the constructdwTC 7,

heavy plates were welded to the tops of the exjstubstation columns, which then supported the new
building columns. The exterior columns above the Con Edison structure that did not align with the
columns of the Con Edison structure were supportemlsBries of transfer girders. The arrangements of
the transfer girders are described in detail in Section 0.

2.4 WTC 7 BUILDING DESCRIPTION

24.1 Foundations

WTC 7 and the electrical substation were suppastedaisson foundations. When the substation was
constructed in 1967, provision was made for a futdiiee tower by includingapacity to carry both the
substation and the weight of a futdmaéilding. Caissons were also iakéd in the property adjacent to the
substation for the proposed future building. WHWéRC 7 was constructed approximately 20 years later,
it was significantly larger than the originally praggal building, and required additional caissons to be
installed, as shown in Figure 2—2.

The typical caisson consisted of several components: a 30-in., 36-in., or 42-in. diameter steel casing, a
heavy rolled or built-up steel core shape, vertical reiivigrbars, spiral reinforcing, and concrete fill. At
the base of the caisson core, a pattern of shear sagiglaced to help transfére load from the steel
caisson core into the encompassing concrete, fromvithiassed into the rockThe caissons extended
through the soil, and were socketed (seated) ibdkeock, approximately 60 ft below the surface. There
were vertical caissons as well asteeed (or sloped) caissons to carry the lateral load. Above the
caissons were heavy grillages composed of built up gitelers. Grillages trasierred loads between the
building columns and the caissons.

The distance between the caisson grillages and théldiostvaried between 8 ft and 30 ft. This region
was braced by reinforced concrete walls with thicknegaggng from 1 ft to 2.5 ft. Many of the WTC 7
steel columns were embedded in these wallssapgorting steel braces were made composite by the
addition of shear studs along the height of the embedment.
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Areas between the concrete walls were backfillet sompacted gravel fill and then covered with a
concrete slab on grade or framed slab to formezlacells and bring the structure up to the required
elevation. In some casdhge area was left unfilled and used to house fuel tanks.

Face of WTC 7 (above)

Con Edison
Substation Ramp

WTC 7
Footprint

O Indicates additional WTC 7 caisson

& Indicates original caisson

Source: McAllister 2002.
Figure 2—2. WTC 7 foundations.

24.2 Floor Systems

Typical Floor Systems Floors 8 to 45

The typical floor framing system, shown in Figur82was composed of rolled steel wide-flange beams
with composite metal decking and concrete sldfsors 8 through 45 had essentially the same framing
plan, but the core layout varied over the height of the building.

Floors 8 through 45 had floor slabs that were composadidh. deep, 20 gage metal deck with 2.5 in. of
3,500 psi normal weight concretieave the top of the metal deck, for a total floor thickness of 5.5 in.
There was one layer of 6 x 6 W1.4xW1.4 welded vateic (WWF) within the concrete. The drawings
showed a second layer of WWF placed over girderseagltib edges. The fastening requirements for the
metal deck were not shown on the drawings, buidstiad practice provided puddle welds 12 in. on-center
at the beams and side lap welds, screws, or bpttaohing at 36 in. on-center between adjacent panels
of deck. The drawings contained a note calling for 1.8éep, 20 gage metal deck with 4 in. of concrete
topping (5.5 in. total) in the elevator lobbies,ash there was a 3 in. floor finish specified by the
architect.
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Typical floor framing for Floors 8 through 20 and Ri®@4 through 45 consisted of 50 ksi wide-flange
beams and girders. Between the core columns wad afdgreams and girders. Core girders ranged in
size from W16x31 to W36x135, depending on the spahload. Beams spanned between the core and
the exterior of the building, at approximately ®fi-center spacing. On the north and east sides, the

Y

HH A e o e

(\

;

|
ITM KO

— OO

Based on structural design drawings (Cantor 1985)

Figure 2-3. Floors 8 through 45 plan.
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typical floor beam was a W24x55 with 28 shear studs, spanning approximately 53 ft. On the south side,
the typical floor beam was a W16x26 with 24 shear studs spanning 36 ft. Between the exterior columns
were moment connected girders as patheflateral system of the building.

Floors 21 to 23 had slightly heavier steel framing thanypical floors. Core girders were generally one
size class larger than the typical floor; the bebatareen the core and the south facade were W16x31
instead of W16x26. There were additional stokdshe W24x55 beams on the north and west sides.

Most of the beams were made composite with thlessthrough the use of shear studs. Typically, the
shear studs were 0.75 in. in diameter by 5 in. Ispgced 2 ft on center. Studs were not indicated on the
design drawings for the girders.

The structural design drawings (Irwin G. Cantor P.C., Structural Engineers 1985) specified design forces
for connections and suggested a typical detaildlmlhot show specific connection designs; this was
standard practice on the U.S. east coast. Théarairawings (Frankel Steel Limited 1985) indicated

that design shear forces for the typical beam an@godnnections were to be taken from the American
Institute of Steel Construction (AISC) beam degigvies for beams without shear studs, using 1.5 times
those forces for beams with shear studs. However, actual connection designs were obtained from
fabrication shop drawings (Frank&leel Limited 1985a), which provided detailed descriptions of the

floor connections and column splices in WTC 7.

Floor beam-to-girder and girder-to-interior colugonnections were generally a single shear plate or
double angle connection, although in several instaiseased connections were used. The typical beam-
to-exterior column connections were seated caiex.  The typical bolt used in the simple shear
connections was a 7/8 in. diameter ASTM A325erehASTM A325 is a standard specification for a
structural bolt. The bolt used for heavier brace and moment connections was a 1 in. diameter ASTM
A490. Details of the connections usedtia floor framing are covered in Chapter 11.

Other Floors

The remaining floors, Floors 1 through 7 and Flet#sand 47, were atypical and are described below and
in Figure 2—4 through Figure 2—13.

Floor 1 was built adjacent to the substation and incluldedruck ramp for the WTC complex. The first
floor is shown in Figure 2—4. The floor was fraineith steel beams that were encased in a formed
concrete slab. The floor slab was 14 in. thick, wythical No. 5 reinforcement bars (5/8 in. rebar) at a 10
in. to 12 in. spacing and No. 6 rebar at 9 in. spacing for the bottom reinforcement; No. 5 rebar at 12 in.
spacing was used for temperature reinforcemene sblatheast portion of the floor above the WTC truck
ramp had a 6 in. formed concrete slab Wth 4 rebar at 12 in. spacing for top and bottom

reinforcement; No. 4 rebar at 18 in. spacvas used for temperature reinforcement.

The floor slabs for Floors 2, 3, 4, and 6 had a. 8lé@ep, 20 gage metal deck with 3 in. of 3,500 psi
normal weight concrete, for a total floor thickness af.6Floors 2 and 3 were also partial floors adjacent
to the substation. In addition, they had a floormapg on the south side to form the atrium above the
ground level lobby (see Figure 2-5ddrigure 2—-6). Floor 4 was above the substation and had a large
opening over most of the south side of thidding, to form a double-height space above tHdlGor

lobby (see Figure 2—-7). Floor 6 had two openings erfltor to form a double-height mechanical space,
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one on the east side and the other one in théwest corner (Figure 2—10). Truss 2 and Column 80
were located in this double-height mechanical space.

The Floor 5 slab was 11 in. of 3,500 psi normalghieconcrete on top of a 3 in. deep, 18 gage metal
deck for a total slab thickness bt in. The slab was heavily reiméed, with No. 7 rebar at 12 in.

spacing for top reinforcement in both directions and No. 9 rebar at 12 in. spacing for bottom
reinforcement that acted as additional diaphragm clendorcement in many areas. This floor also had
36 ksi steel WT sections (W, or wide-flange, sectiortsrchalf to look like a ‘T’ section) embedded in

the 11 in. concrete slab above the deck. The WTaectiere designed to act as a horizontal truss within
the plane of the floor between the exterior and core columns (Figure 2—8 and Figure 2-9).

The 7" floor slab consisted of 5 in. of 3,500 psi normvaight concrete on top of a 3 in. deep, 18 gage
metal deck, for a total floor thickness of 8 in. Thabslvas reinforced with No. 5 rebar at 6 in. on center
in both directions. Regions of the slab on thelsside of the building had 8 in. of formed concrete
without any metal deck. In these regions, two lapésteel reinforcement we provided (Figure 2—-11).

Originally, Floors 41 and 43 had the east half remdgqutovide two-story trading floors. Columns in
these areas and areas of Floors 40 and 42 were reinforpeavide adequate capacity for the additional
height and change in use by tenants. By 20@iorEl41 and 43 had been restored to provide full floor
space.

The 48" floor had heavier framing to support the cooling towers on the north side, (with W36x150
between posts and W36x260 unttex posts) and the setback roof on the south side (with W21x44
between posts and W36x150 under the posts). Thasea® in. reinforced concrete slab in a portion of
the core and under the cooling towers (see Figure 2—-12).
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Figure 2—4. Floor 1 plan.
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Floor 47 had a double height space extending from tlidldér to the underside of the roof for the
cooling towers on the north side. There was alsetback roof on the south side at Floor 46
(Figure 2-13).

a

Based on structural design drawings (Cantor 1985)

Figure 2-5. Floor 2 plan.
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Based on structural design drawings (Cantor 1985)

Figure 2—6. Floor 3 plan.
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Based on structural design drawings (Cantor 1985)

Figure 2—7. Floor 4 plan.
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Figure 2-8. Floor 5 plan.
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Based on structural design drawings (Cantor 1985)

Figure 2-9. Floor 5 diaphragm plan.
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Figure 2-10. Floor 6 plan.
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Based on structural design drawings (Cantor 1985)

Figure 2-11. Floor 7 plan.
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Based on structural design drawings (Cantor 1985)
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Figure 2-12. Floor 46 plan.

20 NIST NCSTAR 1-9, WTC Investigation



Draft for Public Comment Building Construction, Codes, and Standards

Based on structural design drawings (Cantor 1985)

Figure 2-13. Floor 47 plan.

Roof and Penthouses

The roof had a concrete slab on metal deck. Thefttipe slab was sloped, from an 8.5 in. thickness to a
5.5 in. thickness, to provide drainage. The WWHhis slab was 6x6 W2.4xW2.4, which was 70 percent
heavier than at a typical tenant floor. There vaab openings for the cooling towers on the north and
the roof setback on the south. The area aboveableng towers was framed in steel, with grating
spanning between the beams. A series of diagonal WT6x9 members under the grating provided
diaphragm action in this area.

The east penthouse was added to the WTC 7 buiidit§90. The roof beams and girders were
reinforced using cover plates welded to their lowandles, and a thick concrgiad was cast to support
the air-conditioning equipment housed within the pense. Steel columns (or “posts” as they were
termed on contract drawings) supigalthe new penthouse structure. A plan of the roof and penthouse
framing is shown in Figure 2-14. The east penthouse fyasted into existing interior columns that fell
within the east penthouse footprint (Columns 76,787 ,and 80). The other posts were supported by
beams at the roof level
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Based on structural design drawings (Cantor, 1985)

Figure 2—14. Roof layout.

2.4.3 Connections in the Floor System

The structural design drawings indicated that thereor framing (and portions of the core framing at
Floors 5 and 7) had moment connections as paheofateral system for resisting wind loads (Section
2.4.6), that the column splices used a combinaifomelds and bolts, anddhthe floor framing had
simple shear and seated connections. The stalctesign and fabrication shop drawings provided
details of the connections used in the buildifige fabrication shop drawings that were obtained
(Frankel Steel Limited 1985) did not contain thengp of a Professional Engineer; however, connection
details were confirmed by photographic recordstaeof all connections, including steel section sizes,
plate thickness and dimensions, weld sizes, baessbolt hole locations, and clearances were taken
from approximately 2,500 fabricati shop drawings and used irvdlping the structural models
described in Chapters 11 and 12. These faiwitahop drawings, as well as the structural design
drawings and erection drawings, served as the sooaterial for Figure 2—15 through Figure 2—-23, as
well as for the floor plans and details in all chapters of this report.

The typical connections used in the floor fram#émg presented here, as these connections were modeled
in detail in the ANSYS and LS-DYNA analyses (Chapters 11 and 12). The typical floor framing
connection designs are described here with thawimg designations used in the investigation:

X Hn - Header connection with a single linendbolts in each angle, for a total of 2n bolts;
X Kn - Knife connection with a single line of n bolts;
X Fn - Fin connection with a single line of n bolts;
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x SWC - Seat (either rolled angle or plate) with a single web clip for lateral stability. Typically 2
erection bolts in the seat, and 2 in the web clip angle were installed.

X STC - Seat (either rolled angle or plate) wittlip angle on the top flange for lateral stability.
Typically 2 erection bolts in the seat, and 2ha top flange clip angle were installed.

x STP - Seat (typically a plate) with a plate on the top flange for lateral stability. Typically 2
erection bolts in the seat, and 2 in the top plate were installed.

All floor beams had simple framing connections witgh strength bolts. These connections were either
shear connections or seated connections. Conneatiades with double angles were referred to as either
header or knife connections.

A header connection consisted of two angles shop filidtled to a beam web, and field bolted to either a
girder or column, as illustrated in Figure 2—-15.

A knife connection was one in whithe angles were shop fillet-weldema girder web or column, and
field bolted to a beam or girder web, as illustrated in Figure 2—16.

A fin connection consisted of a flat plate that was skielgded to the web and underside of a girder flange
using double fillet welds, and field bolted to a bdaaming into the girder, as illustrated in Figure 2-17.

Seated connection with web clips (SWC) were dsedore floor beams framing into girders. A
schematic of a SWC connection is shown in Figure 2—-18.

Floor beams or girders that framed into exteriduigms had a seated connection with a top plate (STP)
or a top clip (STC). The seat was either a rolledeapglplate welded to the column flanges and web.
The beam or girder top flange was attached witreedclip angle or plate to provide lateral stability
during construction. A schematic of an STP conpectiypical of a beam or girder framing into an
exterior column on the north or south sides of the building, is shown in Figure 2—19.

Girders that framed into interior Columns 79 and &b &lad seated connections with a top clip (STC).
The seat was either a rolled angle or a seat plate wildbd column. The seat plate at Column 81 was
stiffened while the seat plate at Column 79 was suppbstedplate welded to the side plates on columns
on the lower stories. Figure 2—20 is a schemattheteat arrangement for Column 79 where side plates
were used. The beam or girder top flange was attaohtbe column with either a clip angle or plate to
provide 