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PREFACE 

Genesis of This Investigation 

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

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

�x To investigate the building construction, the materials 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 designed, constructed, maintained, and used; 

�� Improved tools and guidance for industry and safety officials; 

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

�� Improved public safety. 

The specific objectives were: 

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

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

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

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

Organization of the Investigation 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Document the activities of the emergency responders from the time 
of the terrorist attacks on WTC 1 and WTC 2 until the collapse of 
WTC 7, including practices followed and technologies used.  
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Figure P–1.  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 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, with their terms in parentheses: 

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

�x John Barsom, President, Barsom Consulting, 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 Managing Principal, The Thornton-Tomasetti Group, Inc. 
(2002-2011) 

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

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

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

Public Outreach 

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

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

NIST’s WTC Public-Private Response Plan 

The collapse of the WTC buildings has led to broad reexamination of how tall buildings are designed, 
constructed, maintained, and used, especially with regard to major events such as fires, natural disasters, 
and terrorist attacks.  Reflecting the enhanced interest in effecting necessary change, NIST, with support 
from Congress and the Administration, has put in place a program, the goal of which is to develop and 
implement the standards, technology, and practices needed for cost-effective improvements to the safety 
and security of buildings and building occupants, including evacuation, emergency response procedures, 
and threat mitigation. 
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Table P–2.  Public meetings and briefings of the WTC Investigation. 
Date Location Principal Agenda 

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

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

for photographs and videos. 
April 8, 2003 
 

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

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

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

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

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

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

comments on issues to be considered in formulating final 
recommendations. 

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

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

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

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

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

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

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

September 12–13, 
2005 

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

September 13–15, 
2005 

Gaithersburg, MD WTC Technical Conference for stakeholders and technical 
community for dissemination of findings and recommendations 
and opportunity for 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 public 
comment session. 

December 16, 2007 Teleconference NCST Advisory Committee meeting on status of WTC 7 
investigation and draft annual report to Congress, with a public 
comment session. 
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The strategy to meet this goal is a three-part, NIST-led, 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) 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. 

�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, 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. 

National Construction Safety Team Reports on the WTC Investigation 

This report documents the Investigation findings regarding 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 the technical details of the WTC 7 collapse analysis.  
The titles of the full set of Investigation publications are: 

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

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

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.  
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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 
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Chapter 1 
INTRODUCTION 

1.1 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 aircraft impacts did considerable damage to the structure 
of the towers, but the towers remained standing. The impacts also triggered fires on multiple floors 
simultaneously. Such fires further weakened the structural 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 exterior columns on the lower floors. The collapse of WTC 
1 also resulted in initiation of fires on at least 10 floors of WTC 7, extensive window breakage on the 
south face of WTC 7; and loss of city water that supplied the 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 Standards and Technology (NIST) investigation of the WTC 
disaster was the examination of the WTC 7 collapse. The specific objectives were to: 

1. Determine why and how WTC 7 collapsed; 

2. Determine 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 7; and 

4. Identify, as specifically as possible, areas in current building and fire codes, standards, and 
practices that warrant revision. 

This report describes the technical effort to meet these objectives. Much of the material developed to 
address Objective 3 and some of Objective 2 had appeared in the NIST NCSTAR WTC reports published 
in September 2005. Relevant content is summarized in this report, 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 Investigation, and the NIST recommendations. Additional 
details on the collapse analysis appear in NIST NCSTAR 1-9A. 
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1.2 TECHNICAL APPROACH 

1.2.1 Data Gathering 

Similar to the investigation into the collapse of the WTC towers, data for WTC 7 were collected from a 
number of sources and reviewed. Such data included information about the structural geometry, details, 
and connections; the thickness and condition of the passive fire protection in the building; and recorded 
observations of debris impact damage and fire spread subsequent to collapse of the WTC towers. 
Information about the building construction was obtained from original drawings and specifications, 
reports, and available records from The Port Authority of New York and New Jersey (PANYNJ or Port 
Authority), Silverstein Properties (SP), and a number of contractors that had worked on the design, 
construction, or modifications to WTC 7.  The documents obtained included erection and fabrication shop 
drawings of the building, which provided detailed information about the floor and column connections. 
Additional information and documents regarding the layout of the building interior were obtained from 
WTC 7 tenants. Interviews with emergency responders and 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 extraction of the details of the damage to and fire in the 
building. While not as plentiful as the imagery for the WTC towers, the WTC 7 evidence was sufficient to 
guide the reconstruction of the day's events. 

Information about the building design and contents appears in Chapters 2, 3, and 4. The photographic and 
videographic data are presented in Chapter 5.  Chapters 6 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 developed in this Investigation 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 events leading to the collapse of WTC 7.  The analyses accounted 
for the debris-impact damage resulting from the collapse of WTC 1, the growth and spread of fires, the 
heating and thermal weakening of structural components, and the progression of local structural failures 
that led to the collapse of the building.  Similar to the analyses conducted for the WTC towers, the 
analyses of WTC 7 continued to advance the current state of the art and tested the limits of computational 
capabilities.  The collapse analysis of WTC 7 had to include both the failure initiation and propagation 
sequences to explain the observed collapse sequence.  The unprecedented complexity and sophistication 
of these analyses required the use of various strategies for managing the computational demands, while 
adequately capturing the essential physics of the problem. 

Figure 1-1 is a flowchart of the analysis sequence and interdependencies for the reconstruction of the 
WTC 7 collapse, which was similar to the analysis sequence for the WTC towers.  However, for the 
analysis of WTC 7, the structural analysis was divided into two steps - the structural response to fire and 
the structural response to an initial failure event, as indicated in Figure 1-1.  The estimate of debris impact 
damage, which was based on visual evidence, is provided in Chapter 5.  Chapter 8 presents the collapse 
hypotheses evaluated for the collapse of WTC 7.  The fire dynamics simulations and the resulting heating 
of the structure are presented in Chapters 9 and 10, respectively.  The analysis of the structural response 
to the fire to determine the initial failure event (collapse initiation phase) is presented in Chapter 11, and 
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the global response of WTC 7 to the initial failure event (collapse propagation phase) is provided in 
Chapter 12.   Chapter 13 presents the probable collapse sequence for WTC 7. 

 

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

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

�x Available architectural, structural, fabrication, and erection drawings of the original building and 
subsequent building alterations. 

�x Extent of damage to the building resulting from debris impact from the collapse of the WTC 
towers. 

�x Photographic and videographic records with time stamps that documented the observed sequence 
of events, including fire spread and building collapse. 

�x Temperature-time histories for structural components and 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 elastic, plastic, and creep properties. 

�x Column loads due to dead and design live loads shown in the design drawings, used to verify the 
structural models. 

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

The major fires in WTC 7 were simulated using the Fire Dynamics Simulator (FDS).  The FDS 
calculations were similar to those conducted for WTC 1 and WTC 2 (NIST NCSTAR 1-5F).  There were 
far fewer photographs and videos of WTC 7 than of the towers.  Thus, the details of the WTC 7 fires were 
not as precise as for the fires in the towers.  However, the imagery was sufficient to guide the WTC 7 fire 
simulations.  Unlike the fire simulations for WTC 1 and WTC 2, the fire simulations for WTC 7 were 
conducted for each floor individually as there were no obvious pathways for the flames and heat to pass 
from one floor to another, aside from the debris-damaged area in the southwest corner of the building.  As 
described in Chapter 5, sustained and/or late fires were observed on Floors 7 through 9 and 11 through 
13.  While use was made of the appearance of flames and window breakage in photographs and videos in 
formulating the simulations, the Investigation Team realized that the absolute timing of the simulations 
might not align exactly with the timing of the fires on September 11, 2001.  In addition, there might have 
been concealed, yet major fires in the mechanical space on Floors 5 and 6.  Thus, a variety of possible 
fires on Floors 5 and 6 were simulated to determine whether each would have produced a visible telltale 
and whether they would have been severe enough to weaken key structural elements on those floors. 

The Fire Structure Interface (FSI) was used to impose 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 data for use by the structural models that simulated the 
collapse of the building (Chapters 11 and 12). The structural response of WTC 7, simulated to understand 
the collapse initiation mechanism, was performed using the thermal data. The thermal analysis approach 
was similar to that used to simulate the fire induced 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.  For each time step, a set of thermal data was generated 
that specified the thermal state of the lower 16 stories of the building.  Three different thermal response 
computations were used, all of which represented a realistic and reasonable range of fire scenarios for 
WTC 7 on September 11, 2001.  Case A used the temperature data as obtained from the FDS simulation.  
Case B increased the FDS gas temperature by 10 percent and Case C decreased the FDS gas temperatures 
by 10 percent.  Given the limited visual evidence, the Investigation Team estimated, using engineering 
judgment, that a 10 percent change was within the range of uncertainty 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 failure mechanisms using refined finite element meshes 
was not possible.  The analysis approach used was a variant of the well-established sub-structuring 
approach, adapted for the analysis of structures with highly nonlinear behavior that progressed from 
individual components to major subsystems to global systems, as shown in Figure 1-2. 
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Figure 1-2.  Structural analysis sequence. 

Component structural analyses were conducted to identify critical 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 connections under thermal loading, and (3) girder-to-column 
connections under thermal loading.  Subsystem analyses were then performed that incorporated the 
behavior and failure mechanisms identified in the component studies.  The subsystem analyses included 
(1) the northeast corner of a typical floor and (2) a full tenant floor, both under gravity and fire loads.  
Modifications were made to reduce the model size and complexity and enhance computational 
performance without adversely affecting the accuracy of the results.  Whenever modeling modifications 
were used, they were validated against the detailed component model results.  The two global analyses 
explained above incorporated critical behavior and failure mechanisms, determined from component and 
subsystem analyses, while making necessary modifications in the level of modeling detail. 

Two structural models of WTC 7, including floor systems, exterior walls, and core structure were 
developed and executed to understand the response of the building 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 stories of the building, where the fires grew and spread, 
until an initial failure event appeared imminent, due to thermally-induced structural damage and 
failures (Chapter 11).  This model accounted for the temperature-dependent behavior of the 
structural members and connections in the fire-affected floors, including thermal expansion, 
stiffness and strength degradation at elevated temperatures, and the failure modes of the 
connections under fire. 

Global  
�‰ Lower 16-stories 

structural response 
to fire, leading to 
the initial failure 
event 

�‰ 47 story analysis of 
the structural 
response to the 
initial failure event 

 

Nonlinear analyses to 
determine global 
behavior and sequential 
failure mechanisms. 
 

Subsystems 
�‰ NE floor section 
�‰ full tenant floor 

Component 
�‰ core columns 
�‰ beam-to-girder 

connections 
�‰ girder-to-column 

connections 

Detailed nonlinear 
analyses to determine 
component behavior and 
failure mechanisms. 

Nonlinear analyses with 
component behavior and 
failure mechanism 
simplifications to determine 
major subsystem behavior 
and sequential failure 
mechanisms.



Chapter 1 Draft for Public Comment 

 NIST NCSTAR 1-9, WTC Investigation 6 

�x The second model, an explicit analysis developed using LS-DYNA, estimated the structural 
response of the full 47 story structure to the initial failure event due to fire (from the 16 story 
ANSYS model), and the vertical and horizontal progression of failures that led to global collapse 
of WTC 7 (Chapter 12).  This model accounted for the potential for progressive collapse in the 
building, including buckling of columns due to loss of lateral restraint, dynamic effects associated 
with failure progression, and impact of falling floors.  The progressive collapse analysis included 
three steps: vertical progression of failure, horizontal progression of failure, and global collapse. 

The three thermal response cases (A, B, and C) were used in the ANSYS analysis.  Based on ANSYS 
model results, it became apparent as the analyses progressed that the sequential failures that were 
occurring were essentially at the same locations and with similar failure mechanisms.  However, as might 
be expected, the failures were shifted in time, i.e., Case C failures occurred at a later time than the same 
failures in Case A, and Case A failures occurred at a later time than Case B failures.  As a result, only the 
fire-induced damage produced by Case B temperatures was carried forward as the initial condition for the 
LS-DYNA analysis (Chapter 12), since the damage occurred in the least computational time (about 6 
months). 

1.3 WTC 7 REPORTS 

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

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

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

Previous Investigation reports that documented WTC 7 conditions or events include:   

NIST NCSTAR 1-1, summarized the design, construction, and maintenance of structural and life safety 
systems in WTC 7, as well as the WTC towers.  Additional 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 and Modifications to Structural Systems 

�x NIST NCSTAR 1-1D:  Fire Protection and Life Safety Provisions Applied to the Design and 
Construction and Post-construction Provisions Applied after Occupancy 

�x NIST NCSTAR 1-1E:  Comparison of Codes, Standards, and Practices in Use at the Time of the 
Design and Construction 
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�x NIST NCSTAR 1-1G:  Amendments to the Fire Protection and Life Safety Provisions of the New 
York City Building Code by Local Laws Adopted while WTC Buildings Were in Use 

�x NIST NCSTAR 1-1I:  Post-construction Modifications 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 installation of the active fire protection systems in WTC 
7 and a description of the normal operation of fully functional systems and their potential effect on 
controlling the fires on September 11, 2001.  Additional details on these subjects 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 the thermophysical properties for Monokote MK-5, the 
gypsum-based sprayed fire-resistive material (SFRM) 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 located immediately to the north of the main WTC 
complex.  It occupied the block bounded by Vesey Street 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 to the WTC complex by a 120 ft wide elevated plaza and 
a 22 ft wide pedestrian bridge at the 3rd floor level.  Its location relative to the WTC Plaza is shown in 
Figure 2–1.  Completed in 1987, WTC 7 contained approximately 2 million ft2 of 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.  The building was constructed over a pre-existing electrical 
substation owned by Consolidated Edison (Con Edison).  The original plans 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 described in Section 2.4.1.  Over the years, numerous 
structural modifications were made throughout the building, mainly to suit its largest tenant, Salomon 
Brothers Inc., later to become Salomon Smith Barney and now Citigroup.  One of the more substantial 
modifications was the addition of a penthouse, referred to as the east penthouse, which was used to house 
a chiller plant and cooling towers for Salomon Brothers.  Also, 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 restored after the trading activity was moved to another venue. 

Above Floor 7, the building had typical steel framing for high-rise construction.  The floor systems had 
composite construction with steel beams supporting normal weight concrete slabs on metal deck, with a 
floor thickness of 5.5 in.  The core and exterior columns supported the floor system and carried their loads 
to the foundation.  The exterior moment frame also resisted wind forces.  Many of the columns above 
Floor 7 did not align with the foundation columns, so braced frames, transfer trusses, and transfer girders 
were used to transfer loads between these column systems, primarily between Floors 5 and 7.  Floors 5 
and 7 were heavily reinforced concrete slabs on metal 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 Roth & Sons, P.C.  The structural engineer of record 
was the Office of Irwin G. Cantor, and the mechanical engineer 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 and WTC 2), which were developed and owned by The 
Port Authority, WTC 7 was developed on land owned by the Port Authority, but the building was owned 
by Seven World Trade Company and Silverstein Development 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, the 1968 NYC Building Code (NYCBC) with amendments 
was in effect.  The Project Specifications for WTC 7, issued in 1984, required that the structural steel be 
designed in accordance with the then current NYC Building Code.  The November, 1978 edition of the 
Specifications for the Design, Fabrication and Erection of Structural Steel for Buildings published by the 
American Institute of Steel Construction as contained in the Eighth Edition of the AISC Manual of Steel 
Construction (AISC 1980) was the current steel design specification document.  A comparison of the 
1968 NYCBC with contemporaneous building codes is presented in NIST NCSTAR 1-1E. 

The Port Authority developed a tenant alteration process for any modifications to leased spaced in the 
WTC complex to maintain structural integrity and fire safety.  The Tenant Construction Review Manual 
contained technical criteria to be used in planned alterations for tenants.  The manual included the 
applicable standards and review criteria to be used by the Port Authority Engineering Department.  
Alteration designs were to be completed by design professionals, and at the completion of the work, as-
built drawings were to be submitted to the Port Authority.  Since WTC 7 was built as a “Tenant 
Alteration Project,” its design and construction followed the requirements of the 1984 edition of the 
Tenant Construction Review Manual.  Details of the Tenant Construction 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 reference standards.  Based on citations in the 
construction documents, the 1968 NYCBC, including amendments 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 classification, and installation of a fire sprinkler and 
standpipe system, the minimum construction type (permitted 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 fireproofing1 the 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 reports in September 2005, documents which contained a 
set of measured thicknesses of the sprayed fire-resistive material (SFRM) used in WTC 7 were obtained.  
The SFRM thickness measurements were consistent with a Type 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 

                                                 
1  The application of sprayed fire-resistive materials (SFRM) is often referred to as “fireproofing.”  The sprayed fire-resistive 

materials themselves are also sometimes called “fireproofing.”  In this report, SFRM is used to describe the thermal insulation 
spray-applied to protect the steel, and the term fireproofing is used to describe the act of applying the SFRM.  In quotations 
from contract documents or correspondence, the term “sprayed-on fireproofing” is used for SRFM; in such cases, the original 
wording is preserved.  In no case did the Investigation Team presume that the protected steel was actually "fireproof." 
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fire resistance rating on the floors.  For a sprinklered building, 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 project correspondence, the columns had SFRM thicknesses 
consistent with a 3 h fire resistance rating, the metal deck had SFRM thicknesses consistent with a 2 h fire 
resistance rating, and the floor framing (beams and girders) had SFRM thicknesses consistent with a 2 h 
fire resistance rating.  The SFRM for the structural system 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 constructed in 1967 and consisted of a three-story steel framed structure 
with cast-in-place concrete floors and walls.  It was located on the north side of the site and extended 
approximately 40 ft north of the north face of WTC 7, as shown in Figure 2–2.  Its southern boundary was 
irregular, but extended roughly two-thirds of the width of WTC 7. 

Some of the WTC 7 columns framed into the substation columns.  During the construction of WTC 7, 
heavy plates were welded to the tops of the existing substation 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 supported by a series of transfer girders.  The arrangements of 
the transfer girders are described in detail in Section 0. 

2.4 WTC 7 BUILDING DESCRIPTION 

2.4.1 Foundations 

WTC 7 and the electrical substation were supported on caisson foundations.  When the substation was 
constructed in 1967, provision was made for a future office tower by including capacity to carry both the 
substation and the weight of a future building.  Caissons were also installed in the property adjacent to the 
substation for the proposed future building.  When WTC 7 was constructed approximately 20 years later, 
it was significantly larger than the originally proposed 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 reinforcing bars, spiral reinforcing, and concrete fill.  At 
the base of the caisson core, a pattern of shear studs was placed to help transfer the load from the steel 
caisson core into the encompassing concrete, from which it passed into the rock.  The caissons extended 
through the soil, and were socketed (seated) in the bedrock, approximately 60 ft below the surface.  There 
were vertical caissons as well as battered (or sloped) caissons to carry the lateral load.  Above the 
caissons were heavy grillages composed of built up steel girders.  Grillages transferred loads between the 
building columns and the caissons. 

The distance between the caisson grillages and the first floor varied between 8 ft and 30 ft.  This region 
was braced by reinforced concrete walls with thicknesses varying from 1 ft to 2.5 ft.  Many of the WTC 7 
steel columns were embedded in these walls, and supporting 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 backfilled with compacted gravel fill and then covered with a 
concrete slab on grade or framed slab to form closed cells and bring the structure up to the required 
elevation.  In some cases, the area was left unfilled and used to house fuel tanks. 

 

Source:  McAllister 2002. 

Figure 2–2.  WTC 7 foundations. 

2.4.2 Floor Systems 

Typical Floor Systems Floors 8 to 45 

The typical floor framing system, shown in Figure 2–3, was composed of rolled steel wide-flange beams 
with composite metal decking and concrete slabs.  Floors 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 composed of a 3 in. deep, 20 gage metal deck with 2.5 in. of 
3,500 psi normal weight concrete above 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 wire fabric (WWF) within the concrete.  The drawings 
showed a second layer of WWF placed over girders at the slab edges. The fastening requirements for the 
metal deck were not shown on the drawings, but standard practice provided puddle welds 12 in. on-center 
at the beams and side lap welds, screws, or button-punching at 36 in. on-center between adjacent panels 
of deck.  The drawings contained a note calling for 1.5 in. deep, 20 gage metal deck with 4 in. of concrete 
topping (5.5 in. total) in the elevator lobbies, where there was a 3 in. floor finish specified by the 
architect. 

Indicates original caisson 

Indicates additional WTC 7 caisson 

Con Edison     
Substation 

WTC 7                
Footprint   

Face of WTC 7 (above) 

 
Ramp 
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Typical floor framing for Floors 8 through 20 and Floors 24 through 45 consisted of 50 ksi wide-flange 
beams and girders.  Between the core columns was a grid of beams and girders.  Core girders ranged in 
size from W16x31 to W36x135, depending on the span and load.  Beams spanned between the core and 
the exterior of the building, at approximately 9 ft on-center spacing.  On the north and east sides, the  

 

 
 

 
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 part of the lateral system of the building. 

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

Most of the beams were made composite with the slabs through the use of shear studs.  Typically, the 
shear studs were 0.75 in. in diameter by 5 in. long, spaced 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 detail, but did not show specific connection designs; this was 
standard practice on the U.S. east coast.  The erection drawings (Frankel Steel Limited 1985) indicated 
that design shear forces for the typical beam and girder connections were to be taken from the American 
Institute of Steel Construction (AISC) beam design tables 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 (Frankel Steel Limited 1985a), which provided detailed descriptions of the 
floor connections and column splices in WTC 7. 

Floor beam-to-girder and girder-to-interior column connections were generally a single shear plate or 
double angle connection, although in several instances, seated connections were used.  The typical beam-
to-exterior column connections were seated connections.  The typical bolt used in the simple shear 
connections was a 7/8 in. diameter ASTM A325, where ASTM 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 used in the floor framing are covered in Chapter 11. 

Other Floors 

The remaining floors, Floors 1 through 7 and Floors 46 and 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 included the truck ramp for the WTC complex.  The first 
floor is shown in Figure 2–4.  The floor was framed with steel beams that were encased in a formed 
concrete slab.  The floor slab was 14 in. thick, with typical 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 reinforcement.  The southeast portion of the floor above the WTC truck 
ramp had a 6 in. formed concrete slab with No. 4 rebar at 12 in. spacing for top and bottom 
reinforcement; No. 4 rebar at 18 in. spacing was used for temperature reinforcement. 

The floor slabs for Floors 2, 3, 4, and 6 had a 3 in. deep, 20 gage metal deck with 3 in. of 3,500 psi 
normal weight concrete, for a total floor thickness of 6 in.  Floors 2 and 3 were also partial floors adjacent 
to the substation.  In addition, they had a floor opening on the south side to form the atrium above the 
ground level lobby (see Figure 2–5 and Figure 2–6).  Floor 4 was above the substation and had a large 
opening over most of the south side of the building, to form a double-height space above the 3rd floor 
lobby (see Figure 2–7).  Floor 6 had two openings on the floor to form a double-height mechanical space, 
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one on the east side and the other one in the southwest 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 normal weight concrete on top of a 3 in. deep, 18 gage metal 
deck for a total slab thickness of 14 in.  The slab was heavily reinforced, 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 chord reinforcement in many areas.  This floor also had 
36 ksi steel WT sections (W, or wide-flange, sections cut in half to look like a ‘T’ section) embedded in 
the 11 in. concrete slab above the deck.  The WT sections were 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 7th floor slab consisted of 5 in. of 3,500 psi normal weight concrete on top of a 3 in. deep, 18 gage 
metal deck, for a total floor thickness of 8 in.  The slab was reinforced with No. 5 rebar at 6 in. on center 
in both directions.  Regions of the slab on the south side of the building had 8 in. of formed concrete 
without any metal deck.  In these regions, two layers of steel reinforcement were provided (Figure 2–11). 

Originally, Floors 41 and 43 had the east half removed to provide two-story trading floors.  Columns in 
these areas and areas of Floors 40 and 42 were reinforced to provide adequate capacity for the additional 
height and change in use by tenants.  By 2001, Floors 41 and 43 had been restored to provide full floor 
space. 

The 46th floor had heavier framing to support the cooling towers on the north side, (with W36x150 
between posts and W36x260 under the posts) and the setback roof on the south side (with W21x44 
between posts and W36x150 under the posts).  There was a 6 in. reinforced concrete slab in a portion of 
the core and under the cooling towers (see Figure 2–12). 

 

Based on structural design drawings (Cantor 1985) 

Figure 2–4.  Floor 1 plan. 
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Floor 47 had a double height space extending from the 46th floor to the underside of the roof for the 
cooling towers on the north side.  There was also a setback roof on the south side at Floor 46  
(Figure 2–13). 

 

Based on structural design drawings (Cantor 1985) 

Figure 2–5.  Floor 2 plan. 

 

 
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. 

 

 

 
Based on structural design drawings (Cantor 1985) 

Figure 2–8.  Floor 5 plan. 
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Based on structural design drawings (Cantor 1985) 

Figure 2–9. Floor 5 diaphragm plan. 

 

 

 

Based on structural design drawings (Cantor 1985) 

Figure 2–10. Floor 6 plan. 
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Based on structural design drawings (Cantor 1985) 

Figure 2–11. Floor 7 plan. 

 

 

 
Based on structural design drawings (Cantor 1985) 

Figure 2–12. Floor 46 plan. 

 

 

 

 



Draft for Public Comment Building Construction, Codes, and Standards 

NIST NCSTAR 1-9, WTC Investigation  21

 

 
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.  The top of the slab was sloped, from an 8.5 in. thickness to a 
5.5 in. thickness, to provide drainage.  The WWF in this slab was 6x6 W2.4xW2.4, which was 70 percent 
heavier than at a typical tenant floor.  There were slab openings for the cooling towers on the north and 
the roof setback on the south.  The area above the cooling 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 building in 1990.  The roof beams and girders were 
reinforced using cover plates welded to their lower flanges, and a thick concrete pad was cast to support 
the air-conditioning equipment housed within the penthouse.  Steel columns (or “posts” as they were 
termed on contract drawings) supported the new penthouse structure.  A plan of the roof and penthouse 
framing is shown in Figure 2–14.  The east penthouse posts framed into existing interior columns that fell 
within the east penthouse footprint (Columns 76, 77, 79, 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 the exterior framing (and portions of the core framing at 
Floors 5 and 7) had moment connections as part of the lateral system for resisting wind loads (Section 
2.4.6), that the column splices used a combination of welds and bolts, and that the floor framing had 
simple shear and seated connections.  The structural design and fabrication shop drawings provided 
details of the connections used in the building.  The fabrication shop drawings that were obtained 
(Frankel Steel Limited 1985) did not contain the stamp of a Professional Engineer; however, connection 
details were confirmed by photographic records.  Details of all connections, including steel section sizes, 
plate thickness and dimensions, weld sizes, bolts sizes, bolt hole locations, and clearances were taken 
from approximately 2,500 fabrication shop drawings and used in developing the structural models 
described in Chapters 11 and 12.  These fabrication shop drawings, as well as the structural design 
drawings and erection drawings, served as the source material 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 framing are 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 the following designations used in the investigation: 

�x Hn  - Header connection with a single line of n bolts 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) with a clip angle on the top flange for lateral stability.  
Typically 2 erection bolts in the seat, and 2 in the 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 with high strength bolts.  These connections were either 
shear connections or seated connections.  Connections made with double angles were referred to as either 
header or knife connections. 

A header connection consisted of two angles shop fillet-welded 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 which the angles were shop fillet-welded to a 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 shop welded to the web and underside of a girder flange 
using double fillet welds, and field bolted to a beam framing into the girder, as illustrated in Figure 2–17. 

Seated connection with web clips (SWC) were used for core floor beams framing into girders.  A 
schematic of a SWC connection is shown in Figure 2–18. 

Floor beams or girders that framed into exterior columns had a seated connection with a top plate (STP) 
or a top clip (STC). The seat was either a rolled angle or plate welded to the column flanges and web.  
The beam or girder top flange was attached with either a clip angle or plate to provide lateral stability 
during construction.  A schematic of an STP connection, typical 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 81 also had seated connections with a top clip (STC). 
The seat was either a rolled angle or a seat plate welded to the column.  The seat plate at Column 81 was 
stiffened while the seat plate at Column 79 was supported by a plate welded to the side plates on columns 
on the lower stories.   Figure 2–20 is a schematic of the seat arrangement for Column 79 where side plates 
were used.  The beam or girder top flange was attached to the column with either a clip angle or plate to 
provide lateral restraint during construction. 

Figure 2–21 and Figure 2–22 are diagrams of typical tenant floors that show the locations of the framing 
connections, based on the shop drawings and review of photographs. 
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Based on fabrication shop drawings (Frankel Steel Limited 1985) 

Figure 2–15. Schematic drawing of a header connection (Hn). 

 

 
Based on fabrication shop drawings (Frankel Steel Limited 1985) 

Figure 2–16. Schematic drawing of a knife connection (Kn). 
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Based on fabrication shop drawings (Frankel Steel Limited 1985) 

Figure 2–17. Schematic drawing of a fin plate connection (Fn). 

 

 
Based on fabrication shop drawings (Frankel Steel Limited 1985) 

Figure 2–18. Schematic drawing of a seated connection with web clip (SWC). 
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Based on fabrication shop drawings (Frankel Steel Limited 1985) 

Figure 2–19. Schematic drawing of a seated connection with top clip (STC). 
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Based on fabrication shop drawings (Frankel Steel Limited 1985) 

Figure 2–20. Schematic drawing of the seated connection at Column 79. 
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Based on fabrication shop drawings (Frankel Steel Limited 1985) 

Figure 2–21. Typical tenant floor framing connections. 
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Based on fabrication shop drawings (Frankel Steel Limited 1985) 

Figure 2–22. Typical core floor framing connections. 

2.4.4 Columns 

The interior columns were primarily rolled wide-flange shapes of Grade 36 or 50 steel.  As the loads 
increased toward the base of the building, many of the column sizes were increased through the use of 
built-up shapes.  Built-up columns had a W14x730 core with cover plates welded to the flanges (to form a 
box), or web plates welded between the flanges, as shown in Figure 2–23.  The plate welds were specified 



Draft for Public Comment Building Construction, Codes, and Standards 

NIST NCSTAR 1-9, WTC Investigation  29

to be continuous 0.5 in. fillet welds at the cover plates and 0.313 in. (minimum) fillet welds at the web 
plates.  Plate thickness ranged from 1.5 in to 8 in.  Plate thickness t (in.) and steel grade were specified as 
follows:  

2 < t < 4  ASTM A588 Grade 50 
4 < t < 6  ASTM A572 Grade 42 
t > 6   ASTM A588 Grade 42 

 

 

Figure 2–23. 
Typical built-up 
column details. 

 

 

 

 

Typical core column splices had milled ends and splice plates were welded or bolted to the outside of the 
column web and flanges.  Built-up columns were also milled at their bearing ends but the splice plates 
were fillet welded to the cover plate or web plate. 

Exterior columns were nominally 14 in. W shapes (W14) of ASTM A36 steel.  Exterior column splices 
were similar to the core column splices. 

2.4.5 Column Transfer Trusses and Girders 

The layout of the foundation substructure and Con Edison columns did not align with the column layout 
in the upper portion of WTC 7.  Therefore, a series of column transfers were constructed.  These transfers 
occurred primarily between Floors 5 and 7.  See Figure 2–24 for a schematic rendering of the transfers. 

Columns 47 through 54, at the north facade, were transferred at Floor 7 by cantilever girders to bring 
them in line with the substation columns, which were offset 6 ft 9 in. to the south.  The cantilever girders 
spanned an additional 46 ft, where they were supported by the north side core columns.  The easternmost 
cantilever girder was connected to Truss 1, and the westernmost cantilever girder was connected to Truss 
3 (Figure 2–24). 

W14 �u 730 

Cover plate 

0.5 in. Fillet Welds 

Web plate

W14 �u730 

0.313 in.  
Fillet Welds 
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Source: McAllister 2002 

Figure 2–24. 3D schematic view of transfer trusses and girders between Floors 5 and 7. 

Column 76 was supported at Floor 7 by Truss 1.  The west side of Truss 1 was supported by Column 73, 
while the east side was supported by a transfer girder running north-south which was, in turn, supported 
by Columns E3 and E4 at Floor 5. 

Columns 58, 59, and 78 were transferred by simply supported girders at Floor 7.  The transfer girder 
supporting Column 78 was supported at its north end by truss 2.  Column 77 was also supported by Truss 
2.  Truss 2 was supported by Column 74 at its west end and by Column 80 at its east end. 

Column 61 was supported by Truss 3.  Truss 3 ran north-south and was supported by Columns 62 and 
61A.  Truss 3 had a 10 ft cantilever span between Column 61 and Column 61A and an 18 ft back span to 
Column 62. 

2.4.6 Lateral System 

Above Floor 7, WTC 7 had an exterior moment frame.  Exterior columns were typically rolled W14 
shapes of ASTM A36 grade steel.  Column trees were fabricated for the east and west facades with bolted 
field splices at the spandrel beam midspans.  On the north and south facades, the spandrel beams had 
bolted flange and web connections. 

Truss 1

Truss 2

Truss 3 
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At Floors 5 to 7 and Floors 22 to 24, there was a perimeter belt truss, shown in Figure 2–25.  Below 
Floor 7 there was a combination of moment and braced frames around the exterior, and a series of braced 
frames in the core, as shown in Figure 2–26.  The reinforced diaphragms of Floors 5 and 7 transferred in-
plane loads from the exterior to the core.  Above the loading dock at the south facade, two of the columns 
hung from the belt truss at Floors 5 through 7.  Above the Con Edison vault at the north facade, eight 
columns also hung from the belt truss between Floors 5 and 7. 

 
Based on erection drawings (Frankel Steel Limited 1985a) 

Figure 2–25. Exterior lateral system elevations. 

 

 
Based on erection drawings (Frankel Steel Limited 1985a) 

Figure 2–26. Core lateral system. 
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2.5 PASSIVE FIRE PROTECTION 

A detailed discussion of fire protection provisions for WTC 7, including relevant codes and standards, 
were provided in NIST NCSTAR 1-1.  This section describes the sprayed fire-resistive materials (SFRM) 
applied to the structural system. 

2.5.1 Fire Resistance Requirements 2 

Fire resistance requirements in the building codes are greatest for structural members that are essential to 
the stability of the building as a whole. These include columns and other major gravity load carrying 
members that connect directly to columns such as girders and trusses. For various construction classes, 
the building codes specify different fire resistance ratings. The building codes reviewed all specify fire 
resistance ratings for high-rise office occupancies as follows: 

�x Type 1A 

�� Columns: 4 h (supporting more than one floor) 

�� Beams: 3 h (floor construction) 

�x Type 1B 

�� Columns: 3 h (supporting more than one floor) 

�� Beams: 2 h (floor construction) 

�x Type 1C (for sprinklered buildings only) 

�� Columns: 2 h (supporting more than one floor) 

�� Beams: 1½ h (floor construction) 

The choice among permitted construction classes for a particular building is made by the architect and/or 
the owner. Thus, an unsprinklered high-rise office building that was designed according to the 1968 
version of the NYC Building Code could follow either Type 1A or 1B.  If designed subsequent to the 
passage of Local Law 16 (effective in 1984), a high-rise office building would have to be sprinklered and 
could follow Type 1C as a minimum classification. Similar reductions in the minimum required fire 
resistance ratings for sprinklered buildings were found in all model building codes over this period, as 
requirements for fire sprinklers, especially in high-rise buildings, had become common. 

The 1968 NYCBC, Section C26-501.1 required that,  

“Samples of all materials or assemblies required by this code to have a fire-resistance 
rating, … shall be tested under the applicable test procedures specified herein … . The 
fire-resistance rating of materials and assemblies listed in reference standard RS 5-1 
[which references ASTM E 119] may be used to determine conformance with the fire 
resistance requirements of this code.”  

                                                 
2 The material in this section is from NIST NCSTAR 1-1, Section 9.1.3.  It is repeated here for the reader’s convenience. 
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In traditional practice, the architect (sometimes different from the design architect, called the code 
architect or architect of record) specifies the fire resistance ratings needed to comply with the building 
code. The required ratings are normally not shown on the architectural drawings (although the 
construction type may be); rather, they are shown in the supporting material submitted to the building 
department for plans review.   

Building codes require that the fire resistance rating of building elements be determined in accordance 
with test procedures set forth in ASTM E 119 (ASTM 2007) or by alternate approved procedures. In some 
cases the architect may choose to use an assembly that has already been tested and rated. Such assemblies 
are listed by testing laboratories in directories, databases accessed on test laboratory web sites, or in test 
reports available from manufacturers of materials used in the assemblies such as the producers of SFRM 
products. These sources are very detailed and indicate the thickness of the specific product tested that is 
required to achieve a specific hourly rating.   

An additional variable that affects the needed thickness of SFRM is whether the assembly is thermally 
restrained (see ASTM 2007, Appendix X.3 Guide for Determining Conditions of Restraint for Floor and 
Roof Assemblies and for Individual Beams). It is traditionally assumed that an assembly that is thermally 
restrained requires less SFRM.  Note that the NIST tests of the floor assemblies used in the WTC towers 
showed the opposite (NIST NCSTAR 1-6B).  However, the determination of whether a floor system 
should be considered thermally restrained or not is not trivial and needs to be specified by the structural 
engineer. 

In some cases, it is not clear who actually determines the required thickness of SFRM material. If the bid 
specifications for the fireproofing contract simply require the assemblies to be sprayed to achieve a 
specific hourly rating (which may be the case where a specific product is not identified to be used), then 
the thickness determination may be left to the fireproofing contractor.  

The UL guide information includes a number of limitations on the application of listed assemblies, 
including:  

�x Limits on the size (flange width and web depth, pipe outer diameter) without the use of a 
mechanical break such as metal lath or fasteners,  

�x Use of bonding agents or conduct of a bond strength test in accordance with ASTM E 736 
whenever the steel is painted (other than a paint specified in the listing),  

�x Conduct of thickness testing in accordance with ASTM E 605 (ASTM 2006). 

Local Law 55 (1976) amended the 1968 NYC Building Code to require that all required, sprayed fire-
resistive material on structural members, except those encased in concrete, be subjected to a controlled 
inspection, meaning that the inspection must be conducted under the supervision of a building inspector 
or a licensed design professional who assumes responsibility for compliance. This provision applied to all 
installations after the date of enactment (November 1, 1976) and was not retroactive. The inspection 
included verification of the thickness of the material, its density, and its adhesion, as described in the 
applicable ASTM Standard E 605. Currently, there are no code requirements, or general practices, for 
inspection of sprayed fire-resistive material over the life of a building. Most building codes contain a 
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requirement that sprayed fire-resistive material that is installed in areas where it is subject to mechanical 
damage shall be protected and maintained in a serviceable condition. 

2.5.2 Thermal Insulation Material for WTC 7 

Monokote MK-5 was the SFRM product applied to the structural steel framing and metal deck (see NIST 
NCSTAR 1-6A, Chapter 6).  Monokote MK-5 was a gypsum-based SFRM containing vermiculite 
aggregate that was manufactured by W.R. Grace and Co. (Cambridge, Massachusetts).  W.R. Grace 
ceased production of Monokote MK-5 in the 1980s. 

Instructions to bidders3 for applying the sprayed fire-resistive materials for WTC 7 listed the required fire 
resistance ratings, as well as the following criteria: 

�x 3 h rating for columns, pickups, girders, trusses, and all other steel framing supporting 2 or more 
floors. 

�x 2 h rating for fluted steel decking and all floor support structural steel. 

�x Sprayed-on fireproofing shall be of cementitious type or other asbestos free material of approved 
type.  Monokote as produced by the Zonolite Construction Products Division of W.R. Grace is 
approved for use. 

�x Steel to which sprayed-on fireproofing will be applied will be unpainted. 

�x The size of the structural steel and the rating shall determine the thickness of the SFRM. 

�x The “Design Information Section” of the Underwriter’s Laboratories “Fire Resistance Index” 
dated January 1975, and any later revisions and the “Guide for Determining Conditions of 
Restraint …” including Appendix C from standard UL 263, shall form the basis of all the 
required work. 

�x After application, spray-on fireproofing material will be tested by an independent testing agency, 
retained and paid for by the Owner. 

The contract for applying SFRM to WTC 7 was awarded to E. Patti & Sons in February 1985.  The 
SFRM product selected by E. Patti & Sons was MK-54.  Internal correspondence from W.R. Grace, dated 
April 29, 19865, which documented a site visit and discussion with E. Patti & Sons, stated that 7/16 in. of 
MK-5 was being applied to the floor beams, and 3/8 in. was being applied to the metal decks. 

The UL fire resistance ratings used to determine the appropriate SFRM thickness to apply to the columns, 
floor beams, and metal deck was BXUV.D739.  Table 2-1 lists SFRM thicknesses for the structural 
components in WTC 7. 

                                                 
3 Instructions to Bidders for Sprayed-on SFRM for WTC 7, Emery Roth & Sons, November 9, 1984. 
4 Letter from Grace Construction Products Division to Tishman Construction Corporation, dated January 14, 1986. 
5 Grace Construction Products Division Internal Memorandum, dated April 29, 1986. 
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Table 2-1.  UL Fire Resistance Directory ratings for columns and composite floors (1985). 

 Reference Rating 
Thickness 

(in.) Notes 

Composite Floor 
  Beams 
  Deck 

BXUV.D739 2 h  
1/2 
3/8 

For W8x28 steel beams or larger, a normal weight 
concrete slab, and MK-5 SFRM. 

Column BXUV.X704 3 h 7/8 For W14x228 steel columns or larger. 

The SFRM application was inspected by Testwell Craig Laboratories, Inc.  NIST obtained a set of 
Inspection Reports6 with SFRM thickness measurements for the columns, floor beams, and metal deck 
showing measurement data taken at Floors 3 through 12, 32 through 40, and 42 through 47.  The 
inspection reports include plan views of the WTC 7 floors indicating where measurements were taken.  
SFRM thicknesses were listed in the Inspection Reports and were presumably intended for the inspectors 
who were determining minimum allowable SFRM thicknesses. 

The measurements gave the statistics shown in Table 2-2.  The column measurements were based on data 
listed for Floors 3 to 12 and 32 to 40 because the columns at Floors 42 to 47 were smaller than the 
W14x228 minimum column size.  The metal deck measurements used only the data associated with the 
3/8 in. SFRM thickness. 

Table 2-2.  Measurements of SFRM thickness on steel columns, floor beams, and metal 
decks in WTC 7. 

 Specified 
Thickness (in.) Data Points 

Average 
(in.) 

Standard 
Deviation (in.) COV 

Minimum 
(in.) 

Maximum 
(in.) 

Column 0.875 51 0.955 0.155 0.162 0.85 2.0 

Floor 
Beams 

0.5 82 0.534 0.054 0.101 0.4 0.775 

Metal Deck 0.375 63 0.416 0.033 0.079 0.375 0.5 

NIST required SFRM thicknesses for the thermal finite element analyses of Floors 7 to 14, where 
uncontrolled fires burned until the building collapsed.  The thermal analyses used the gas temperatures 
from the FDS analyses, which modeled the growth and spread of the fires on Floors 7, 8, and 9, and 11, 
12, and 13.  The gas temperatures were applied to the surface of the SFRM coating to determine 
temperature histories for the steel framing and concrete slab. 

Based on the available information on fire resistance rating and applied SFRM thicknesses, the lack of 
gaps in the applied SFRM, and the relatively smooth surface of applied MK-5 to the steel beams and 
columns, the specified SFRM thicknesses (Column 2 in Table 2-2) were selected for thermal analyses.  
For the thermal analyses, NIST used the following uniform thicknesses for the columns, floor beams, and 
metal deck: 

�x 7/8 in. of MK-5 on columns 

�x 7/16 in. of MK-5 on floor beams 

                                                 
6  Inspection Reports prepared by Testwell Craig Laboratories Inc. for Silverstein Development Corporation, 7 World Trade 

Center, dated from January 1986 to November 1986. 
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�x 3/8 in. of MK-5 on metal deck 

A 7/16 in. thickness was used in th e thermal analyses for the floor beams, based on correspondence from 
W.R. Grace that indicated this thickness was being applied by the contractor.  It was later determined that 
the thickness that was to be applied was 1/2 in., rather than 7/16 in.  This difference has little, if any, 
effect on the heating of the floor beams, as shown in Section 11.4.1. 

2.5.3 SFRM Condition on September 11, 2001 

As Applied 

The review of available documents and witness accounts indicated that the condition of the SFRM in 
WTC 7 prior to the events of September 11, 2001, was adequate and well-maintained.  The photographs 
in Figure 2–27 through Figure 2–29 show the condition of the SFRM on Floors 5, 33, and 36 during 
renovations in 1989.  Review of similar photos showed SFRM removal in selected areas for construction 
purposes, but the general condition of the SFRM in the photos reviewed was adequate, with an even 
application and no visible gaps. 

 

 

 

Figure 2–27. 
Photograph of 
Floor 5 during 
renovations 
showing SFRM on 
steel beams and 
metal deck, dated 
08/30/89.  
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Figure 2–28. 
Photograph of 
Floor 33 during 
renovations 
showing SFRM on 
steel beams and 
metal deck, dated 
03/30/89.  

 

 

 

 

 

 

 

Figure 2–29. 
Photograph of 
Floor 36 during 
renovations, 
showing SFRM on 
steel beams and 
metal deck, 
looking dated 
06/30/89. 
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After Debris Impact 

After the dust and smoke cleared following the collapse of WTC 1, damage to WTC 7 was observed 
primarily on the south face near the southwest corner, between Floors 5 to 17 (Section 5.5).  Seven 
exterior columns were severed (six columns on the south face and one column on the west face).  The 
interior damage was not visible but, based on engineering judgment and interview accounts by individuals 
that were in or around WTC 7, estimates of interior structural damage between the exterior walls and the 
core were made.  Chapter 5 describes the damage observed from photos and videos, and the structural 
damage in the southwest region is summarized in Section 5.5.3. 

The WTC 7 structural damage resulted from debris falling from WTC 1.  In a similar fashion, the building 
located at 130 Liberty Street (referred to as Deutsche Bank or the Bankers Trust building), was damaged 
by falling exterior panels from WTC 2 as it collapsed.  NIST was granted access to inspect floors where 
damage occurred in the building on 130 Liberty Street on August 21 and 22, 2006.  The debris from 
WTC 2 had penetrated the north face of the 130 Liberty Street building and caused damage to Floors 9 
through 22, as shown in Figure 2–30 and Figure 2–31.  The north face had severed spandrel beams 
between exterior columns, with the damage extending into the interior that grew in magnitude as the 
debris fell.  Figure 2–31 shows that the floor beams framing into intact exterior columns remained in 
place, but the SFRM in the immediate vicinity of the damage was knocked off. 

Figure 2–32 shows the extent of the damage that was documented by the FEMA WTC Building 
Performance Study (McAllister 2002).  Immediately after the damage was incurred, the ceilings and 
column enclosures were still in place, so possible SFRM damage in other parts of the building could not 
be observed. 
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NIST photograph 2006. 

Figure 2–30. Exterior view of damage to the north face of 130 Liberty Street by debris 
falling from WTC 2. 

Figure 2–33 shows a typical floor plan with the column line numbering that was used to indicate the 
locations that were examined.  SFRM had been applied to all columns, floor beams, and steel deck 
observed.  The floor beams and steel decks appeared to have had a uniform coating of approximately  
3/8 inch to ½ inch (visual estimate), as shown in Figure 2–34.  The location of the photograph was near 
F2 on Floor 16.  The columns appeared to have had heavier coatings that ranged from approximately  
1 inch to several inches (visual estimate).  Figure 2–35 was taken at location B6 on Floor 16.  In the 
photograph, the column coatings tended to be thicker at the flange tips.  Primer was observed on floor 
beams and columns in some areas with missing SFRM. 
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NIST photograph 2006 

Figure 2–31. Interior view of damage to the north face of 130 Liberty Street by debris 
falling from WTC 2. 
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Source: McAllister 2002 

Figure 2–32. Damaged areas from debris impact on the north face of the building at 
130 Liberty Street. 
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Source: McAllister 2002 

Figure 2–33. Typical floor plan for the building at 130 Liberty Street. 

The appearance of the SFRM was consistent with that of a cementitious product, such as a Monokote 
product.  Grace Monokote products MK-4 and MK-5 were introduced to the marketplace in 1973.  The 
building construction was completed in 1974 (http://www.wirednewyork.com/wtc/130liberty).  
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Figure 2–34. 
Floor beams 
with intact 
SFRM. 

 

 

 

 

NIST photograph 2006 

 

 

 

 

 

Figure 2–35. 
Column with 
removed SFRM 
and intact 
primer. 

 

 

 

 

NIST photograph 2006 
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In general, the SFRM was observed to be intact a few feet away from the area of structural damage.  In 
some locations, SFRM had been removed and sampled for tests of contaminants in the building (e.g., 
square shape of removed area).  There were also some areas where SFRM was missing from the bottom 
surface of the lower flanges of floor beams.  It was not always clear whether the SFRM had fallen off due 
to an event unrelated to the sampling or if it had been knocked off while samples were being taken. 

Based on these observations, NIST determined that there was no basis for assuming SFRM damage in 
WTC 7 caused by the debris impact, except in the immediate vicinity of the damage. 

2.6 SUMMARY OF FINDINGS 

Review of the building codes, standards and information on the SFRM resulted in the following findings: 

�x The average thickness of the MK-5 SFRM on the columns, based on data available from Testwell 
Craig Inspection Laboratories Inc., was greater than 7/8 in. 

�x An MK-5 SFRM thickness of 7/8 in. is consistent with a 3 h rating for the columns, according to 
UL BXUV.X704, and a Type 1-B classification (unsprinklered) for the building. 

�x Correspondence showed that the SFRM contractor, E. Patti & Sons, planned to apply 7/16 in. of 
MK-5 SFRM to the floor beams and 3/8 in. of MK-5 SFRM to the metal deck. 

�x An MK-5 SFRM thickness of 1/2 in. on the floor beams and  of 3/8 in. on the metal deck is 
consistent with a 2 h rating, according to UL BXUV.D739. 

�x The average MK-5 SFRM thickness measurement on the floor beams and metal deck, based on 
data available from Testwell Craig Inspection Laboratories Inc., was greater than ½ in. for the 
beams and 3/8 in. for the metal deck. 

�x The NIST survey of the 130 Liberty Street building, damaged by debris impact from the collapse 
of WTC 2, indicated that the cementitious SFRM was not knocked off by the falling debris, 
except in the immediate area of damage.  For analysis purposes, NIST therefore assumed that the 
similar SFRM was in place in WTC 7 after the impact of debris from WTC 1, which was a 
conservative assumption. 
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Chapter 3 
BUILDING INTERIOR AND COMBUSTIBLES  

3.1 INTRODUCTION 

The fires in WTC 7 were initiated following debris damage from the collapse of WTC 1 (Chapter 5).  The 
specific ignition process is not known, e.g., whether from flaming brands, electrical shorts, etc.  The fires 
were fed by the furnishings, interior finish, and other combustibles within the building.  Descriptions of 
the simulation of the fires and the resulting heating of the structure are presented in Chapters 9 and 10, 
respectively.  As input to those simulations, this chapter documents the layout of the floors of interest and 
the combustibles that might have contributed to the fires. 

3.2 FOCUS 

In gathering information regarding the layout and furnishing of WTC 7, the Investigation Team focused 
its attention on the 5th through 13th floors: 

�x As will be seen in Chapter 5, there were sustained, though not always concurrent, visible fires 
only on floors 7 through 9 and 11 through 13.  There might have been fires on Floors 5 or 6 that 
were not visible (see below).  An analysis of possible fires on these floors appears in Chapter 9. 

�x Above Floor 13, fires were observed on floors 19, 22, 29 and 30, and these occurred early (i.e., 
were not observed for 3 hours prior to collapse) and were smaller and of shorter duration than 
those on the lower floors. Late in the afternoon, a small fire was observed briefly on Floor 14, 
which was vacant.  Floors 15 and above were furnished office spaces. 

The information NIST needed regarding the interiors of each of these nine floors was similar to the 
information needed for the reconstruction of the fires in the WTC towers: 

�x The nature and location of the interior walls.  The interior walls could have acted as fire barriers, 
delaying the fire progression and subsequent exposure of structural components to the intense 
heat from the fires.  The interior walls of perimeter offices or conference rooms could also have 
prevented photographs from recording fires in the building interior and kept flames and smoke 
from billowing out the windows. 

�x The nature of the ceiling tile systems.  The ceiling tile system could have provided a  
(modest) time delay for access of the hot fire plume to the bottom of the floor structure above 
(Chapter 9).  Smoke could also spread throughout the entire ceiling space, possibly emerging in 
remote locations and thus giving false impressions of the fire location. 

�x The nature and locations of any stairwells, elevators, shafts, or other passages between floors.  
Such passages could have provided a means for floor-to-floor fire spread. 
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�x The general nature and mass of the office furnishings and any unusual combustibles (e.g., high 
density file storage areas or significant quantities of highly flammable items).  This is discussed 
further in Section 3.4. 

3.3 FLOOR PLANS AND COMBUSTIBLES 

3.3.1 General 

Silverstein Properties (SP) managed WTC 7 from the date of first occupancy through the collapse on 
September 11, 2001.  Their copies of the floor plans were lost in the collapse.  NIST staff requested that 
the tenant companies and government agencies provide their most recent architectural drawings of their 
space, relative to the time of the collapse, as well as information regarding the furnishings.  Staff of the 
occupying organizations and SP staff were also interviewed to gain additional insights into the layout, 
furnishing, and overall fuel load of Floors 5 through 13. 

As shown in Table 3–1, NIST obtained floor plans for the nine focus floors.  However, despite the quality 
of the drawings and verbal descriptions obtained by NIST, there was some uncertainty regarding the 
nature of some spaces.  Notably, the U.S. Securities and Exchange Commission and American Express 
occupied all but the east side of the 13th floor, and NIST was unable to find people who recalled the 
nature of the unoccupied space. 

Table 3–1. Floor layout information obtained. 

Floor Tenant 
Material 
Receiveda General Description of Tenant Layout 

13 U.S. Securities and Exchange 
Commission/American Express 

FP, V Cubicles on southwest corner; meeting rooms on 
north face; storage room on northwest corner; east 
side unknown 

11, 12 U.S. Securities and Exchange 
Commission 

FP, V Almost entirely walled offices.  Library, file and 
supply rooms on west side of core on 12th floor. 

10 U.S. Secret Service FP, V Mostly walled offices around perimeter 

9 U.S. Secret Service FP, V Mixture of walled offices and open landscaping 

7, 8 American Express FP, V Mostly cubicles.  Generator vaults on south side. 

5, 6 Mechanical Space FP No tenants 
a. Types of descriptive material received:  FP: floor plan; V: verbal description of interior. 
 

On Floors 5 through 13, the building core was approximately the same size and was bounded by demising 
walls.  The demising walls were fire-rated walls constructed of gypsum board over steel studs and 
reached from the floor slab below to the floor slab above.  Similar walls provided tenant-tenant separation 
on floors where there were or had been multiple tenants.  The doors through these demising walls were 
fire-rated and had self or automatic closers.  The 6th floor differed from the other floors in that the 
concrete floor slab did not cover the entire floor area, as described in Section 3.3.2. 

Interior walls in the tenant spaces were also of gypsum board and steel stud construction, but generally 
extended from the floor slab to just above the drop ceiling.  These walls, though unrated, also could have 
confined the fire for a short period of time.  The space bounded by the upper concrete floor slab and the 
drop ceiling formed a plenum; for a tenant floor with a single tenant and no interior demising walls, the 
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plenum would have extended across the full area of a given floor.  The hot upper layer generated by the 
fire effluent could then have spread floor-wide, unlike the (multiple tenant per floor) case with interior 
demising walls.  There were some slab-to-slab walls surrounding sound-sensitive offices and conference 
rooms that could also have interrupted fire spread. Such walls were usually not fire-rated. 

Doors within tenant spaces typically are not fire-rated and to not have self or automatic closers.  For 
modeling purposes, NIST generally presumed these doors to have been open.  However, in some cases, 
the observed interrupted progress of fire across a series of windows could have indicated a partitioned 
area with a closed door. 

Within the tenant spaces on Floors 7 through 13, the floor slab was generally carpeted; there were some 
cases of slightly raised floors for power and data cabling and of wood- or stone-covered floor areas.  
There was little information regarding the drop ceiling systems, and NIST assumed that they were similar 
to those in the WTC towers and that they were intact outside the zone affected by debris impact from the 
collapse of WTC 1.  There was no available information on the thermal properties of the ceiling tile 
systems on these floors.  However, since the building was sprinklered, the ceilings were not fire rated, and 
NIST assumed that the thermal response of the ceiling systems was similar to those in the towers. 

The Investigation Team digitized drawings of the focus floors (see below and Chapter 9), including the 
layout of the partitions, stairwells and other features that might affect fire spread.  These were used as 
input to the fire simulations described in Chapter 9. 

3.3.2 Floors 5 and 6 

Layout 

The 5th floor was a mechanical floor, 4.0 m (13.0 ft) in height from slab to slab.1  As shown in Figure 3–1, 
along the west-to-east midsection of the floor were, in turn, a segment of the west stairwell, banks of 
elevators, the second building stairwell, and a two story mechanical space housing the ventilation and air 
conditioning equipment.  Along the north and south faces were vaults housing power transformers for the 
building. 

The emergency power for the building came from the two 900 kW diesel generators (indicated in green in 
Figure 3–1) located near the southwest corner of the floor.  The vault surrounding the generators in this 
area was two stories tall.  Added in 1994 were nine additional generators that provided emergency power 
to the Salomon Smith Barney spaces above Floor 14; these are shown in orange.  A unified description of 
the fuel supply for the emergency generator system is presented in Section 3.4. 

Two story aluminum plenums that provided air for the diesel engines were located along portions of  
the west and east walls.  A building exhaust plenum was located on the west side of the southwest 
generator room and the south central portion of the east wall.  The diesel engines were exhausted through 
plenums on the west side of the south wall and along the north wall where the diesel generators were 

                                                 
1 The description of the 5th and 6th floors was derived from architectural and mechanical equipment design drawings provided by 

Silverstein Properties.  Some of the details may differ from the actual layout on September 11, 2001. 
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located.  Thirty-six 18 m3/s (38,000 ft3/min) fans provided intake air to the east and west plenums for 
emergency diesel engine combustion and generator cooling.  The maximum air flow was 645 m3/s 
(1,368,000 ft3/min). 

 
NIST drawing 

Figure 3–1.  Schematic of Floor 5. 

The 6th floor (Figure 3–2) was also a mechanical floor, 4.0 m (13 ft) in height from slab to slab.  It was 
isolated from the 5th floor by a floor slab, the walls of the two story mechanical space containing the air 
conditioning equipment, and the upward extension of the vault containing the southwest generators.  
Along the east and west walls were the upper parts of two story plenums.  The space along the north side 
of the floor was crossed by deep transfer girders.  Both the north and south sides of the floor contained 
ventilation ducts, plumbing, and miscellaneous electrical and mechanical equipment. 

Aside from the fuel for the generators, NIST was unable to identify significant combustible material on 
the 5th floor.  There were no documented combustibles to sustain a fire on the 6th floor, although Solomon 
Smith Barney staff reported that their janitorial supplies were stored there.  For flames to burn in the 6th 
floor and heat structural members, the flames from a fire on the 5th floor would have had to penetrate one 
of the aluminum plenum walls, rise through a gap created by debris damage on the south side of the 
building, or collapse a portion of the 6th floor slab. 
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NIST drawing 

Figure 3–2.  Schematic of Floor 6. 

The Facade 

Aluminum louvers were installed along the exterior walls of the 5th and 6th floors to protect the 
mechanical floors from the weather.  The louvers opened automatically when the fans were operating.  
From a distance, it was difficult to see if the louvers were opened or closed because there was an exterior 
mesh, where the windows were located, to keep debris out. 

�x On the east and south faces, the louvers, each about 6.7 m (22 ft) high and 1.4 m (4½) ft wide, 
extended almost the combined height of the 5th and 6th floors. 

�x On the west face, louvers approximately 2.3 m (7½ ft) high by 2.0 m (6½ ft) wide were installed 
in 14 of the window frames on each of the 5th and 6th floors.  These louvers were the same shape 
and size as the windows on the 7th floor and above.  The end windows on the 5th and 6th floors 
were wider, contained double panes, and were filled with a solid panel rather than louvers. 

The louvers, the transformer vault walls, and the interior plenum walls would have blocked any view into 
the building interior from the east, south or west.  However, if a large fire penetrated a plenum wall and if 
the louvers were open, flames might have been visible, and smoke might have emanated from the exhaust 
openings.  NIST found no photographic records or eyewitness accounts of fires that could be observed 
through these faces of the building on these two floors. 
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On the north face, louvers were located in the window frames on the 5th floor and tinted glass windows 
were used on the 6th floor to match the appearance of the upper stories.  The view of any interior fires on 
the 5th floor was blocked by the exhaust plenum walls at the east and west ends and by the bank of 
transformer vaults along the center of the north face.  To become visible from the north, a 5th floor fire 
would have had to be of sufficient intensity to breach the transformer vault or the exhaust plenum.  By 
contrast, a fire on the north side of the 6th floor would have been almost as visible (due to the tinted glass) 
as on one of the tenant floors.  Since there was essentially no combustible material to support a significant 
fire on the 6th floor, the flames from a significant fire on the 5th floor would have had to penetrate one of 
the aluminum plenum walls or collapse a portion of the 6th floor slab.  In addition, if there were an 
underventilated fire on the 5th floor, unburned pyrolysis products could have spread through such a gap 
and, if ignited, burned on the 6th floor.  NIST found no photographic records or eyewitness accounts of 
fires that could be observed through the north windows on these floors. 

3.3.3 Floors 7 and 8 

American Express moved into Floors 7 and 8 in 1994 and was the first tenant in that space.  Their layouts, 
as of October 2000, are depicted in Figure 3–3 and Figure 3–4.2  The flooring material was 46 cm (18 in.) 
square carpet tiles of unknown composition.  The walls were painted, with some poster art.  There was a 
limited amount of fluoropolymer-insulated fire alarm and security cabling above the drop ceiling tiles.  
Communications cabling ran through raceways in the floor slabs.  There were some firestopped holes in 
the 8th floor slab for communication cables between the two floors. 

The north side of the 7th floor was densely filled with clusters of cubicles and a few walled offices.  On 
the east side of the 7th floor was a large data center, whose walls ran from slab to slab.  A vault in the 
middle of the south side contained, among other equipment, three generators to provide emergency power 
for the Mayor’s Office of Emergency Management (OEM), located on the 23rd floor.  The vault also 
contained a 1.25 m3 (275 gal) fuel tank for the generators.  Approximately 650 m2 (7,000 ft2) of space on 
the west side of the floor had been vacated (in exchange for space on the 13th floor) in 1997.  Employees 
of the Mayor’s Office of Emergency Management said that they were using the vacated space for storage.  
The people who had occupied the area between the west face and the building core had been moved to the 
13th floor, and the 7th floor space had been turned over to Silverstein Properties, which intended to use it 
for storage.  There might have been little combustible material in this space. 

Virtually all the 8th floor was densely filled with clusters of cubicles.  Along the west wall was a small 
vault containing a single emergency power generator and a 1.25 m3 (275 gal) fuel tank.  The vault walls 
ran slab to slab and were fire-rated. 

American Express did not require employees to clear their desktops at the end of a workday.  However, 
the offices were generally neat, as they did nightly sweeps to avoid clutter and for fire safety.  Some of 
their material was stored in lateral file cabinets, and a lot of material was stored in a nearby building to 
maximize the availability of space for staff. 

                                                 
2 Floor plans provided by American Express and supplemented by NIST interviews with American Express staff, April and May 

2006. 
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NIST drawing derived from material provided by American Express 

Figure 3–3.  Schematic of Floor 7. 

 
 

 
NIST drawing derived from material provided by American Express 

Figure 3–4.  Schematic of Floor 8. 

Data Center 
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3.3.4 Floors 9 and 10 

The U.S. Secret Service moved into WTC 7 in 1995 and, as of September 11, 2001, occupied all of the 9th 
floor and all but the east side of the 10th floor.  Secret Service staff recollected was that there had been no 
prior tenants, although an undated Citigroup floor plan3 shows some landscaping.   

The 9th floor had a few walled offices on the building perimeter, but was mostly landscaped with cubicles.  
The number and layout of the cubicles is unknown.  There was a room housing a generator and day tank 
at the north end of the west wall.  East of the building core was an evidence storage area contained by 
fire-rated walls. It normally held paper materials (e.g., envelopes, folders, counterfeit currency, etc) 
related to case work.  The evidence area doors were closed and locked at all times unless authorized 
access had been granted.  There was a corridor between this room and the east face.  A deduced 
approximate floor plan is shown in Figure 3–5.4 

 
NIST drawing 

Figure 3–5.  Approximate layout of the 9 th floor. 

On the 10th floor, there was a heating, ventilation and air conditioning (HVAC) room at the northwest 
corner and walled offices along half of the north wall and about one-third of the south face.  Aside from 
the few offices on the north face, the remainder of the occupied floor space was open landscaping.  As 
with the 9th floor, the number and layout of the cubicles is unknown.  The east side of the 10th floor was 
described by the Secret Service as empty.  There was a row of walled offices along the east side of the 
south face, which the Secret Service took over for future overflow.  Architectural drawings show a row of 
walled offices along the vacant east side of the north face.  From the east side of the building core to the 
east wall were mainly cubicles.  A deduced approximate floor plan is shown in Figure 3–6. 

                                                 
3 Floor plan provided by Citigroup, December 2003. 
4 Floor plans provided by U.S. Secret Service and supplemented by NIST interviews with Secret Service staff, May and June 

2006. 
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Secret Service staff described the ceiling tiles as “normal.”  Cables above the ceilings were for 
information transfer, video and alarm systems.  The flooring was generally carpet tiles, although there 
were some areas with vinyl tiles. 

 
NIST drawing 

Figure 3–6.  Approximate layout of the 10 th floor. 

In building photographs, the windows on these two floors appear to be darker than those on the other 
floors.  However, the Secret Service staff stated that they had done nothing to the windows during or after 
the build out.  The fact that photos showed late fires and broken windows on the north face of the 9th floor 
indicated that a fire could be seen and could break these windows. 

The cubicle areas were kept relatively clear of papers, since most of the papers in the Secret Service space 
were evidence and could not be left out overnight.  On the desks, there may have been some files 
containing notes on active cases.  The bulk of the paper was stored in file rooms and evidence vaults. 

There were several pistols and shotguns stored on the 9th floor.  Secret Service staff stated that there were 
no other types of weaponry in WTC 7 and estimated that there were fewer than 500 rounds of ammunition 
for the small arms. 

No fire was observed on the 10th floor, and only a very late fire was observed on the 9th floor (Chapter 5). 
NIST did not model the 9th floor in detail.  How NIST treated the floor is presented in Chapter 9. 

3.3.5 Floors 11 through 13 

The U.S. Securities and Exchange Commission (SEC) had occupied the 11th and 12th floors and the north 
side of the 13th floor since about 1991.  They outfitted the space to their needs, including removal of old 
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cables, plumbing fixtures, etc.  Interviewed SEC staff had no recollection of records of any renovations 
after the SEC moved in.5 

American Express occupied the southwest sector of the 13th floor.2  The space was mainly filled with 
cubicles.  There was also a small bank somewhere on the east part of the south face.5  NIST was unable to 
obtain any other information regarding the occupancy of the east side of Floor 13. 

The layouts of the 11th and 12th floors were similar to each other6, and a single floor plan was used for the 
fire simulations (Figure 3–7).  The layouts of both floors were quite different from those of the other 
focus floors.  The space was principally subdivided into walled offices, with a few cubicles.  There were 
single-person offices all around the perimeter. Interior to these was a full corridor, with a second rectangle 
of solo offices opening outward onto the corridor.  There was a second corridor inside these offices and 
outside the building core.  Generally, one could not see outside the building from either corridor.  The 
principal exception was near the 12th floor library on the west side of the building.  There was frosted 
glass on some of the office walls. 

 
NIST drawing 

Figure 3–7.  Schematic of Floor 12. 

There was a convenience stairway between the 11th and 12th floors, located near the southwest corner.  
The stairway was open, with no walls or doors. 

The furniture was mostly modular, generally consisting of decorative laminate over particle board.  There 
were some older solid wood pieces scattered among the managers' offices.  The combustible load in the 
offices was described as high by interviewed American Express managers.  There was no clean desk 
policy.  Open case files were left on surfaces.  There were many bookcases, file cabinets, and cartons of 
files in the offices. 

                                                 
5 NIST Interviews with U.S. Securities and Exchange Commission staff, December 2005 through March 2006. 
6 Floor plans provided by the U.S. Securities and Exchange Commission. 
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Occupants of the south side offices reported that a large number of windows were broken by the 
percussion and debris from the aircraft impact into WTC 1.5 

The 13th floor was less heavily subdivided (Figure 3–8).  Along the north perimeter was a corridor, with a 
hearing room and multiple testimony rooms facing it.  There were additional testimony rooms on the 
northern portion of the east and west sides of the floor and a storage room at the northwest corner.  The 
testimony rooms were sparsely furnished, with just a table and a few chairs. 

 
NIST drawing 

Figure 3–8.  Schematic of Floor 13. 

3.3.6 Other Fire Floors 

As will be seen in Chapter 5, early fires were noted on floors 19 (occupied by the Hartford Insurance 
Company), 22 (Federal Home Loan Bank), 29 (Salomon Smith Barney, SSB), and 30 (SSB).  These fires 
were recorded in photos and videos from shortly after noon until about 1:30 p.m. 

NIST was able to obtain floor plans for the east side of the 19th floor7 (Figure 3–9) and the 29th and 30th 
floors.8  The latter two floors were nominally identical (Figure 3–10).  While it is not clear why the early 
fires did not continue to propagate, there were no features of these floors that offered a mechanism for a 
long-lasting fire to burn without reaching an exterior wall by 5:00 p.m.  (See Chapter 9.)  No plan for the 
22nd floor was available, but it is quite unlikely that continuation of the early burning would not have 
become visible. 

On the 14th floor, a small fire was observed at the far east of the north face at about 5:03 p.m.  It was not 
observed at 4:52 p.m. and 5:09 p.m.  On September 11, 2001, the 14th floor was unoccupied and should 
have had a very small combustible fuel load.  From this evidence, the Investigation Team deduced that it 
was unlikely that there had been a sustained fire of appreciable heat output. (See Section 9.1.2.) 

                                                 
7 Floor plan provided by the Hartford Insurance Company. 
8 Floor plans provided by Citigroup. 
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NIST also obtained layout plans for nearly all the remaining floors8, on which no signs of fires were 
observed.  Nothing in these floor plans indicated construction that would conceal a sustained fire (such as 
that on the 12th floor) from being viewed from outside the building. 

 
NIST drawing derived from material provided by The Hartford Insurance Co. 

Figure 3–9.  Schematic of Floor 19. 
No information was available on the layout of the west half of the floor. 

 

 
NIST drawing 

Figure 3–10. Schematic of Floor 29. 

Small fires on these floors might not have been visible through the windows due to the extensive office 
partitions.  However, it is likely that a fire of sufficient duration and intensity to threaten the floor 
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assemblies or the columns would have burned toward and broken windows on the north, east, or west 
sides, where photographs would have recorded their presence. 

3.4 BUILDING COMBUSTIBLES 

3.4.1 Furnishings 

The most prevalent combustibles on Floors 7 through 13 were the large array of workstations (also 
referred to as office modules or cubicles).  There were almost certainly different types of workstations in 
the building.  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 similar.  A 
typical cubicle was bounded on four sides by privacy panels, with a single entrance opening.  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.  These cubicles, as many as 200 or more per floor, were grouped in clusters 
or rows.  

Unlike the case for the two WTC towers, there was no widespread spraying of jet fuel to ignite numerous 
workstations simultaneously. Rather, in the earlier hours of the WTC 7 fires, the fire would have spread 
from one individual workstation to another.  Thus, the fire spread would have been dependent on the 
specific spacing of the cubicles and their ease of ignition.  Replicating such fire growth was not feasible 
since (1) the information available on the office layouts was not sufficiently detailed, and (2) there was 
insufficient visual evidence to support such a detailed approach. 

The combustible fuel load9 for the floors was estimated as follows. 

�x Floors 7 and 8.  The architectural drawings show densities of workstations similar to those on 
most of the fire floors in the WTC towers.  (Recall that the south and east sides of the 7th floor 
were given to other uses.)  The exact nature of the workstations was not known, nor was the mass 
of paper in each cubicle.  Thus, the Investigation Team assumed the combustible masses (200 kg 
per workstation plus 50 kg of paper) were similar to those in the towers (NIST NCSTAR 1-5).  
For example, the architectural drawings of the 7th floor show about  
100 workstations on the north side of the 7th floor and about 130 workstations on the north side of 
the 8th floor, although the exact number of workstations on September 11, 2001 is not known. The 
floor area north of the building core was about 1500 m2.  Thus, the initially estimated combustible 
fuel load was about 20 kg/m3 (4 lb/ft2).  Simulations of the fires with a higher combusted fuel 
load (Chapter 9) showed little effect on the rate of fire propagation. 

�x Floors 9 and 10.  The floor plans did not indicate the number of workstations on these floors.  As 
noted in Section 3.3.4, there would not have been excess paper on the desks or floors.  Thus, the 
estimated combustible fuel load was the same as for the 7th and 8th floors (and the towers), about 
20 kg/m3 (4 lb/ft2).  No fire was observed on the 10th floor, and a sizable fire on the 9th floor was 

                                                 
9 In the fire simulations, the entire combustible fuel load can be burned.  In actuality, not all of, e.g., a wood desk is consumed.  

Thus, the combusted fuel loads estimated for these simulations are somewhat lower than the actual fuel loads in prior surveys 
(NIST NCSTAR 1-5). 
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observed for only about an hour (Chapter 5).  Thus, there was no means to estimate the effect of 
different combustible mass loadings on agreement with the observed fire growth patterns. 

�x Floors 11 and 12.  As described in Section 3.3.5, these floors were divided into individual offices, 
rather than open landscaped.  There were approximately 130 offices per floor, distinctly fewer 
than the number of cubicles on a fully landscaped floor.  The mass of the furnishings per office 
was not known; the mass of additional paper materials was described as very high.  As indicated 
in Section 9.3.1, the Investigation Team began with an initial estimation of the combusted fuel 
load of approximately 32 kg/m3 (6.4 lb/ft2).  Simulations of the fires with a lower combusted fuel 
load (Chapter 9) resulted in poor agreement with the observed fire spread rates. 

�x Floor 13.  There was little information regarding the combustibles on this floor, and there was 
little visual evidence for estimating the effect of different combustible mass loadings on 
agreement with the observed fire growth patterns.  NIST assumed a combusted mass similar to 
that on the 11th and 12th floors. 

3.4.2 Diesel Fuel 

There was considerable capacity for diesel fuel storage within and under WTC 7.  The Investigation Team 
compiled information in order to estimate how much diesel fuel might have been available to feed fires in 
various locations in the building on September 11, 2001.  The information collected (NIST NCSTAR 1-1J) 
is summarized as follows. 

Fuel Tanks 

Figure 3–11 through Figure 3–14, reproduced from NIST NCSTAR 1-1J, depict the floor-by-floor 
locations of the electrical generators, the day tanks, and the fuel lines that connected them to the below 
ground fuel tanks.  The text in this section is abridged from that report, as well. 

There were two 55 m3 (12,000 gal) tanks located below the loading dock.  These provided the primary 
supply for what was known as the base building system.  This system, installed in 1987, consisted of two 
generators installed on the 5th floor of WTC 7, along with a 1.25 m3 (275 gal) day tank, which was set 
within a 2.5 m3 (550 gal) capacity collecting tank.  The day tank was replenished with a 0.33 L/s 
(4.4 gal/min) pump.  Additions to the system in 1994 were: 

�x A single generator on the 9th floor with a 0.23 m3 (50 gal) day tank located on the generator 
(Ambassador modification for the U.S. Secret Service). 

�x A single generator located on the 8th floor, along with a separate 1.25 m3 (275 gal) day tank 
(American Express modification). 

The pumps that filled the three day tanks from the large storage tanks were located on the 1st floor. 

The Solomon Brothers system was installed in 1990.  This consisted of two 27 m3 (6,000 gal) tanks 
located under the loading dock and pumps located on the 1st floor in a separate space from the base 
building pump sets.  The Solomon Brothers system’s nine generators were all located on the 5th floor.  
Since the New York City regulations had a limit of one day tank up to 1.25 m3 (275 gal) per floor, and 
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since the base generators located on the 5th floor already made use of a 1.25 m3 (275 gal) day tank, the 
SSB system used a pressurized fuel distribution system, in which the pumps continuously circulated fuel 
whenever the generators were running.  There was enough fuel (160 L, 35 gal) stored at pressure in the 
valve rig and piping located on the ceiling near the northeast corner of the 5th floor (Figure 3-1) to start 
the diesel engines, which, in turn, would supply power to operate the circulating pump.  The maximum 
fuel flow was 5.3 L/s (70 gal/min) at 340 kPa (50 psi). 

The Mayor’s OEM system, installed in 1999, consisted of a separate 27 m3 (6,000 gal) storage tank 
located on the 1st floor of the building, along with its pumps, in a separate space from the other pumps.  
The generators and a 1.25 m3 (275 gal) day tank were located on the 7th floor. 

 

Figure 3–11. Section view of fuel oil distribution components in WTC 7. 
(NCSTAR 1-1J) 
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Figure 3–12. Schematic of the 
7th floor of WTC 7 showing the 
locations of electrical 
generators and the fuel lines 
that connected them to below 
ground fuel tanks. 

 

 

 

Figure 3–13. Schematic of the 
8th floor of WTC 7 showing the 
location of the electrical 
generator and the fuel line that 
connected it to below ground 
fuel tanks. 

 

 

 

 

Figure 3–14. Schematic of the 
9th floor of WTC 7 showing the 
locations of the electrical 
generator and the fuel line that 
connected it to below-ground 
fuel tanks. 

 

 

Fuel Accounting 

The Silverstein Properties building management had a contract with a fuel oil supplier to check and fill 
the base building system supply tanks (which had a total capacity of 110 m3 (24,000 gal)) regularly.  
Thus, NIST assumed that the base building tanks were full on September 11, 2001.  In the days following 
the attacks on the WTC, a contractor (GZA 2002) recovered an estimated 100 m3 (23,000 gal) of fuel 
from these tanks.  The uncertainty in these volumes is unknown, and NIST assumed that approximately 
10 m3 ± 10 m3 was unaccounted. 
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The distribution system was designed to keep the three day tanks full by transferring fuel from the base 
building supply tanks, so NIST also assumed that these day tanks (total capacity of 2.7 m3 (600 gal)) were 
full on September 11, 2001.  The fate of this fuel is unknown.  The volume of the riser pipes was modest 
compared to the volume of the tanks, and it was not known how full of fuel they might have been.  Thus, 
NIST assumed that the most fuel that could have been supplied to fires from the base building system was 
about 2.7 m3 (600 gal). 

The two 27 m3 (6,000 gal) tanks for the Solomon Brothers system were found to be damaged by WTC 7 
collapse debris and were empty; there was no significant quantity of fuel identified in the soil and gravel 
below the tanks.  Thus, all 55 m3 (12,000 gal) of fuel from this system would have been available to feed 
fires either at ground level or on the 5th floor.  The latter scenario would have required power to the 
pumps to remain, and a breach in the 5th floor fuel system that was not sensed by the leak detection 
system in the outer pipe. (Refer to Chapter 10 for further details on this scenario.) 

No trace of the Mayor’s OEM system tank nor the 27 m3 (6,000 gal) of fuel it contained was ever found, 
so NIST assumed that the full volume might have been available to the building fires.  This tank was 
located in a 1st floor room adjacent to the elevator bank, enclosed in 4 h fire rated construction, and 
provided with a total flooding fire suppression system.  Since the pumps used to fill the day tank on the 
7th floor would only run when the low fuel switch came on, and since the distribution piping would drain 
by gravity when the pumps were off, most of this fuel likely would only have been available on the 1st 
floor. It is, however, possible that a break in the day tank supply line on the 7th floor could lead to a diesel 
fuel pool on this floor. (See Section 9.2.2.) 

3.4.3 Other Combustibles 

In interviews with staff of WTC tenants, The Port Authority, and Silverstein Properties, NIST was told 
that there were no exceptional combustibles in the building other than the aforementioned small arms and 
limited ammunition on the 9th floor. 

3.5 REFERENCES 

GZA GeoEnvironmental, Inc. 2002. Underground Storage Tank Closure Report, September 9. 

Port Authority Facility Condition Survey Program WTCI-122-P, p. 23, April 1997. 
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Chapter 4 
FIRE PROTECTION MEASURES 

4.1 OVERVIEW 

Active and passive elements were used in the fire protection systems of WTC 7.  The active fire 
protection systems in WTC 7 consisted of fire sensors and alarms, notification systems, automatic fire 
sprinklers, water supplies, and smoke management.  The sprinkler systems were the first line of defense.  
Water stored in the building from public sources or pumped from fire apparatus was supplied through 
dedicated piping to the area of the fire.  Also present in the buildings were hoses, pre-connected to a water 
supply through standpipes located in the stairwells and other utility shafts.  The standpipes provided hose 
connections at each floor for the Fire Department of the City of New York (FDNY).  In addition, pre-
connected standpipe hoses were installed for trained occupants to suppress fires. 

Occupants in the building depended on the fire alarm and emergency notification system to detect fires 
and provide information for emergency evacuation.  Capabilities were also designed for the ventilation 
system to operate in a way to purge smoke produced by fires from the building.  Smoke purging was 
intended to be used for post-fire clean-up, but could be used during a fire event at the discretion of the 
FDNY. 

Passive fire protection provided a second line of defense against structural damage by uncontrolled fires.  
The passive components included both horizontal and vertical fire barriers and spray-applied fire resistive 
material (SFRM).  The concrete floor slabs were fire rated, as were the walls surrounding the power 
transformers and the building core.  Because the building was fully sprinklered, no partitioning of the 
open floors (within a single tenant space) with demising walls was required by the New York City 
Building Code.  Nonetheless, some of the interior walls in the tenant spaces provided temporary 
obstructions to flame spread.  The structural steel columns, beams, and girders, as well as the underside of 
the concrete floor slabs, were coated with Monokote MK-5, a spray-applied fire resistive material, as 
documented in Chapter 2. 

NCSTAR 1-4 includes a thorough examination of the design and installation of the active fire protection 
systems in WTC 7 (as well as in WTC 1 and WTC 2) and a description of the normal operation of fully 
functional systems and their potential effectiveness for controlling the fires on September 11, 2001.  The 
applicable building and fire codes and standards, as well as the history of fires in these buildings, were 
also documented in NCSTAR 1-4.  The following section provides a summary of the key information 
from NCSTAR 1-4 as it pertains to WTC 7. 

There was no evidence to suggest that the fires that eventually brought WTC 7 down originated or 
propagated within the Con Edison substation located on the lower floors of WTC 7 (Appendix A).  Thus, 
the Con Edison fire protection systems are not presented here.  (Information on the design and operation 
of the substation can be found in Appendix A of this report.) 
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4.2 FIRE ALARM SYSTEMS 

The fire alarm system for WTC 7 was the original system installed during the initial construction of the 
building (NIST NCSTAR 1-4C).  Modifications were performed as needed to accommodate renovations 
and tenant fit-outs.  Project development documentation found and analyzed was limited in this 
investigation to design criteria, specifications, riser diagrams, and a limited number of tenant fit-out 
drawings that included fire alarm work. 

The Basic Design Criteria document, labeled as "Revised November 5, 1984," was prepared by Syska & 
Hennessy, and it referenced the applicable local building codes at the time of construction.  The basic 
system was required to contain the following components to monitor and annunciate the status of its 
devices and initiate an appropriate response (Syska & Hennessy 1984): 

�x A Fire Command Station (FCS) located in the lobby of the building on the entrance floor; 

�x Remote alarm display panels in the Mechanical Control Center and Fire Safety Director’s 
location; 

�x Manual fire alarm stations provided in each story along the path of escape with additional stations 
installed so that the maximum travel distance between stations would not exceed 200 ft (60 m); 

�x Speakers located on all floors and stairways that could be operated in the FCS—the elevator 
intercommunication system was provided separately; 

�x Visual alarm devices (strobes) in public common use areas; 

�x Floor warden stations on each floor that provided two-way communication with the FCS; 

�x Standpipe firefighter telephone system with communication stations provided at the FCS, each 
floor near the standpipe riser, gravity tank rooms, and fire pump rooms; 

�x Fire sprinkler water flow alarm and malfunction monitoring; 

�x Tenant fire alarm panels monitoring for alarm and system fault conditions; 

�x Fan shutdown and restart system for smoke control; 

�x Elevator recall upon its smoke detector activation; 

�x Fire stair door releases; and 

�x Smoke and heat detection. 

The only performance criterion in the design that exceeded the minimum requirements of the applicable 
codes was the statement requiring that “All monitoring, communication and control for the fire alarm 
system shall be on a separate multiplex channel with its own processor.” (Syska & Hennessy 1984) 
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4.2.1 System Architecture and Operation 

The fire alarm system chosen for WTC 7 was the Firecom 8500 (Syska & Hennessy 1984).  The main 
user interface was at the Fire Command Station, where the head-end fire alarm panel provided central 
monitoring and control through a monitor with keyboard, illuminated displays, microphone, and control 
switches.  The Class B Signaling Line Circuit riser from the head-end panel went to a Terminal 
Transmission Box (TTB) on each floor, which was the data gathering panel for the detection, notification 
and control devices for each floor.  The TTB provided Class B conventional Initiating Device Circuits 
and Notification Appliance Circuits for the manual pull stations, smoke detectors, and speakers.  The TTB 
also provided the circuit interfaces to control the door releases and air handling units.  Bulk amplification 
for all loudspeakers associated with the emergency voice alarm communication system was generated 
from the 5th floor. 

The specifications provided a sequence of operation during alarm conditions for the different types of 
devices found on the fire alarm system (NIST NCSTAR 1-4): 

1. Activation of a manual pull station, smoke detector, heat detector, duct detector, or sprinkler 
water flow switch would: 

a. Automatically sound all loudspeakers on the floor of alarm and the floor above; 

b. Automatically transmit the fire alarm signal to the fire department via a central 
monitoring office; 

c. Unlock the doors in the fire stairs; and 

d. Sound a fire alarm signal and provide location identification at the FCS, Mechanical 
Control Center, and Fire Safety Director’s location. 

2. In addition to #1 above, the duct detectors would: 

a. Stop air supply and air return from the floor of alarm activation by automatically shutting 
down air supply and return fans serving these floors; and 

b. Open smoke exhaust dampers of smoke shafts on the floor of alarm activation, and start 
associated smoke exhaust fans. 

3. In addition to #1 above, the elevator lobby detectors and sprinkler water flow switches would 
cause elevators serving the floor of alarm activation to return non-stop to street floor or to the 
lowest landing above street floor when the lowest landing of the elevator bank was above 
street floor.  If the lowest landing were the floor of alarm activation, the elevator would return 
to a landing two floors above. 

4.2.2 Design, Installation and Maintenance 

NIST reviewed documentation consisting of modified riser as-built diagrams and floor plans with fire 
alarm device locations (Syska & Hennessy 1984).  Comprehensive as-built drawings for the system were 
not located. 
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The modified riser diagrams were conceptual in nature and provided the installation contractor with the 
number of devices to be installed on each floor, type of fire alarm equipment on each floor, and the 
number and type of wire interconnecting the devices and equipment.  The modified riser diagram had 
areas crossed-off, which indicated that the area had undergone renovation.  Additional renovation 
drawings provided a section of the riser with its modifications.  The final drawings consisted of the 
partially modified riser diagrams with areas crossed-out, separate drawings containing a revised section of 
the riser, and floor plans with the locations of the devices on each designated floor. 

From the available drawings, it appears that the contractor was responsible for determining the final 
circuit configurations for the devices and equipment.  Limited information was found on the specific 
location of the fire alarm control equipment, initiating devices, and communication equipment. 

The 3rd floor lobby was designated as the FCS.  On a typical floor, manual pull stations were located at 
each stair entrance, and smoke detectors were provided in electrical/telephone closets and in elevator 
lobbies.  Sprinkler water flow switches and valve supervisory switches in each stairwell were monitored 
by fire alarm interface devices.  Duct smoke detector locations were not identified, but the criteria 
required detectors to be installed in heating, ventilation and air-conditioning (HVAC) systems over 
3,400 m3/h (2,000 ft3/min).  Fire warden stations were typically installed on the north wall outside the 
elevator lobby. 

The Investigation Team did not locate drawings that provided guidance on the installation of the fire 
alarm devices to meet tolerances required by code and the manufacturer.  The riser diagrams indicated 
that the smoke detector, manual pull station, speaker and strobe circuits were configured to be a Class B 
type.  The use of a Class B circuit was consistent with the minimum requirements for performance, but a 
Class B circuit does not have the higher level of survivability associated with a Class A circuit. 

The Investigation Team also did not locate drawings showing the number of wires required to run 
between each device, and between the device and equipment, nor were fire alarm power calculations 
located to document the capability of the fire alarm equipment to power the number and type of devices 
connected to the equipment.  No quality control documentation was found for the installation, and no 
testing and commissioning procedures were located. 

Inspection, testing, and maintenance were mandated by the applicable building codes after a fire alarm 
system was installed and in operation.  The building owner was responsible for inspection, testing, and 
maintenance of the systems.  The inspection, testing and inspection were permitted to be done by 
qualified and experienced personnel employed by the owner, or the work could be performed under 
contract.  These duties were conducted by a contractor; and, based upon the information reviewed for 
2000 and 2001, were adequately documented. 

4.2.3 Fire Alarm System Performance on September 11, 2001 

Information on the performance of the WTC 7 fire alarm system on September 11, 2001 was limited to 
the record of the offsite system monitoring company.  The printout shown in Figure 4–1 indicates the 
system registered an alarm at 10:00:52 a.m., just after the collapse of WTC 2.  Even though a fire alarm is 
indicated, alternatively the record might have been the result of dust entering smoke detectors.  Although 
the entire alarm history record was obtained from AFA Protective Services (AFA), the system monitoring 
company, the amount of information it shows is typical of system monitoring operations and is meager. 
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Records show that the system was placed on test condition every morning at about the same time, and 
specifically had been tested for the seven days preceding September 11, 2001.  The readout for this date is 
shown in Figure 4–1. 

 

Figure 4–1.  Monitoring station history tape record for the WTC 7 fire alarm 
system on September 11, 2001. 

The fire alarm history tape record is read from the bottom to the top.  Some entries occur as the result of 
normal operations, and others are the result of actions taken by operators.  The bottom line of the record 
shows that at 6:05:01 a.m. on September 11, 2001, the fire alarm system completed a normal 
communications check with the central monitoring station.  This check was made every day. 

At 6:47:02 a.m., AFA placed WTC 7 in a “TEST: ALL” condition.  This was normally done in response 
to a request from the building manager.  Ordinarily, it was requested when maintenance or other testing 
was being performed on the system, so that any alarms received from the system were considered the 
result of the maintenance or testing and were ignored.  NIST was told by AFA that for systems placed in 
the TEST condition, alarm signals were not shown on the operator’s display, but records of the alarm 
were recorded into the history file.1 

At 6:47:03 a.m., the record includes an explanation of the request to put the system in the TEST 
condition.  Continuing to read from bottom to top, the date and time the system was placed in TEST was 
recorded.  In this case it was 091101 647 (6:47 a.m., September 11, 2001), and the system would have 
automatically gone back to normal monitoring after eight hours, a system default value, at 091101 1447 
(September 11, 2001, 2:47 p.m.).  On the next line above, “RIC” identifies the AFA operator; 4210 is a 
code number for the “PLACE ON TEST” message.  CAT:11 indicates the authority of the person 
requesting the action, identified in the next line as Williams.  Records indicated that the building alarm 
system was often placed on test. 

At 10:00:52 a.m., a fire condition [1510 CO TO CLASS E] was indicated in WTC 7.  The *T at the right 
end of that record indicates that the system was in TEST at the time.  The alarm record also shows that the 
fire condition was in AREA 1.  NIST has been told by AFA that AREA 1 was not a specific area within 
                                                 
1 Letter from Richard Kleinman, President, AFA Protective Systems, dated July 16, 2003, based on a request by NIST. 

09/11/01 14:48:22 DYJ 4612 **** FULL CLEAR **** 

09/11/01 14:47:22 LATE 3923 SYSTEM TEST OVER 

09/11/01 14:47:22 COMMENT: TEST: ALL 

09/11/01 14:47:21 COMMENT: LAST SET: 091101  64742 

09/11/01 10:00:52 1510 CO  TO CLASS E AREA:1 *T 

09/11/01 06;47:43 COMMENT: RIC: WILLIAMS 

09/11/01 06:47:03 RIC 4210 PLACE ON TEST  CAT:11 

09/11/01 06:47:03 COMMENT: 091101  647  091101  1447 

09/11/01 06:47:02 COMMENT: TEST: ALL 

09/11/01 06 05 01 RP 20 TIMER TEST
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the building, but referred to the entire building.  In other words, a fire detected in any fire alarm zone in 
the building would have resulted in the same AREA 1 identification at the monitoring station.  The time, 
10:00:52 a.m., is shortly after the collapse of WTC 2.  NIST could not determine whether this fire alarm 
was triggered by smoke from a fire or by dust entering smoke detectors.  None of the interviews 
conducted by the Investigation Team contained any mention of an alarm received at the Fire Command 
Station. 

At 2:47:21 p.m. and 2:47:22 p.m. (14:47:21 hr and 14:47:22 hr), at the time the eight hour “TEST: ALL” 
condition was set to expire, additional actions were recorded that ended in an operator (DYJ) entry to 
“FULL CLEAR.”  Since there were several large fires in the building at this time (Chapter 5), it appears 
that either the building alarm system was not functioning after about 2:47 p.m. (and probably after 
10:01 a.m.), or that the offsite monitoring system or its link to WTC 7 was incapacitated in some way. 

A much greater amount of information would have been collected and recorded by the fire alarm 
equipment within WTC 7.  None of that information was recovered from the building systems, which 
were destroyed in the collapse.  Typically, and in the case of WTC 7, specific fire information beyond the 
fact that a fire condition has been detected is rarely sent to the monitoring site. 

4.3 SMOKE MANAGEMENT SYSTEMS 

In the event of fire in WTC 7, there were two primary means to control smoke movement throughout the 
building: 

�x Smoke barriers, which were typically integrated into the architecture of the building, as well as 
into the ductwork through which heating, ventilation, and air-conditioning (HVAC) air flowed.  
The use of smoke barriers is referred to as compartmentation, and walls and smoke dampers are 
used to form these compartments. 

�x Air movement equipment, either dedicated for smoke management or used to provide HVAC air 
to the building. 

The design of the smoke management systems was guided by local building code requirements, widely 
used and accepted installation standards, and fire protection engineering practice.  The design and 
installation of the smoke management systems in WTC 1, WTC 2 and WTC 7 have been documented in 
NCSTAR 1-4D;  this section provides an overview of the systems in WTC 7. 

The original building layout consisted of a mechanical equipment room located on each floor.  Building 
ventilation was provided on the tenant floors (Floors 7 through 47) for the base building configuration in 
WTC 7 by supply air fans located on each floor.  As shown in Figure 4–2, conditioned air was distributed 
to the floor in two zones, corresponding to the north/east, and south/west portions of the building.  The 
fan room served as a return plenum.  Return air was drawn into the fan room via ducts that connected the 
fan room to the return air plenums above the occupied space of each floor.  Make-up (outdoor) air was 
drawn into the fan room via make-up air shafts that connected to the exterior of the building either at the 
roof or at the 6th floor via louvers through the side of the building. 
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Figure 4–2.  Air distribution system, 24 th floor, WTC 7. 
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Consistent with the NYCBC, the WTC 7 HVAC systems were designed to incorporate a smoke purge 
mode, by which each floor of the building could be exhausted/purged of smoke manually on a 
floor-by-floor basis from the Fire Command Center, which was located on the 3rd floor of the building at 
the main lobby security desk.  Two smoke exhaust fans were originally located within the building on the 
6th floor and 47th floor.  The return air ductwork was connected to the exhaust duct.  Return air either 
dumped into the fan room via the return dampers in each branch duct or was exhausted via the smoke 
exhaust riser.  A smoke exhaust damper would have opened at the shaft within each mechanical room, 
and the return dampers would have closed to exhaust smoke in the smoke purge mode.  Curtain fire 
dampers were located throughout the building where ductwork crossed fire rated shaft walls, consistent 
with the NYCBC.  Separate pneumatic smoke dampers were used in the fan room to direct airflow within 
HVAC ductwork. 

During the early 1990s, Salomon Smith Barney (SSB) performed a major tenant retrofit to floors 28 
through 45.  The retrofit included the combining of adjacent floors into single floors, the relocation of 
HVAC shafts, and the provision of new HVAC equipment to supplement base building equipment.  This 
renovation included changes to the smoke management system, detailed in NIST NCSTAR 1-4D. 

The building operations manual for WTC 7 specified three alarm modes pertaining to operation of the 
building HVAC systems.  ALARM-1 initiated shutdown of HVAC equipment based on duct smoke 
detection.  ALARM-2 initiated smoke purge on the affected floor.  ALARM-3 specified the smoke purge 
sequence for non-affected floors.  The smoke management sequence pertaining to the smoke purge 
function involved exhausting the fire floor and pressurizing the remaining floors with supply air. 

Local Law #16 required that all buildings in occupancy group E (business), which included WTC 7, be 
provided a manual override capability for exhausting one floor at a time at a rate of six air changes per 
hour, or 1 cfm/ft2 of floor area, whichever is greater.  For WTC 7, with a footprint area of approximately 
48 000 ft2, this would require an exhaust capacity of at least 48,000 ft3/min (82,000 m3/h).  The base 
building system serving the lower floors of the building provided a smoke exhaust capacity of 
36,000 ft3/min (61,000 m3/h), which was not consistent with the minimum value specified by code.  An 
84,000 ft3/min (143,000 m3/h) exhaust fan was provided for the SSB floors during the tenant retrofit, 
which exceeded the capacity required by code. 

WTC 7 was sprinklered throughout and was, therefore, exempted from the requirement for stair 
pressurization systems.  The building was provided with a Class E fire alarm system consistent with the 
NYCBC, was provided with emergency power serving all emergency systems, and was equipped 
throughout with fire dampers at duct penetrations into vertical shafts, consistent with the NYCBC. 

NIST found no documentation to indicate whether the smoke management system operated or did not 
operate on September 11, 2001.  The following inferences indicate that it was unlikely that the system 
was in operation that day.  First, as noted in Section 6.5.2, around 11:00 a.m., the stairways were filling 
with smoke, indicating that the smoke management system was not in use up till that time.  Few people 
entered the building after that time.  Second, at about 2:30 p.m., the decision was made to abandon the 
building (Section 6.6), so the system was not turned on after that.  Third, in the NIST interviews with 
FDNY personnel, there was no mention of action to activate the smoke purge system. Fourth, none of the 
visual images showed smoke flowing from the exhaust louvers on Floors 6 and 47. 
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4.4 SPRINKLERS, STANDPIPES, AND PRECONNECTED HOSE SYSTEMS 

4.4.1 Overview 

Available documents and drawings indicated that automatic fire sprinkler systems were installed in nearly 
all areas of WTC 7.  The exceptions were the electrical equipment spaces (including switchgear, 
networking, and switchboard rooms), generator rooms, and bathrooms.  In addition, the 5th floor was not 
protected by sprinkler systems, with the exception of the mechanical space on the east side of the core 
(Syska & Hennessy 1984).  The loading berth and fuel oil pump rooms in WTC 7 were protected by dry-
pipe sprinkler systems.  The first floor room containing the 6,000 gal fuel oil tank was protected by an 
Inergen clean agent fire suppression system.1  The elevator storage area beneath the tank was protected by 
a wet pipe sprinkler system. 

A standpipe system was installed in each of the two stairwells.  Pre-connected hoses were located in the 
stairwells at each floor and were connected to the standpipe.  In addition, a supplemental pre-connected 
hose cabinet was located on the east side of each floor.  Additional hose cabinets were installed in 
different locations on different floors in order to achieve the required reach for the hose lines.   

4.4.2 Details of the Standpipe and Sprinkler Riser Systems 

The primary water supply for WTC 7 was provided by the 12 in. water main beneath Washington Street.  
Fire department connections (FDCs) were located on the south, east, and west sides of the building.  A 
3 m3/min (750 gal/min) manual fire pump that served the entire building was located on the ground floor. 

Three vertical zones within WTC 7 were identified based on the water source and flow path (Figure 4–
3).2 

�x Low zone.  A 2 m3/min (500 gal/min) automatic fire pump, located on the ground floor, supplied 
the sprinkler and dual standpipe systems from the ground floor through the 20th floor.  A cross 
connection main, located on the 20th floor, connected the risers to each other; an isolation valve 
could be closed to isolate the risers from each other.  The pump was provided with an emergency 
power source via an automatic transfer switch (Syska & Hennessy 1984). 

�x Mid-level zone. The 21st floor through 39th floor sprinkler systems and dual standpipe systems 
running from the 21st floor through the 44th floor were supplied from two connected, two story 
high, gravity-fed water storage tanks on the 46th floor.  Each tank had a holding capacity of 70 m3 
(17,500 gal).  The water could be used for both domestic plumbing and fire suppression, although 
the last 7,500 gal in each tank was reserved for fire use.  The make-up water to fill each tank was 
supplied by three 1.7 m3/min (435 gal/min) capacity booster pumps via an 8 in. domestic express 
supply riser from the second floor.  Each pump was provided with two float switches in each 
tank.  A single pump operated when the water level dropped to a set point established by the 
electrode control unit.  The pumps operated individually, but would operate simultaneously if the 
demand exceeded the capacity of one pump (Syska & Hennessy 1984), whether due to domestic 

                                                 
1 Inergen is a proprietary fire suppressant, consisting of 52 % (by volume) nitrogen, 40 % argon, and 8 % carbon dioxide.  
2 This drawing is schematic in nature. For example, for space reasons, the two story water tank system is shown with the 

plumbing on the 46th floor and the tanks on the 47th floor. In actuality, the tanks extended from the 46th to the 47th floor. 
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usage or fire water usage. A control valve in the discharge piping below each tank enabled 
isolating the tank from the standpipe and sprinkler systems. 

�x High zone.  The 40th floor through 47th floor sprinkler systems and dual 45th floor through 47th 
floor standpipe systems were supplied from the storage tanks on the 46th floor via a 2 m3/min 
(500 gal/min) booster pump on the 46th floor.  The pump was a single stage pump rated for 
380 kPa (55 psi) at 2 m3/min (500 gal/min) (Syska & Hennessy 1984).  The water discharged 
from the tank on the 46th floor, flowing down to a cross connection on the 44th floor where it fed 
each riser. 

The water supply met the requirements of the NYCBC 9NIST NCSTAR 1-1E. 

 
Source:  NIST NCSTAR 1-4B. 

Figure 4–3.  WTC 7 water riser schematic. 
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Check valves were located at the top of the mid-level zone risers at the connection with the high zone 
cross connection main.  The check valve was oriented so that water could not flow from the high zone 
down to lower zones.  However, the high zone could be served from lower zones through the check valve 
by the manual fire pump, which served as a secondary supply.  Check valves also prevented water from 
flowing from the mid-level zone down to the low zone.  However, the mid-level zone could be served 
from the low zone through the check valves by the manual fire pump (which served as a secondary 
supply) or from excess pressure served by the city supply and automatic fire pump serving the low zone. 

The emergency power generators described in Chapter 3 provided back-up power to emergency systems 
in the building, including the fire pumps. 

4.4.3 Automatic Sprinkler System Performance under Selected Fire Scenarios 

Hydraulic calculations were performed to evaluate the expected sprinkler system performance based on 
the configuration of the water supply (NIST NCSTAR 1-4B).  The objective of the analysis was to 
characterize the capabilities of the water supply within each water supply zone.  A commercial computer 
program, Hydraulic Analyzer of Sprinkler Systems, Version 7.5 was used to perform the calculations 
(HRS Systems 2004). 

Calculations were performed with variations in the number of sprinklers flowing water for the high and 
mid-level zones to observe the effects on how long the flow could be maintained.  For the low zone 
sprinkler systems, water was supplied from an automatic fire pump drawing suction directly from the 
NYC distribution.  Therefore, the supply would be continuously provided as long as the water distribution 
and electrical systems were intact and operational. 

The hydraulic analyses relied on the minimum delivered density and pressure requirements in NFPA 13 
as the criteria for evaluating the fire control capacity of the sprinkler systems.  These required densities 
and pressures are based on the assumption that an installed fire sprinkler system is designed to control a 
single fire.  In addition, in the analyses performed here, small fires were assumed to be approximately the 
size of the area covered by a four-sprinkler array (i.e., approximately 70 m2, 750 ft2).  In fact, available 
performance history indicates that typical fires in high-rise office buildings are controlled or suppressed 
by fewer than four sprinklers, lending additional conservatism to the estimates of system capacity 
presented here.  Finally, the calculations were based on availability of the primary water supplies only, 
without any consideration for fire department actions to provide a secondary water supply.  In NYC such 
action is routine, and the secondary water supply is considered infinite in duration, with equivalent or 
higher capacity to the primary water supply. 

Representative system configurations were selected within each water supply zone to provide bounding 
results (in terms of available pressure, flow and duration) for each vertical hydraulic zone in the buildings.  
The calculations were based on the following bounding conditions for each vertical zone:  

�x Number of Operating (Opened) Sprinklers: Four sprinklers (smaller than the required design 
area); 8 to 15 sprinklers (design area for Light or Ordinary Hazard Occupancy); 18 to 25 
sprinklers (larger than the required design area). 

�x Floor Level within the Vertical Zone: 47th floor (highest floor system in high water supply zone); 
40th floor (lowest floor system in high water supply zone); 39th floor (highest floor system in mid-



Chapter 4 Draft for Public Comment 

 NIST NCSTAR 1-9, WTC Investigation 76

level water supply zone); 21st floor (lowest floor system in mid-level water supply zone); 20th 
floor (highest floor system in low water supply zone); 1st floor (lowest floor system in low water 
supply zone)  

Supply calculations for each combination of these conditions provided estimates of the water flow and 
pressure that would be expected based on typical sprinkler system arrangements.  The duration was 
determined by dividing the storage capacity by the calculated flow.  The calculations did not account for 
the supplemental make-up supplies from the automatic refill lines supplied by the domestic water supply 
systems.  The results of these calculations were intended to approximate the actual delivered discharge 
densities based on representative sprinkler system layouts provided from the available documentation of 
the systems.  The results Represent the actual performance more accurately than would a calculation 
using the minimum required flows determined by multiplying the density times the design area specified 
by NFPA 13 for the applicable hazard.  

The calculations for Light Hazard areas in WTC 7 used a coverage area of 16 m2 (168 ft2), a value for the 
discharge coefficient, k, of 5.6 gal/min/psi1/2, and ½ in. orifice sprinklers.  The first floor loading dock 
area was provided with a dry pipe sprinkler system and had a layout consistent with Ordinary Hazard 
spacing (coverage area of approximately 12 m2 (126 ft2) per sprinkler).  Table 4–1 is representative of the 
results for the different zones in WTC 7 for fire areas of 140 m2 (1 512 ft2) and either 9 or 12 sprinklers 
operating, depending upon whether it was designated as Light Hazard or Ordinary Hazard, respectively.  
Additional results of sprinkler configurations are presented in NCSTAR 1-4B.  

The most demanding floor with regard to water supply duration is the lowest floor in the zone, due to the 
larger head pressure and flow.  Reference Standard RS-17-2, Section 2-1 of the NYCBC, requires a 
minimum water supply duration of 30 min, which was exceeded in all the calculations shown in  
Table 4–1. 

Table 4–1. Calculated sufficiency of sprinkler water supply. 

Zone Floor 

Sprinkler 
Heads/Area

(ft 2) 
Supply 

(gal/min) 

Calculated 
Delivered 
Density 

(gal/min/ft 2) 

Required 
Density 

(gal/min/ft 2) 

Supply 
Duration 

(min) 

high 47 9/1512 265 0.18 0.10 57 

high 40 9/1512 336 0.22 0.10 45 

mid 39 9/1512 245 0.16 0.10 61 

mid 21 9/1512 290 0.19 0.10 52 

low 20 9/1512 285 0.19 0.10 unlimited 

low 1 12/1512 311 0.21 0.15 unlimited 

 
A cluster of six cubicles occupied a floor area of about 380 ft2.  Thus, it appears that, if the primary water 
supply were intact, there would have been a sufficient delivered density and duration in all zones to 
control fires of four such clusters, either all on one floor or single clusters on four floors. 

These calculations do not take into account any make-up (secondary) water supply.  As noted in Section 
4.4.2, the secondary water to the high and mid zones was supplied from the city water mains, so that 
under normal conditions, there would be a continuous water supply for an indefinite period of time.  The 
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only supply for the low zone was from the city water mains.  Thus, should the city water mains be 
unavailable (as was the situation following the collapse of WTC 1 on Sept. 11, 2001), there would still 
have been sufficient water to control four six-cubicle fires in the mid or high zones, but there would have 
been no water to control a fire in the lowest 20 floors. 

4.4.4 Supplemental Manual Operations and Related Procedures 

The City of New York has a challenge, in common with other large cities, involving firefighting 
operations among the ever-growing number of high-rise office buildings. The Fire Department of the City 
of New York (FDNY) addressed this challenge by developing a standard set of procedures for dealing 
with high-rise office building fires. In 1986, the FDNY developed Fire Fighting Procedures and Fire 
Operations for High-Rise Office Buildings to meet the challenge (FDNY 1990). Among the procedures 
and operations outlined in the manual were the methods used by the FDNY to supplement automatic 
sprinkler systems and standpipe systems within high-rise office buildings. 

The NYC Building Code required all new high-rise buildings to have a primary water supply and a 
secondary water supply to supplement the fire protection water demands (NYCBC 1968). In buildings 
over 90 m (300 ft) in height, a manual fire pump, or combination of manual fire pumps must be installed 
as a secondary water supply. However, fire department connections (FDC) were also required as an 
auxiliary water supply. Therefore, in buildings over 90 m (300 ft) in height, the FDNY procedures 
included connecting to the FDC to provide a tertiary supply to the automatic sprinkler systems and 
standpipe systems in high-rise office buildings (NIST NCSTAR 1-1D and 1-1G). A system of color-
coded caps identified whether the FDC supplied a standpipe system, automatic fire sprinkler system, 
combined sprinkler and standpipe system, or a high pressure supply for upper floor level systems. 
Specific procedures and recommended pressures were outlined in the Fire Fighting Procedures and Fire 
Operations for High-Rise Office Buildings manual developed by the FDNY (FDNY 1990). 

The FDNY had two types of pumper engines, conventional and high-pressure. The conventional pumpers 
contained two-stage pumps with either 4 m3/min (1 000 gal/min) or 8 m3/min (2 000 gal/min capacity. 
The high-pressure pumpers contained a third stage capability that can supply 2 m3/min (500 gal/min) at 
4.8 MPa (700 psi). Whether used singly or supplementarily, these pumpers have the capability of 
supplying floors in high-rise buildings up to 110 stories. The Fire Fighting Procedures and Fire 
Operations for High-Rise Office Buildings manual suggested supplying the standpipe systems with at 
least two pumpers at two different siamese connections to ensure that an adequate water supply was 
added to the system. 

The Fire Fighting Procedures and Fire Operations for High-Rise Office Buildings manual outlined the 
recommended pump pressures to be used based on floor level and nozzle type attached to the hose lines. 
The pressures were based on calculations that took into account nozzle pressure, friction loss of three 
lengths of 2½ in. hose, head loss, system friction losses, and the friction loss of two lengths of 3½ in. hose 
supplying the siamese FDC.  

The WTC 7 building maintenance and engineering staff was familiar with the locations of emergency 
equipment and the required actions to support the systems in an emergency situation. Such actions during 
a fire event included starting the manual fire pump on the first floor.  Other emergency actions included 
closing isolation valves to support systems in the case of a ruptured pipe.  The WTC 7 operations and 



Chapter 4 Draft for Public Comment 

 NIST NCSTAR 1-9, WTC Investigation 78

maintenance manual included a riser diagram that indicated the arrangement of valves on the systems 
(PANYNJ 1987). The use of system isolation valves was referenced as follows: “Emergency conditions 
unrelated to a system response to a fire, which may require actions based on this manual include: Isolation 
of a riser or sprinkler zone because of a rupture, also a mechanical failure which will activate the flow 
switch resulting in an alarm. Both conditions require isolation of the ruptured pipe or sprinkler head.” 

4.4.5 Suppression Systems Performance on September 11, 2001  

NIST learned from Investigation interviews that around 11:30 a.m., there was no water emerging from the 
hydrant system and no water in the standpipe system (Section 6.5 of this report).  It was reported that hose 
lines connected to the standpipe system in WTC 7 were used to fight fires in other buildings of the WTC 
complex prior to the collapse of any of the buildings.  Thus, it is likely that the primary water supply to 
the mid and upper levels of WTC 7 was diminished by the time the towers collapsed, and that the city 
water supply, which was the primary source of water for the lower level of the building, was severely 
compromised even before the fires began in WTC 7. 

As will be seen in Chapter 5, fires were seen on the 22nd, 29th, and 30th floors as early as 12:10 p.m.  The 
flames were no longer seen on the 22nd floor after 12:27 p.m. and the fires on the 29th and 30th floors were 
no longer evident after 12:47 p.m.  These three floors were in the mid-level zone, where the primary 
water supply to the automatic sprinkler system was from the tanks on the 46th floor.  As seen in Section 
4.4.3, the sprinkler system had the capacity to control fires on multiple floors, each involving a few 
cubicles, and it is possible that this is why those fires were only observed for a short time.  Note, 
however, that since there were no people on those floors around this time, none of the Investigation 
interviews contained observations of functioning automatic sprinklers. 

The water supply to the automatic sprinklers from the ground floor to the 20th floor was directly from the 
city water supply, which had been interrupted following the collapse of the WTC towers.  Thus, the fires 
on the 7th through 13th floors went unchecked by the automatic sprinklers.  The only evidence of fire on 
the 19th floor is a single photograph showing smoke marks above two windows on the far south of the 
west face (Chapter 5).  NIST was unable to obtain evidence to indicate why this fire did not spread. 

4.5 ACTIVE FIRE PROTECTION SYSTEMS: SUMMARY OF INVESTIGATION 
FINDINGS 

4.5.1 Function on September 11, 2001 

The active fire protection systems installed in WTC 7 were designed to alert building occupants to the 
smoke and heat produced early in a fire, to activate sprinklers in the fire zone when a threshold 
temperature was reached, and to manage the smoke in a way that aided evacuation and fire fighting 
operations.  None of these systems played a role in preventing the loss of life (no lives were lost in 
WTC 7), increasing the effectiveness of fire fighting operations (the FDNY did not attempt to extinguish 
fires in WTC 7), or in keeping the building standing (WTC 7 collapsed about seven hours after WTC 1) 
on Sept. 11, 2001.  Nonetheless, a number of significant findings resulted from NIST's investigation of 
the active fire protection systems.  These are listed below. 
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4.5.2 Alarm System 

�x The alarm system in WTC 7 was only capable of determining and displaying (a) areas that had at 
some time reached alarm point conditions and (b) areas that had not. The WTC 7 alarm system 
recorded information at one location in the building: the FCS in the 3rd floor lobby. 

�x On September 11, 2001, the fire alarm system installed in WTC 7 sent to the monitoring company 
only one signal indicating the time and date of a fire condition in the building.  This signal, sent 
shortly after the collapse of WTC 2, did not contain any specific information about the location of 
the fire within the building.  No subsequent signals were recorded or sent, despite the prevalence 
of fires in the building until the building collapsed. 

�x No fire alarm system equipment or documentation from WTC 7 was located during the site clean-
up on site, nor were there indications that anyone looked for it during the clean-up. 

�x Transmission of critical data outside the building to a monitoring station would have provided 
one means to preserve event data.  Although modern systems are capable of this communication, 
it is not done in practice. 

�x Survivability of alarm systems data on computer hard drives, memory modules, or printouts in 
building fires and collapse environments is not addressed in present installation standards. 

4.5.3 Smoke Management 

�x WTC 7 was sprinklered throughout and was, therefore, exempted from the requirement for stair 
pressurization systems.  The building was equipped throughout with fire dampers at duct 
penetrations into vertical shafts, consistent with the NYCBC.  

�x The base building system serving the lower floors of WTC 7 provided a smoke exhaust capacity 
of 36,000 ft3/min (61,000 m3/h), which was less than the minimum value required by Local Law 
#16 (48,000 ft3/min), as of 1984. 

�x Consistent with the NYCBC, the WTC 7 HVAC systems were designed to incorporate a smoke 
purge mode, by which each floor of the building could be exhausted/purged of smoke manually 
on a floor-by-floor basis from the Fire Command Center, which was located on the 3rd floor of the 
building at the main lobby security desk. 

4.5.4 Fire Suppression 

�x In general, the water supplies, automatic sprinklers, and standpipe/pre-connected hose systems in 
WTC 7 exceeded the minimum applicable code requirements, as well as associated engineering 
best practices.  

�x Sprinkler protection was installed throughout WTC 7 on September 11, 2001, with the exception 
of specific rooms and spaces where sprinkler protection was permitted to be omitted by the 
NYCBC. 
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�x The water supplies for Floors 21 through 47 included large capacity storage tanks and direct 
connections to the NYC water distribution system.  These supplies provided redundant sources of 
water for the standpipe and sprinkler system infrastructures.  The storage tanks provided adequate 
duration of supply for normally expected fire exposures to allow the fire department to respond 
and supplement the demand. 

�x Water for floors 1 through 20 was supplied directly from the NYC water distribution system 
through two service lines from the street main on Washington Street.  An automatic fire pump 
was used to supply the water to the combined sprinkler and standpipe risers.  The water supply 
tanks located in the upper part of the building did not service the lower floors.  Therefore, there 
was no source of water for controlling fires on the lowest 20 floors when the NYC system 
became inoperable following the collapse of WTC 1.  

�x The suppression systems in WTC 7 required manual operation of the electric fire pumps in order 
to provide secondary water. An automatic supplemental water supply is required by NFPA 14 and 
represents current best practice.  Whether or not the building maintenance staff performed this 
task on September 11, 2001, could not be confirmed.  

�x Based upon the documents examined, the sprinkler systems installed in WTC 7 were 
appropriately designed, with calculated water spray densities considerably greater than typically 
provided for high-rise office buildings.  The sprinkler systems met or exceeded the applicable 
installation requirements in the NYCBC and NFPA 13. 

�x Calculations showed that the capacity of the automatic sprinkler system was sufficient to control 
fires involving about four clusters of cubicles.  This might explain why the fires on the 22nd, 29th, 
and 30th floors did not spread into the afternoon. 

�x Documentation indicated that the standpipe pre-connected hose system installations were 
consistent with the applicable requirements in the NYCBC.  They were not consistent with the 
flows and durations required in the 2003 version of NFPA 14.  Since the water supply was 
interrupted, and since there were no people in the building to use the hoses, these inconsistencies 
would not have affected the outcome of the fires. 

�x No information was found that indicated that the generator/fuel day-tank enclosures in WTC 7 on 
floors 5 and 7 were protected by automatic sprinklers or other special hazard suppression 
systems; the NYCBC does not require a suppression system for this application.  However, the 
generator rooms on the 8th and 9th floors were protected with sprinklers. 

�x A 24 m3 (6,000 gal) fuel oil storage tank on the first floor was protected with an Inergen clean 
agent system. Its role on September 11, 2001, could not be determined due to the absence of any 
information regarding the system’s performance.  

4.6 FIRE BARRIERS 

The characteristics of office walls, masonry walls for mechanical spaces, and reinforced concrete for 
transformer vaults and floors were described in Chapter 2.  Depending on the information available, this 
included the specified or selected fire ratings. 
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4.7 STRUCTURAL THERMAL INSULATION 

4.7.1 Material Selection, Application, and Condition 

As presented in Chapter 2, Monokote MK-5 was the sprayed fire resistive material (SFRM) used to 
insulate the structural elements in WTC 7.  Chapter 2 also presents the available documentation of the 
thermal properties and installed condition of the insulation. 

4.7.2 Simulations of Thermal Protection 

To understand the susceptibility of various structural components to fires of varying duration, NIST 
performed a number of computations in which a single beam, column, or floor assembly was subjected to 
elevated temperature.  Typically, these simulations involved a furnace-like exposure, i.e., immersing the 
structural element in a steady state temperature bath.  This was conservative, since in an actual fire, the 
gas temperature field to which the element was exposed would rise less quickly and would wane as the 
combustibles were consumed.  The temperatures at various locations in the structural element were 
monitored as time progressed. 

The computations were performed for five entities: 

�x Columns.  For these sizes, the WTC 7 specifications were for a 3 h fire resistance rating.  This 
was to be achieved with a 7/8 in. thick application of Monokote MK-5. 

�� One of the heaviest columns, typified by column 79, which had a W14x730 steel section 
and additional steel plates welded across the open face of the flanges.  Core columns 58, 
61, and 73 to 81 also had this massive section. (See Chapter 2.) 

�� A lighter column, with a W14x500 steel section.  This is typical of a number of columns 
in the building core and the perimeter. 

�x Composite Floor Assemblies.  Typical of sections of a tenant floor, these consisted of one of three 
sizes of steel beams supporting a corrugated steel deck (3 in. corrugations) and a 5.5 in. thick 
concrete slab, 2.5 in. of which was above the steel deck.  The bottom of the slab was insulated 
with 3/8 in. thick Monokote MK-5 to achieve a 1 h fire resistance rating.  The floor beams had a 
2 h fire rating specified, for which a 7/16 in. thick application of SFRM Monokote MK-5 was 
assumed.  (See Chapter 2.)  The beam sizes were: 

�� One of the lightest floor beams, with a W14x22 steel section. 

�� A medium mass floor beam, with a W24x55 steel section. 

�� A heavy floor beam, with a W36x135 steel section. 

Figure 4–4 shows the temperature rise in the heavy column. 

�x In the upper left graph, the column is insulated with 7/8 in. of Monokote MK-5 (based on the 
specified fire rating) and exposed to an air temperature of 1100 ºC. 
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�x The upper right graph shows the rise in steel and insulation temperatures for a thinner, 9/16 in., 
layer of insulation. 

�x The lower left graph shows the rise in steel and insulation temperatures with no applied 
insulation. 

�x The lower right graph is a repeat of the upper left graph, but with a higher exposure air 
temperature of 1400 ºC. 

 
 

 

Figure 4–4.  Calculated temperature rise in Column 79 at varying insulation thicknesses 
and thermal exposures. 
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With either thickness of insulation applied, it would take at least 7 h (3,600 s = 1 h) for the steel to reach 
600 ºC, the temperature at which the steel would have lost approximately 50 percent of its strength.  (See 
NIST NCSTAR 1-3D for a thorough description of the loss of strength as a function of temperature.)  For 
the fires in the WTC towers and in WTC 7 (see Chapter 9 of this report), the compartment air 
temperatures typically were near 1100 ºC for less than 2 h.  Even if the room temperature from the fires 
reached 1400 ºC, a temperature that might be realized in a wind-aided fire and an extreme upper limit to 
the air temperatures probable in the types of fires experienced in WTC 7, the steel temperature would 
remain low enough after 4 to 5 h of such intense fire exposures for the steel to preserve its strength. By 
contrast, with no thermal insulation, the column would lose much of its strength within the first half hour 
of exposure to 1100 ºC. 

Figure 4–5 shows the results of similar calculations for the lighter, W14 x 500, column.  The green data 
represent temperatures at the outer surface of the thermal insulation; the red data represent temperatures at 
the interior of the center of the web plate.  For the insulated column, shown in the left plot, the web 
temperature reaches 600 ºC in about 4 h.  With no insulation (right plot), this temperature is reached in a 
matter of minutes.  As expected, the lighter columns heat somewhat more rapidly, but, if properly 
insulated, the steel temperature would remain low enough after 3 h of such intense fire exposures for the 
steel to preserve its strength. 

 

Figure 4–5.  Calculated temperature rise in a typical core or  
perimeter column exposed to 1100 ºC air temperature. 

Left: insulated with 7/8 in. Monokote MK-5; right: uninsulated. 

Each composite floor, with one of three representative beam sections, was exposed to an 1100 ºC air 
temperature from below.  Figure 4–6 shows the result of heating the floor with the insulated lightest steel 
section.  The lower flange of the steel reached compromising temperatures in about 15 min, the upper 
flange in about 1 h.  Figure 4–7 and Figure 4–8 show the slower temperature rises in the insulated 
midweight and heaviest beams, respectively.  The lower flange temperatures are virtually identical to the 
web plate temperatures.  Figure 4–9 shows the temperatures reached at the top and bottom of a typical 
floor slab at the thinnest sections located at the top of the steel deck corrugation. 
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Figure 4–6.  Calculated 
temperature rise in a 
W14 x 22 floor beam in an 
insulated composite floor 
assembly exposed to 
1100 ºC air from below. 
Blue: lower flange; green, web  
plate, red: upper flange. 

 

 

 

 

Figure 4–7.  Calculated 
temperature rise in a 
24WF x 55 floor beam in an 
insulated composite floor 
assembly exposed to 
1100 ºC air from below. 
Green, lower flange and web 
plate, red: upper flange. 

 

 

 

 

Figure 4–8.  Calculated 
temperature rise in a 
36WF135 floor beam in an 
insulated composite floor 
assembly exposed to 
1100 ºC air from below. 
Green, lower flange and web  
plate, red: upper flange. 
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Figure 4–9.  Calculated 
temperature rise in an 
insulated floor slab heated 
from below. 
Green: top of slab; red: bottom  
of slab at top of corrugation. 

 

 

 

4.7.3 Findings – Structural Thermal Insulation 

�x For the heaviest columns in WTC 7, when insulated for a 8 h, simulations show that it would take 
an exposure of about 7 h at post-flashover upper layer gas temperatures to raise the steel 
temperature to 600 ºC, the point at which the steel strength has been reduced by half.  As will be 
seen in Chapter 9, this is far longer than the time over which post-flashover gas temperatures 
were sustained in the computed WTC 7 fires.  For comparison, this steel temperature would be 
reached in under ½ h if the insulation were not applied. 

�x Simulations for the insulated lighter columns in WTC 7 show that this steel temperature is 
reached in about 4 h.  This is also longer than the time over which post-flashover gas 
temperatures were sustained in the computed WTC 7 fires.  With no applied insulation, the steel 
temperature reaches 600 ºC in under 1/2 h. 

�x Simulations of different size beams in a floor assembly showed that the two lighter steel beams 
(insulated for a 2 h rating) and the bottom of an insulated floor slab (insulated for a 1 h rating), 
exposed to 1100 ºC air temperatures, reached 600 �qC in approximately 1 h.  The heaviest floor 
beam reached 600 �qC in almost 2 h.  These times are modestly longer than the time over which 
post-flashover temperatures were sustained in the computed WTC 7 fires. 
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Chapter 5 
WTC 7 VISUAL EVIDENCE: DAMAGE ESTIMATES, FIRE TIMELINE, AND 

COLLAPSE TIMELINE 

5.1 INTRODUCTION 

This chapter documents the visual evidence used to guide the reconstruction of the fires and the global 
collapse analysis of WTC 7, as NIST NCSTAR 1-5A did for the World Trade Center towers.  Many of 
the details concerning the general approaches to acquiring and cataloging the visual material, the timing 
of the photographs and videos, the development of fire time lines, and additional analyses of the visual 
material, were documented in that report.  This Chapter is organized as follows: 

�x Section 5.2 provides specific details relevant to WTC 7 with regard to the visual material that was 
recorded on September 11, 2001 and approaches that were used to identify, collect, log in, time, 
and catalog the material. 

�x Section 5.3 provides background information about the local geography and wind direction, 
relevant WTC 7 structural and architectural details, a numbering system for describing window 
locations on WTC 7, and some interior details needed to understand the observations of fires and 
damage.  

�x Section 5.4 presents how NIST identified the initial damage to WTC 7 and documented the time 
development of fires within the building.  This section also provides details of the analysis and 
procedures employed to develop the time lines.  The primary output is a series of numerical data 
sheets as a function of time that provide window-by-window assessments of whether or not a fire 
was present, and, if present, a measure of the local intensity, whether or not smoke was flowing 
from a particular window and, if observed, an indication of whether the flow was light or heavy, 
and whether or not glass was in place for a given window.  The use of the data has been assisted 
by visualizing the contents using color façade maps. 

�x Section 5.5 reproduces multiple images showing the damage to WTC 7 by debris generated by 
the collapses of the two 110 story WTC towers, WTC 2 (South Tower) and WTC 1 (North 
Tower), at 9:58:59 a.m. and 10:28:22 a.m., respectively.  The collapse of WTC 1, in particular, 
caused structural and façade damage to the WTC 7 south and west faces. Both the extent of the 
damage and the limitations of the imagery for assessing this damage are emphasized.  The results 
of the visual analysis were used to develop color-coded damage maps for the south and west faces 
and for each floor of WTC 7. 

�x Shortly after the towers collapsed, fires began to appear at multiple locations in WTC 7.  Section 
5.6 first discusses possible ignition sources for these fires.  Next, the visual evidence for the 
growth and spread of these fires until the building collapsed at 5:20:52 p.m. is presented and 
discussed.  The descriptions of the fires at various times are then visualized using color-coded 
façade maps. 
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�x Section 5.7 presents imagery of the collapse of WTC 7.  From these images, the Investigation 
Team derived important clues concerning the time sequence of the collapse and possible initiating 
events.  

Since there is a large amount of detail in this chapter, a summary of the debris damage to WTC 7 is given 
in Section 5.5.3.  A summary of the progress of the fires is given in Section 5.6.4. Finally, a summary of 
the observations of the building collapse is given in Section 5.7.5. 

5.2 COLLECTION, ORGANIZATION, AND TIMING OF VISUAL MATERIAL 

5.2.1 Collection of Visual Material 

Section 2.1 in NIST NCSTAR 1-5A provides a description of the camera-rich environment that existed in 
New York City on September 11.  When the two towers were struck by aircraft, the damage was well 
above nearby buildings and was, thus, easily visible from surrounding areas.  As a result of this 
environment and the locations of the towers, an immense number of cameras in Manhattan, Brooklyn, 
Queens, and New Jersey captured the aircraft impacts and resulting fireballs, initial damage, fire growth 
and spread, and the collapses of WTC 1 and WTC 2.  This wealth of visual information proved to be 
invaluable for determining the collapse mechanisms of both towers. 

As discussed below, there was considerably less information available concerning WTC 7.  However, the 
images that were available provided sufficient information to guide the reconstruction of the WTC 7 
collapse. 

The identification and collection of visual material related to WTC 7 were fully integrated into the overall 
effort.  Relevant material was identified and collected in the same manner as described in Section 2.2 and 
Section 2.3 of NIST NCSTAR 1-5A.  An overview of sources for photographs and videos is included in 
Section 2.3. 

The overall amount of visual material from September 11 was immense.  Well in excess of 7,000 
photographs, representing more than 200 photographers, and over 300 hours of video, from professional 
organizations and over 40 individuals, on nearly 150 separate tapes were assembled and logged.  

It is difficult to estimate the actual amount of relevant visual material recorded on September 11, 2001, 
and, thus, to estimate how complete the Investigation collection efforts were.  There is certainly material 
that has not been identified and collected.  However, NIST believes that the large collection of visual 
material that it assembled is sufficient for purposes of the Investigation. 

5.2.2 Organization of Visual Material 

It would have been impossible to use the vast amount of visual material collected for the Investigation 
effectively without some means of organizing and cataloging the material.  An approach was adopted in 
which all collected visual materials judged to be relevant to the Investigation were converted to digital 
format (if necessary) and saved in a large digital database.  Section 2.5 in NIST NCSTAR 1-5A includes 
details about the digital database and preparation of materials for inclusion in the database. 
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To organize the images in this database, NIST used Cumulus, a commercial database program written 
specially for organizing visual material.  This software was designed to collect individual “assets” (i.e., 
photographs and video clips) in specified catalogs and to allow the assets to be characterized with a 
variety of attributes assigned using specially designed forms for data entry.  Once a catalog had been 
assembled, it was possible to search for assets having a specific attribute or combinations of attributes. 

Two separate catalogs, one for photographs and one for video clips, were created for visual materials 
collected as part of the Investigation.  Each catalog had a similar set of attributes that was used to 
characterize the assets that were included.  These attributes were chosen in consultation with Investigation 
staff, based on the expected needs of the reconstruction of the day's events.  Additional details concerning 
the catalogs and search approaches are included in Section 2.5.3 of NIST NCSTAR 1-5A. 

5.2.3 Timing of Key Events 

It was important to assign times of known accuracy to assets included in the two image catalogs.  This 
task was greatly complicated by the absence of accurate times for the majority of visual material 
collected.  Chapter 3 in NIST NCSTAR 1-5A describes the difficulty of this task and the different ways in 
which times were assigned.  Ultimately, a “boot strap” approach was adopted in which the impact of the 
aircraft on the south face of WTC 2 was assigned a time of 9:02:54 a.m., based on times for major events 
included in the earlier Federal Emergency Management Agency (FEMA) report (McAllister 2002).  
Starting with imagery that included the aircraft impact, relative times could be assigned to photographs 
and images at other times by comparison to materials having known relative times.  In this way, it was 
possible to work backward and forward from the second aircraft impact and assign times for visual 
material covering the period from the first aircraft impact on WTC 1 until the collapse of WTC 7.  
Assigned times, along with estimates of uncertainty, were included in the database. 

To assist in the timing process, relative times for the five major events of September 11, 2001 - first 
aircraft impact, second aircraft impact, collapse of WTC 2, collapse of WTC 1, and collapse of WTC 7 - 
were determined with �r 1 s accuracies.  These relative times appear in column 2 of Table 5–1.  Note that 
the building collapse times are defined to be when the entire building was first observed to start to 
collapse.  Specifically, in the case of WTC 7, the sinking of the east penthouse into the building before the 
main collapse started did not define the building collapse time. 

The NIST time for the second aircraft impact was determined from four independent television video 
recordings to within �r 1 s.  As a result, 5 s were added to times in the databases in order to report actual 
times. 

The times listed for the major events in the FEMA report (McAllister 2002) were based on seismic 
signals (and analysis) recorded by the Lamont-Doherty Earth Observatory (LDEO) of Columbia 
University at a location 21 miles from the WTC site in Palisades, New York.  These signals have 
subsequently been reanalyzed by LDEO, under a contract from NIST (Appendix B).  Further analysis of 
the seismic signals received resulted in slightly revised times for the major events.  The results of this 
recent analysis are also included in the last column of Table 5–1.  The uncertainty for the first aircraft 
impact on WTC 1, the collapse of WTC 2, and the collapse of WTC 1 were reported by LDEO to be 
�r 1 s, while that for the aircraft impact on WTC 2 is �r 2 s.  Recalling that uncertainties for times of the 
major events based on the television broadcasts are estimated to be �r 1 s, it can be seen from Table 5–1 
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that the two aircraft impact times derived by NIST and LDEO now agree within the combined 
uncertainties. 

Table 5–1.  Times for major events on September 11, 2001. 

Event 

Relative Time 
from Visual 

Analysis 

NIST Time 
(Adjusted from 

Television 
Broadcasts) 

Time Reported in 
the FEMA Study 

Time Reported in 
LDEO Analysis 
(Appendix B) 

First aircraft impact 8:46:25 a.m. 8:46:30 a.m. 8:46:26 a.m. 8:46:29 a.m. 

Second aircraft impact 9:02:54 a.m. 9:02:59 a.m. 9:02:54 a.m. 9:02:57 a.m. 

Collapse of WTC 2 9:58:54 a.m. 9:58:59 a.m. 9:59:04 a.m. 9:59:07 a.m. 

Collapse of WTC 1 10:28:17 a.m. 10:28:22 a.m. 10:28:31 a.m. 10:28:34 a.m. 

Collapse of WTC 7 5:20:47 p.m. 5:20:52 p.m. 5:20:33 p.m. 5:20:42 a.m. 

The times listed in Table 5–1 for the collapses of the two towers and WTC 7 that are based on the 
television records and the revised LDEO analysis differ by up to 13 s.  The differences for the towers are 
due to different definitions used for the collapse times.  The times based on visual analysis refer to the 
time when the collapse of a tower first became visually evident, while the times based on seismic records 
indicate the time when sufficient falling debris struck the ground to cause a seismic signal.  The 
differences between the two times were estimated to be approximately 8 s for WTC 2 and approximately 
12 s for WTC 1, based on videos of the collapses.  When the times required for falling debris to reach the 
ground were subtracted from the LDEO times, the collapse times agreed within the reported uncertainties. 

The relative time for the collapse of WTC 7 was estimated by NIST as follows.  Figure 5–1 shows a long-
distance photograph taken shortly after the east penthouse on the roof of WTC 7 began to sink into the 
building.  As discussed in Section 5.7, this penthouse began to disappear into the building 6.9 s before the 
entire building began to fall.  The camera used for this photograph recorded digital timestamps with the 
photographs.  The photographer who shot the image took numerous photographs on September 11, 
including shots of the towers earlier in the morning.  By using the tower shots, it was possible to 
accurately determine the difference between the timestamps and the relative time.  When this difference 
was accounted for, the relative time for the photograph was calculated to be 5:20:41 p.m.   The 
photograph was then compared with an untimed video clip showing the collapse of WTC 7.  A frame 
taken from the clip is shown on the right side of Figure 5–1.  The close agreement between the two 
images indicates the video frame was taken very close to the same time.  In the video, the full collapse of 
WTC 7 started 6.2 s after the video frame shown in Figure 5–1, yielding the relative collapse time of 
5:20:47 p.m. 

The probable reason for the time difference between the NIST time and the LDEO result with regard to 
the collapse of WTC 7 is discussed in Appendix B.  The seismic signal that was 10 s prior to the time 
derived from the television broadcasts was likely due to the falling of debris from the structural damage 
that preceded the descent of the east penthouse. 

For this Investigation, the times used were those adjusted from the television broadcasts (column 3). 
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Figure 5–1.  A 
photograph (top) and 
a frame from a video 
clip (bottom) showing 
the east penthouse of 
WTC 7 beginning to 
sink into the building. 
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5.3 BACKGROUND INFORMATION 

This section provides nomenclature and information on local geography, wind direction, and WTC 7 
design that will be useful for the detailed characteristics, analyses, and discussion that are presented in the 
following sections.  The interdependence of these characteristics and the visual record is emphasized.  
Nomenclature that will be used in the remainder of the report is introduced.  Most of the information 
related to WTC 7 is taken from design drawings. 

5.3.1 Local Geography and Wind 

Figure 5–2 is a map of the WTC complex and the immediate surrounding streets as they existed on the 
morning of September 11, 2001.  Figure 5–3 indicates the location of the WTC complex on Manhattan, 
an island that forms one of the five boroughs of New York City. 

As is evident in Figure 5–3, Manhattan is elongated with the upper end of the long direction aligned 
roughly to the northeast.  Even though not strictly true, New Yorkers view Manhattan as running north-
south, and areas uptown are considered to be located to the north.  This nomenclature has been adopted 
for this report, so references are to the north and south towers, as well as the north, east, south, and west 
faces of WTC 7.  For each of these cases, north refers to the building or the side that faces uptown.  It 
should be kept in mind that the north face of WTC 7 was actually oriented roughly 29 º clockwise from 
true north (NIST NCSTAR 1-2). 

Figure 5–2 shows that WTC 7 was located just to the north of the main WTC site, separated from the 
main site by Vesey Street.  The locations of two bridges, referred to as the Promenade and the Pedestrian 
Bridge, that crossed from WTC 7 to the main WTC complex are indicated.  The four streets that 
surrounded the building were Vesey Street to the south, West Broadway to the east, Barclay Street to the 
north and the short section of Washington Street to the west. 
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Figure 5–2.  Map of the area of Lower Manhattan in the immediate vicinity of the WTC 
site. 
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Figure 5–3.  Map of the lower portion of Manhattan showing the location of the WTC 
complex relative to the island. 

WTC 7 was surrounded on four sides by other buildings.  The locations of these buildings will be shown 
to play a critical role with regard to the details that can be gleaned from visual imagery concerning 
WTC 7 on September 11.  The locations of these buildings are indicated on the map in Figure 5–2, and 
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they are identified also in Figure 5–4, which is taken from an aerial photograph shot on September 23, 
2001, and Figure 5–5, which is another aerial view taken on September 11. 

 

Figure 5–4.  Overhead view of the area in the immediate vicinity of the collapsed WTC 7. 
This photograph was taken by a NOAA aircraft on September 23, 2001.  It has been enhanced 

and labels have been added. 

Two of the nearby buildings, WTC 5 and WTC 6, were located to the south across Vesey Street on the 
main WTC site.  These buildings were nine and eight stories tall, respectively.  The 15 story U. S. Post 
Office was located immediately to the east across West Broadway at 90 Church Street.  There were two 
buildings to the immediate north of WTC 7.  The one on the east side will be referred to as 30 West 
Broadway.  It is also known as Fiterman Hall and is part of Manhattan Community College.  It has 15 
floors.  The address of the building to the immediate north of 30 West Broadway is 70 Murray Street, and 
it has 13 stories.  The building to the northwest of WTC 7 is located at 123 Barclay Street and has 26 
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stories.  This building is easily identified by its stepped roofline.  The 29 story Verizon Building was 
located across Washington Street to the west.  Its address is 140 West Street. 

From the overhead view of the area in Figure 5–4 and the angled view in Figure 5–5, it is clear how close 
the nearby buildings were to WTC 7.  These buildings tended to block views of the lower floors of WTC 
7 from all sides.  In Figure 5–2 and Figure 5–4, it can be seen that Greenwich Street ran from the 
northwest and terminated near the center of the north side of WTC 7.  This street ran straight for many 
blocks, and thus an observer along this street had a partial view of the lower sections of the north face. 

 

Figure 5–5.  Photograph of WTC 7 and the immediate vicinity taken before noon on 
September 11, 2001. 

The original image has been cropped and labels identifying buildings have been added. 
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On September 11, 2001 the wind in New York City was primarily from true north.  Rehm et al. (2001) 
used wind records recorded by aircraft in the New York City area on the morning of September 11, 2001 
to estimate that the wind direction was from the north (within a few degrees) and had a speed between 
11 mph and 22 mph at the heights (roughly 1,000 ft) where the aircraft impacted the towers.  Similar 
information is not available for times following the collapses of the towers.  However, the direction of the 
smoke plumes from fires burning on and near the WTC site indicates that the wind blew from roughly the 
same direction throughout the afternoon. 

Wind behavior is strongly influenced by the presence of upstream structures.  On September 11, the wind 
was coming from across the Hudson River. (See Figure 5–3.)  Figure 5–6 shows a view of the WTC site 
shot from a helicopter around 10:21 a.m. from roughly the same direction that the wind was blowing.  At 
this time WTC 2 had already collapsed and WTC 1 continued to burn.  WTC 7 is indicated by an arrow.  
The lower portions of WTC 7 are at least partially shielded from the wind by buildings located between 
WTC 7 and the Hudson shoreline, while upper portions were directly exposed. 

 

 

 

 

Figure 5–6.  Photograph of the WTC 
site taken around 10:21 a.m. from 
roughly the same direction as the 
wind was blowing on September 11. 
The image has been cropped and 
enhanced. 

 

 

 

 

 

 

As described in NIST NCSTAR 1-5A, the wind had a strong influence on smoke and dust flows around 
the towers.  The wind also affected the behavior of flames and smoke flow from the towers.  Similar 
effects will be described below for WTC 7. 
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5.3.2 WTC 7 Characteristics 

This section repeats some features of WTC 7 (more fully described in Chapter 2) that are needed to 
understand the visual observations. This section also introduces some of the nomenclature that will be 
used in later sections. 

General Structure 

WTC 7 was a 47 story office building whose height from the ground floor to its roofline was 
approximately 186 m (610 ft).  The structure was built over an existing Consolidated Edison electrical 
substation.  A series of transfer trusses and girders on the 5th and 6th floors transferred loads from higher 
stories to columns that extended to the ground.  The upper part of the building had a trapezoidal shape.  
The south side was 75.2 m (247 ft), the east side was 45.0 m (149 ft), the north side was 100.3 m (329 ft), 
and the west side was 46.7 m (153 ft).  On the north face, an approximately 278 ft wide, two story section 
of the substation extended outward an additional 42 ft along the base of the west wall. 

Figure 5–7 shows the locations and numbers of the structural columns.  Column numbers 58 to 78 formed 
a 15.7 m × 48.2 m (51.5 ft × 158 ft) rectangular core, consisting of a standard steel skeleton constructed 
from columns and beams.  The long side of the core was oriented along the east-west direction.  Note that 
the core was offset toward the west side of the building.  Various building services, including mechanical 
and electrical systems, stairways, elevators, and restrooms, were located in the core columns.  Columns 
79, 80, and 81 provided additional support for the long floor spans between the east side of the core and 
the east face of the building. 

The remaining 58 columns were located around the periphery of the building.  These columns were 
numbered starting at the northwest corner and progressing counterclockwise around the building.  There 
was a column 14A between column 14 and 15 on the west face.  All of these columns were connected by 
steel wide-flange beams having nominal heights (which varied slightly with location) of 0.9 m (36 in.). 
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Figure 5–7.  Locations of columns and beams for a typical floor of WTC 7. 
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Portions of Floors 5, 6, 22, 23, 46, and 47 were dedicated to mechanical systems for the building.  The 
tenant floors typically had a slab-to-slab spacing of 3.89 m (12 ft 9 in.).  The spacings for mechanical 
floors varied between about 4 m to 4.5 m (about 13 ft to 15 ft).  

On the 5th and 6th floors, there were air intake and exhaust vents.  The locations and functions of these 
vents are discussed in Chapter 3. 

There were also mechanical systems on the roof of WTC 7.  Figure 5–8 and Figure 5–9 show two views 
of the roof taken on September 11.  There were two fully enclosed structures on the roof which are 
referred to as the “east penthouse” and the “west penthouse.”  Two parallel screenwalls ran between the 
two penthouses and formed an open area that held additional mechanical equipment.  To the north of the 
enclosure, five cooling towers, which extended down to the 46th floor, are visible projecting through the 
roof.  Note that a 1.3 m (4 ft) high parapet wall extended around the building above the roof. 

Figure 5–8.  
Photograph 
taken from the 
southwest at 
10:22:50 a.m. 
on September 
11 showing the 
mechanical 
systems and 
penthouses on 
the roof of 
WTC 7. 

 

 

 

Figure 5–9.  Cropped photograph 
taken from the northwest around 
12:00 p.m. on September 11 showing 
the mechanical systems and 
penthouses on the roof of WTC 7. 

 

 

 

 



Chapter 5 Draft for Public Comment 

 NIST NCSTAR 1-9, WTC Investigation 100

Building Exterior 

General 

The outward appearance of the building was determined by the covering, often referred to as a curtain 
wall, which was attached to the exterior steel frame.  The curtain walls included glass that covered the 
windows.  The curtain walls were held in place by supports attached to the steel.  The primary materials 
used to form the outer curtain walls were polished finish granite sections, aluminum window frames, and 
glass. 

The placement of the windows in conjunction with three colors of granite gave the WTC 7 its 
characteristic appearance.  The window arrangements on the north and south faces were similar, but 
differed from those on the east and west faces.  For a given face, the spatial arrangement of windows and 
granite was repeated on most of the floors.  Variations were present on the lower floors, at the 22nd and 
23rd mechanical floors, and near the top on the 46th and 47th floors. 

The 32 mm (1¼ in.) thick granite sections were attached to rectangular box structures, referred to as 
trusses on the building drawings, which were fabricated from 1.2 mm (0.048 in.) thick galvanized steel.  
These boxes had the same dimensions as the exterior granite plates and were 127 mm (5 in.) deep.  The 
trusses were, in turn, attached by brackets to the steel framework.  The centerlines for the exterior steel 
columns and beams were located 0.61 m (24 in.) inward from the outer part of the curtain wall.  Window 
frames were also attached to the trusses. 

North Face 

Figure 5–10 shows a partial view of the north face of WTC 7 taken on the morning of September 11 
shortly after WTC 1 (the tower on the right) was struck by a jet airliner.  The appearance of the north face 
is dominated by alternating reddish and darker-colored bands due to the granite facing and window glass, 
respectively.  The light-colored areas at both ends were where tan granite was used. 

An enlargement from Figure 5–10 of the lower portion of WTC 7 is shown in Figure 5–11.  Floor 
numbers have been added.  Floors 6 to 21 and Floors 24 to 44 had the same appearance. 

Close inspection shows vertical lines running across the bands of window glass and granite.  The bands 
are due to 76 mm (3 in.) wide window frames, which were aligned with the juncture of adjacent granite 
sections.  In the contiguous center section, there are a total of 63 windows on a floor. 

There are two additional, adjacent windows near the east and west edges of the building that are separated 
from the continuous section and encircled by tan colored granite plates. 

Most of the windows on the north face had widths of 1.40 m (4 ft 7 in.), but some had slightly different 
values.  The heights of the windows were 1.98 m (6 ft 6 in.), including the 76 mm (3 in.) wide frames at 
the top and bottom.  The granite plates had heights of 1.87 m (6 ft 1¾ in.).  When the 16 mm (5/8 in.) 
spacings at the top and bottom of the granite sections are added, the floor spacing of 3.89 m (12 ft 9 in.) is 
obtained.  (The concrete floors were located behind the granite sections.)  The distance between the top of 
a floor slab and the bottom of a window opening was 0.76 m (30 in.), and the distance between the top of 
a window opening and the base of the floor above was 1.15 m (3 ft 9½ in.).  The nominally 0.9 m (36 in.) 
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WTC 7 as late as about 4:00 p.m. or above the 25th floor at the time of the building collapse initiation.  
Views of the northeast corner at the time of the collapse were obstructed by other buildings. 

Furthermore, for a shaped charge with an explosive weight equivalent to or higher than 9 ob (detonated in 
a single delay), the noise level at a distance of ½ mile would have been on the order of 130dB to 140 
dB,3,4 roughly equivalent to that of a thunderclap directly overhead or an adjacent jet engine. The sound 
blast in an urban setting would have propagated by being reflected and channeled down streets with 
minimum attenuation. The hard building exteriors would have acted as nearly perfect reflectors, with little 
to no absorption. The sound would have been attenuated behind buildings, but it would also generate 
multiple echoes. This could have extended the time period over which the sound could possibly have had 
an additive effect if multiple in-phase reflections met.3 

People on the street would have heard 9 lb of RDX go off a mile away in air (and even further away if the 
wind were blowing in their direction).4  There were no witness reports of such a loud noise, nor was such 
a noise heard on audio tracks of video tapes that recorded the WTC 7 collapse.  Thus, from this study, 
NIST concluded that blast events could not have occurred and found no evidence of any blast events. 

8.9.3 Fires within the Con Edison Substation 

NIST considered the possibility of fire in the Con Edison Substation (Chapter 2).  Eyewitness accounts 
and off-site monitoring of the substation operation and alarm signals provided the basis for the 
assessment.  Details are provided in Appendix A. 

Con Edison employees were present at the substation when WTC 1 was impacted by the aircraft, and 
additional personnel were summoned to assist in dealing with the emergency.  No fire or significant 
physical damage was noted prior to the time the substation building was evacuated at about 10:20 a.m.  
NIST found no evidence that significant physical damage to the Con Edison portion of WTC 7 occurred 
due to the collapse of WTC 1 at 10:29 a.m. 

After the building was evacuated, signals from the Con Edison substation continued to be monitored off-
site throughout the day on the supervisory control and data acquisition logs.  One fire detector within the 
Con Edison substation went into alarm mode when WTC 1 collapsed, and stayed in the alarm mode until 
the substation was totally isolated from incoming feeders at 4:33 p.m.  However, there were no other 
indications (e.g., no high temperature alarms from the transformers, no visible smoke emanating from the 
Con Edison building) that there were significant fires within the substations during that period of time.  
Logical sources of the fire detector alarm were the smoke and dust dispersed in the area of the substation 
from the collapse of WTC 1.  While several transformers uncovered during site clean-up showed clear 
evidence of thermal damage, from the information gathered, NIST was unable to determine whether the 
thermal damage to the transformers occurred due to electrical overheating, due to a fire in the Con Edison 
substation, or due to burning within the rubble pile subsequent to the collapse of WTC 7.  Based on this 
evidence, NIST concluded that fire within the Con Edison substation was not a factor in the collapse of 
WTC 7. 

                                                 
3 Personal communication from Charles Needham and Robert MacNeill, Applied Research Associates, to NIST, 31 July 2008. 
4 Personal communication from Mark Loizeaux, Controlled Demolition Inc, to NIST, 5 August 2008. 
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8.10 SUMMARY 

The leading hypothesis for the initiation of the collapse of WTC 7 involved: 

�x Initial local fire-induced floor failures initiating in the tenant floors, 

�x Resulting in at least one long unsupported column at the lower floors, 

�x Leading to buckling of a critical column (the initiating event), which supported a large-span floor 
bay, 

�x This initial local failure brought down the interior structure below the east penthouse, 

�x Horizontal progression of the failure across the lower floors resulted in a progressive collapse of 
the entire structure. 

This hypothesis was supported by photographic and videographic evidence showing the collapse of the 
east section of the roof and the kinking of the east penthouse. 

A critical look at the steel framing that supported the concrete floors in WTC 7 and, in general, the overall 
framing of the building, revealed several characteristics that warranted further consideration: 

�x Simple framing connections for girders, 

�x Long-span floor beams and girders, 

�x Asymmetric framing (one-sided lateral support to girders), 

�x Absence of shear studs, and 

�x Girder-to-column seat connections 

Simple analyses revealed that, alone or in combination, these construction framing features had the 
potential to produce initial local fire-induced failures resulting from ordinary building contents fires on a 
tenant floor.  The northeast corner of WTC 7 had columns that supported large floor areas and many of 
the construction details shown to be of importance.  A finite element analysis of the northeast corner of 
the building, representing the framing of a lower tenant floor, verified that the following fire-induced 
failures were possible: 

�x Significant lateral deflections (movement) of the girder produced by thermal elongation of the 
floor beams, 

�x Failure of shear studs on the floor beams, 

�x Shear failure of the erection bolts fastening the girder to the seated connections, 

�x Failure of single shear plate (fin) connections attaching the floor beams to the girder, and 

�x Girder sliding off its seat connection. 
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Analysis of the northeast floor system showed that the fire-induced failure modes predicted by simple 
analyses were, indeed, realized for the case of uniformly increased temperatures.  These results helped to 
guide the development of special connection elements that used a combination of break elements, rigid 
links, contact elements and elastic elements, that captured the salient features and failure modes of the 
various types of connections used in the floor system of WTC 7.  These features and failure modes 
include individual bolt failure, weld failure, shear stud failure, contact between floor slab and girder 
(without shear studs), gap closing and contact, slip-off of seated connections, etc.  In Chapter 11, the 
structural models that capture these features of the floor framing and connections, and their failure modes, 
are described in detail. 

It was also concluded in this chapter, that neither a fuel oil fire, a hypothetical blast, nor fires in the Con 
Edison substation was a valid hypothesis for initiating collapse. 
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