NIST NCSTAR 1-6A (Draft)

Federal Building and Fire Safety Investigation of the
World Trade Center Disaster

Passive Fire Protection (Draft)
Nicholas J. Carino
Monica A. Starnes
John L. Gross
Jiann C. Yang
Scott R. Kukuck
Kuldeep R. Prasad
Richard W. Bukowski

For Public Comment

NIST NCSTAR 1-6A (Draft)
For Public Comment

Federal Building and Fire Safety Investigation of the
World Trade Center Disaster

Passive Fire Protection (Draft)

Nicholas J. Carino
Monica A. Starnes
John L. Gross
Jiann C. Yang
Scott R. Kukuck*
Kuldeep R. Prasad
Richard W. Bukowski
Building and Fire Research Laboratory
National Institute of Standards and Technology

*Scott R. Kukuck’s current affiliation:
U.S. Army Research Laboratory
Aberdeen Proving Grounds, Maryland

September 2005

U.S. Department of Commerce
Carlos M. Gutierrez, Secretary
Technology Administration
Michelle O’ Neill, Acting Under Secretary for Technology
National Institute of Standards and Technology
Hratch G. Semerjian, Acting Director

Disclaimer No. 1
Certain commercial entities, equipment, products, or materials are identified in this document in order to describe a
procedure or concept adequately or to trace the history of the procedures and practices used. Such identification is
not intended to imply recommendation, endorsement, or implication that the entities, products, materials, or
equipment are necessarily the best available for the purpose. Nor does such identification imply a finding of fault or
negligence by the National Institute of Standards and Technology.

Disclaimer No. 2
The policy of NIST is to use the International System of Units (metric units) in all publications. In this document,
however, units are presented in metric units or the inch-pound system, whichever is prevalent in the discipline.

Disclaimer No. 3
Pursuant to section 7 of the National Construction Safety Team Act, the NIST Director has determined that certain
evidence received by NIST in the course of this Investigation is “voluntarily provided safety-related information” that is
“not directly related to the building failure being investigated” and that “disclosure of that information would inhibit the
voluntary provision of that type of information” (15 USC 7306c).
In addition, a substantial portion of the evidence collected by NIST in the course of the Investigation has been
provided to NIST under nondisclosure agreements.

Disclaimer No. 4
NIST takes no position as to whether the design or construction of a WTC building was compliant with any code
since, due to the destruction of the WTC buildings, NIST could not verify the actual (or as-built) construction, the
properties and condition of the materials used, or changes to the original construction made over the life of the
buildings. In addition, NIST could not verify the interpretations of codes used by applicable authorities in determining
compliance when implementing building codes. Where an Investigation report states whether a system was
designed or installed as required by a code provision, NIST has documentary or anecdotal evidence indicating
whether the requirement was met, or NIST has independently conducted tests or analyses indicating whether the
requirement was met.

Use in Legal Proceedings
No part of any report resulting from a NIST investigation into a structural failure or from an investigation under the
National Construction Safety Team Act may be used in any suit or action for damages arising out of any matter
mentioned in such report (15 USC 281a; as amended by P.L. 107-231).

National Institute of Standards and Technology National Construction Safety Team Act Report 1-6A (Draft)
Natl. Inst. Stand. Technol. Natl. Constr. Sfty. Tm. Act Rpt. 1-6A (Draft), 298 pages (September 2005)
CODEN: NSPUE2

U.S. GOVERNMENT PRINTING OFFICE
WASHINGTON: 2005

_________________________________________
For sale by the Superintendent of Documents, U.S. Government Printing Office
Internet: bookstore.gpo.gov — Phone: (202) 512-1800 — Fax: (202) 512-2250
Mail: Stop SSOP, Washington, DC 20402-0001

ABSTRACT

This report deals with the passive fire protection used in the WTC towers. The main objective is to
provide background information that can be used to assess the in-place conditions of the passive
protection before and after aircraft impact. The report includes a review of key building code provisions
related to structural fire protection. It also includes a review of key decisions related to passive fire
protection made during design, construction, and occupancy of the towers. Copies of documents to
support key findings are included in an Appendix. A summary is provided of available data on in-place
measurements of the sprayed fire-resistive materials (SFRMs) applied to the floor trusses and to core
members. Measurements of thermophysical properties of the passive fire protection materials, including
gypsum panels, are presented. The effects of gaps in thermal insulation and the effects of variability of
insulation thickness are evaluated. The rationale for selecting the effective thickness of thermal insulation
for use in thermal-structural analyses is presented. Measurements of adhesive and cohesive strengths of a
selected SFRM are summarized. Simplified models are presented for estimating the acceleration required
to dislodge SFRM from planar surfaces and encased round bars. The report concludes with a summary of
key findings.
Keywords: adhesive strength, building code, cohesive strength, construction classification, density,
equivalent thickness, retrofit, specific heat capacity, sprayed fire-resistive materials (SFRM), thermal
conductivity, thermal insulation, thickness, thickness variability, World Trade Center.
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PREFACE

Genesis of This Investigation
Immediately following the terrorist attack on the World Trade Center (WTC) on September 11, 2001, the
Federal Emergency Management Agency (FEMA) and the American Society of Civil Engineers began
planning a building performance study of the disaster. The week of October 7, as soon as the rescue and
search efforts ceased, the Building Performance Study Team went to the site and began their assessment.
This was to be a brief effort, as the study team consisted of experts who largely volunteered their time
away from their other professional commitments. The Building Performance Study Team issued their
report in May 2002, fulfilling their goal “to determine probable failure mechanisms and to identify areas
of future investigation that could lead to practical measures for improving the damage resistance of
buildings against such unforeseen events.”
On August 21, 2002, with funding from the U.S. Congress through FEMA, the National Institute of
Standards and Technology (NIST) announced its building and fire safety investigation of the WTC
disaster. On October 1, 2002, the National Construction Safety Team Act (Public Law 107-231), was
signed into law. The NIST WTC Investigation was conducted under the authority of the National
Construction Safety Team Act.
The goals of the investigation of the WTC disaster were:
•

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

•

To serve as the basis for:
−

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

−

Improved tools and guidance for industry and safety officials;

−

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

−

Improved public safety.

The specific objectives were:
1. Determine why and how WTC 1 and WTC 2 collapsed following the initial impacts of the
aircraft and why and how WTC 7 collapsed;
2. Determine why the injuries and fatalities were so high or low depending on location,
including all technical aspects of fire protection, occupant behavior, evacuation, and
emergency response;
3. Determine what procedures and practices were used in the design, construction, operation,
and maintenance of WTC 1, 2, and 7; and
4. Identify, as specifically as possible, areas in current building and fire codes, standards, and
practices that warrant revision.
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NIST is a nonregulatory agency of the U.S. Department of Commerce’s Technology Administration. The
purposes of NIST investigations under the National Construction Safety Team Act are to improve the
safety and structural integrity of buildings in the United States, and the focus is on fact finding. NIST
investigative teams are required to assess building performance and emergency response and evacuation
procedures in the wake of any building failure that has resulted in substantial loss of life or that posed
significant potential of substantial loss of life. NIST does not have the statutory authority to make
findings of fault or negligence by individuals or organizations. Further, no part of any report resulting
from a NIST investigation into a building failure or from an investigation under the National Construction
Safety Team Act may be used in any suit or action for damages arising out of any matter mentioned in
such report (15 USC 281a, as amended by Public Law 107-231).
Organization of the Investigation
The National Construction Safety Team for this Investigation, appointed by the NIST Director, was led
by Dr. S. Shyam Sunder. Dr. William L. Grosshandler served as Associate Lead Investigator,
Mr. Stephen A. Cauffman served as Program Manager for Administration, and Mr. Harold E. Nelson
served on the team as a private sector expert. The Investigation included eight interdependent projects
whose leaders comprised the remainder of the team. A detailed description of each of these eight projects
is available at http://wtc.nist.gov. The purpose of each project is summarized in Table P–1, and the key
interdependencies among the projects are illustrated in Figure P–1.
Table P–1. Federal building and fire safety investigation of the WTC disaster.
Technical Area and Project Leader
Analysis of Building and Fire Codes and
Practices; Project Leaders: Dr. H. S. Lew
and Mr. Richard W. Bukowski
Baseline Structural Performance and
Aircraft Impact Damage Analysis; Project
Leader: Dr. Fahim Sadek
Mechanical and Metallurgical Analysis of
Structural Steel; Project Leader: Dr. Frank
W. Gayle
Investigation of Active Fire Protection
Systems; Project Leader: Dr. David
D. Evans
Reconstruction of Thermal and Tenability
Environment; Project Leader: Dr. Richard
G. Gann
Structural Fire Response and Collapse
Analysis; Project Leaders: Dr. John
L. Gross and Dr. Therese P. McAllister
Occupant Behavior, Egress, and Emergency
Communications; Project Leader: Mr. Jason
D. Averill
Emergency Response Technologies and
Guidelines; Project Leader: Mr. J. Randall
Lawson
xx

Project Purpose
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.
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.
Determine and analyze the mechanical and metallurgical properties
and quality of steel, weldments, and connections from steel
recovered from WTC 1, 2, and 7.
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.
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.
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.
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.
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.
NIST NCSTAR 1-6A, WTC Investigation

Draft for Public Comment

Preface

NIST WTC Investigation Projects
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Figure P–1. The eight projects in the federal building and fire safety
investigation of the WTC disaster.
National Construction Safety Team Advisory Committee
The NIST Director also established an advisory committee as mandated under the National Construction
Safety Team Act. The initial members of the committee were appointed following a public solicitation.
These were:
•

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

•

John Barsom, President, Barsom Consulting, Ltd.

•

John Bryan, Professor Emeritus, University of Maryland

•

David Collins, President, The Preview Group, Inc.

•

Glenn Corbett, Professor, John Jay College of Criminal Justice

•

Philip DiNenno, President, Hughes Associates, Inc.
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•

Robert Hanson, Professor Emeritus, University of Michigan

•

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

•

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

•

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

This National Construction Safety Team Advisory Committee provided technical advice during the
Investigation and commentary on drafts of the Investigation reports prior to their public release.
Public Outreach
During the course of this Investigation, NIST held public briefings and meetings (listed in Table P–2) to
solicit input from the public, present preliminary findings, and obtain comments on the direction and
progress of the Investigation from the public and the Advisory Committee.
NIST maintained a publicly accessible Web site during this Investigation at http://wtc.nist.gov. The site
contained extensive information on the background and progress of the Investigation.
NIST’s WTC Public-Private Response Plan
The collapse of the WTC buildings has led to broad reexamination of how tall buildings are designed,
constructed, maintained, and used, especially with regard to major events such as fires, natural disasters,
and terrorist attacks. Reflecting the enhanced interest in effecting necessary change, NIST, with support
from Congress and the Administration, has put in place a program, the goal of which is to develop and
implement the standards, technology, and practices needed for cost-effective improvements to the safety
and security of buildings and building occupants, including evacuation, emergency response procedures,
and threat mitigation.
The strategy to meet this goal is a three-part NIST-led public-private response program that includes:
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•

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

•

A research and development (R&D) program to (a) facilitate the implementation of
recommendations resulting from the WTC Investigation, and (b) provide the technical basis
for cost-effective improvements to national building and fire codes, standards, and practices
that enhance the safety of buildings, their occupants, and emergency responders.
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Table P–2. Public meetings and briefings of the WTC Investigation.
Date
June 24, 2002

Location
New York City, NY

August 21, 2002
December 9, 2002

Gaithersburg, MD
Washington, DC

April 8, 2003

New York City, NY

April 29–30, 2003

Gaithersburg, MD

May 7, 2003
August 26–27, 2003

New York City, NY
Gaithersburg, MD

September 17, 2003

New York City, NY

December 2–3, 2003

Gaithersburg, MD

February 12, 2004

New York City, NY

June 18, 2004

New York City, NY

June 22–23, 2004

Gaithersburg, MD

August 24, 2004

Northbrook, IL

October 19–20, 2004

Gaithersburg, MD

November 22, 2004

Gaithersburg, MD

April 5, 2005

New York City, NY

June 23, 2005

New York City, NY

•

Principal Agenda
Public meeting: Public comments on the Draft Plan for the
pending WTC Investigation.
Media briefing announcing the formal start of the Investigation.
Media briefing on release of the Public Update and NIST request
for photographs and videos.
Joint public forum with Columbia University on first-person
interviews.
National Construction Safety Team (NCST) Advisory Committee
meeting on plan for and progress on WTC Investigation with a
public comment session.
Media briefing on release of the May 2003 Progress Report.
NCST Advisory Committee meeting on status of WTC
investigation with a public comment session.
Media briefing and public briefing on initiation of first-person
data collection projects.
NCST Advisory Committee meeting on status and initial results
and the release of the Public Update with a public comment
session.
Public meeting: Briefing on progress and preliminary findings
with public comments on issues to be considered in formulating
final recommendations.
Media briefing and public briefing on release of the June 2004
Progress Report.
NCST Advisory Committee meeting on the status of and
preliminary findings from the WTC Investigation with a public
comment session.
Public viewing of standard fire resistance test of WTC floor
system at Underwriters Laboratories, Inc.
NCST Advisory Committee meeting on status and near complete
set of preliminary findings with a public comment session.
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.
Media briefing and public briefing on release of the probable
collapse sequence for the WTC towers and draft reports for the
projects on codes and practices, evacuation, and emergency
response.
Media briefing and public briefing on release of all draft reports
and draft recommendations for public comment.

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.
NIST NCSTAR 1-6A, WTC Investigation
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National Construction Safety Team Reports on the WTC Investigation
A draft of the final report on the collapses of the WTC towers is being issued as NIST NCSTAR 1. A
companion report on the collapse of WTC 7 is being issued as NIST NCSTAR 1A. The present report is
one of a set that provides more detailed documentation of the Investigation findings and the means by
which these technical results were achieved. As such, it is part of the archival record of this Investigation.
The titles of the full set of Investigation publications are:
NIST (National Institute of Standards and Technology). 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Final Report of the National Construction Safety Team
on the Collapses of the World Trade Center Towers. NIST NCSTAR 1. Gaithersburg, MD, September.
NIST (National Institute of Standards and Technology). 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Final Report of the National Construction Safety Team
on the Collapse of World Trade Center 7. NIST NCSTAR 1A. Gaithersburg, MD, December.
Lew, H. S., R. W. Bukowski, and N. J. Carino. 2005. Federal Building and Fire Safety Investigation of
the World Trade Center Disaster: Design, Construction, and Maintenance of Structural and Life Safety
Systems. NIST NCSTAR 1-1. National Institute of Standards and Technology. Gaithersburg, MD,
September.
Fanella, D. A., A. T. Derecho, and S. K. Ghosh. 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Design and Construction of Structural Systems.
NIST NCSTAR 1-1A. National Institute of Standards and Technology. Gaithersburg, MD,
September.
Ghosh, S. K., and X. Liang. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Comparison of Building Code Structural Requirements. NIST
NCSTAR 1-1B. National Institute of Standards and Technology. Gaithersburg, MD, September.
Fanella, D. A., A. T. Derecho, and S. K. Ghosh. 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Maintenance and Modifications to Structural
Systems. NIST NCSTAR 1-1C. National Institute of Standards and Technology. Gaithersburg,
MD, September.
Grill, R. A., and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Fire Protection and Life Safety Provisions Applied to the Design and
Construction of World Trade Center 1, 2, and 7 and Post-Construction Provisions Applied after
Occupancy. NIST NCSTAR 1-1D. National Institute of Standards and Technology. Gaithersburg,
MD, September.
Razza, J. C., and R. A. Grill. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Comparison of Codes, Standards, and Practices in Use at the Time of the
Design and Construction of World Trade Center 1, 2, and 7. NIST NCSTAR 1-1E. National
Institute of Standards and Technology. Gaithersburg, MD, September.
Grill, R. A., D. A. Johnson, and D. A. Fanella. 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Comparison of the 1968 and Current (2003) New
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York City Building Code Provisions. NIST NCSTAR 1-1F. National Institute of Standards and
Technology. Gaithersburg, MD, September.
Grill, R. A., and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Amendments to the Fire Protection and Life Safety Provisions of the New
York City Building Code by Local Laws Adopted While World Trade Center 1, 2, and 7 Were in
Use. NIST NCSTAR 1-1G. National Institute of Standards and Technology. Gaithersburg, MD,
September.
Grill, R. A., and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Post-Construction Modifications to Fire Protection and Life Safety Systems
of World Trade Center 1 and 2. NIST NCSTAR 1-1H. National Institute of Standards and
Technology. Gaithersburg, MD, September.
Grill, R. A., D. A. Johnson, and D. A. Fanella. 2005. Federal Building and Fire Safety Investigation
of the World Trade Center Disaster: Post-Construction Modifications to Fire Protection, Life
Safety, and Structural Systems of World Trade Center 7. NIST NCSTAR 1-1I. National Institute of
Standards and Technology. Gaithersburg, MD, September.
Grill, R. A., and D. A. Johnson. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Design, Installation, and Operation of Fuel System for Emergency Power in
World Trade Center 7. NIST NCSTAR 1-1J. National Institute of Standards and Technology.
Gaithersburg, MD, September.
Sadek, F. 2005. Federal Building and Fire Safety Investigation of the World Trade Center Disaster:
Baseline Structural Performance and Aircraft Impact Damage Analysis of the World Trade Center
Towers. NIST NCSTAR 1-2. National Institute of Standards and Technology. Gaithersburg, MD,
September.
Faschan, W. J., and R. B. Garlock. 2005. Federal Building and Fire Safety Investigation of the
World Trade Center Disaster: Reference Structural Models and Baseline Performance Analysis of
the World Trade Center Towers. NIST NCSTAR 1-2A. National Institute of Standards and
Technology. Gaithersburg, MD, September.
Kirkpatrick, S. W., R. T. Bocchieri, F. Sadek, R. A. MacNeill, S. Holmes, B. D. Peterson,
R. W. Cilke, C. Navarro. 2005. Federal Building and Fire Safety Investigation of the World Trade
Center Disaster: Analysis of Aircraft Impacts into the World Trade Center Towers, NIST
NCSTAR 1-2B. National Institute of Standards and Technology. Gaithersburg, MD, September.
Gayle, F. W., R. J. Fields, W. E. Luecke, S. W. Banovic, T. Foecke, C. N. McCowan, T. A. Siewert, and
J. D. McColskey. 2005. Federal Building and Fire Safety Investigation of the World Trade Center
Disaster: Mechanical and Metallurgical Analysis of Structural Steel. NIST NCSTAR 1-3. National
Institute of Standards and Technology. Gaithersburg, MD, September.
Luecke, W. E., T. A. Siewert, and F. W. Gayle. 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Contemporaneous Structural Steel
Specifications. NIST Special Publication 1-3A. National Institute of Standards and Technology.
Gaithersburg, MD, September.
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Banovic, S. W. 2005. Federal Building and Fire Safety Investigation of the World Trade Center
Disaster: Steel Inventory and Identification. NIST NCSTAR 1-3B. National Institute of Standards
and Technology. Gaithersburg, MD, September.
Banovic, S. W., and T. Foecke. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Damage and Failure Modes of Structural Steel Components. NIST
NCSTAR 1-3C. National Institute of Standards and Technology. Gaithersburg, MD, September.
Luecke, W. E., J. D. McColskey, C. N. McCowan, S. W. Banovic, R. J. Fields, T. Foecke,
T. A. Siewert, and F. W. Gayle. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Mechanical Properties of Structural Steels. NIST NCSTAR 1-3D.
National Institute of Standards and Technology. Gaithersburg, MD, September.
Banovic, S. W., C. N. McCowan, and W. E. Luecke. 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Physical Properties of Structural Steels. NIST
NCSTAR 1 3E. National Institute of Standards and Technology. Gaithersburg, MD, September.
Evans, D. D., E. D. Kuligowski, W. S. Dols, and W. L. Grosshandler. 2005. Federal Building and Fire
Safety Investigation of the World Trade Center Disaster: Active Fire Protection Systems. NIST
NCSTAR 1-4. National Institute of Standards and Technology. Gaithersburg, MD, September.
Kuligowski, E. D., and D. D. Evans. 2005. Federal Building and Fire Safety Investigation of the
World Trade Center Disaster: Post-Construction Fires Prior to September 11, 2001. NIST
NCSTAR 1-4A. National Institute of Standards and Technology. Gaithersburg, MD, September.
Hopkins, M., J. Schoenrock, and E. Budnick. 2005. Federal Building and Fire Safety Investigation
of the World Trade Center Disaster: Fire Suppression Systems. NIST NCSTAR 1-4B. National
Institute of Standards and Technology. Gaithersburg, MD, September.
Keough, R. J., and R. A. Grill. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Fire Alarm Systems. NIST NCSTAR 1-4C. National Institute of Standards
and Technology. Gaithersburg, MD, September.
Ferreira, M. J., and S. M. Strege. 2005. Federal Building and Fire Safety Investigation of the
World Trade Center Disaster: Smoke Management Systems. NIST NCSTAR 1-4D. National
Institute of Standards and Technology. Gaithersburg, MD, September.
Gann, R. G., A. Hamins, K. B. McGrattan, G. W. Mulholland, H. E. Nelson, T. J. Ohlemiller,
W. M. Pitts, and K. R. Prasad. 2005. Federal Building and Fire Safety Investigation of the World Trade
Center Disaster: Reconstruction of the Fires in the World Trade Center Towers. NIST NCSTAR 1-5.
National Institute of Standards and Technology. Gaithersburg, MD, September.
Pitts, W. M., K. M. Butler, and V. Junker. 2005. Federal Building and Fire Safety Investigation of
the World Trade Center Disaster: Visual Evidence, Damage Estimates, and Timeline Analysis.
NIST NCSTAR 1-5A. National Institute of Standards and Technology. Gaithersburg, MD,
September.
Hamins, A., A. Maranghides, K. B. McGrattan, E. Johnsson, T. J. Ohlemiller, M. Donnelly,
J. Yang, G. Mulholland, K. R. Prasad, S. Kukuck, R. Anleitner and T. McAllister. 2005. Federal
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Building and Fire Safety Investigation of the World Trade Center Disaster: Experiments and
Modeling of Structural Steel Elements Exposed to Fire. NIST NCSTAR 1-5B. National Institute of
Standards and Technology. Gaithersburg, MD, September.
Ohlemiller, T. J., G. W. Mulholland, A. Maranghides, J. J. Filliben, and R. G. Gann. 2005. Federal
Building and Fire Safety Investigation of the World Trade Center Disaster: Fire Tests of Single
Office Workstations. NIST NCSTAR 1-5C. National Institute of Standards and Technology.
Gaithersburg, MD, September.
Gann, R. G., M. A. Riley, J. M. Repp, A. S. Whittaker, A. M. Reinhorn, and P. A. Hough. 2005.
Federal Building and Fire Safety Investigation of the World Trade Center Disaster: Reaction of
Ceiling Tile Systems to Shocks. NIST NCSTAR 1-5D. National Institute of Standards and
Technology. Gaithersburg, MD, September.
Hamins, A., A. Maranghides, K. B. McGrattan, T. J. Ohlemiller, and R. Anleitner. 2005. Federal
Building and Fire Safety Investigation of the World Trade Center Disaster: Experiments and
Modeling of Multiple Workstations Burning in a Compartment. NIST NCSTAR 1-5E. National
Institute of Standards and Technology. Gaithersburg, MD, September.
McGrattan, K. B., C. Bouldin, and G. Forney. 2005. Federal Building and Fire Safety
Investigation of the World Trade Center Disaster: Computer Simulation of the Fires in the World
Trade Center Towers. NIST NCSTAR 1-5F. National Institute of Standards and Technology.
Gaithersburg, MD, September.
Prasad, K. R., and H. R. Baum. 2005. Federal Building and Fire Safety Investigation of the World
Trade Center Disaster: Fire Structure Interface and Thermal Response of the World Trade Center
Towers. NIST NCSTAR 1-5G. National Institute of Standards and Technology. Gaithersburg,
MD, September.
Gross, J. L., and T. McAllister. 2005. Federal Building and Fire Safety Investigation of the World Trade
Center Disaster: Structural Fire Response and Probable Collapse Sequence of the World Trade Center
Towers. NIST NCSTAR 1-6. National Institute of Standards and Technology. Gaithersburg, MD,
September.
Carino, N. J., M. A. Starnes, J. L. Gross, J. C. Yang, S. Kukuck, K. R. Prasad, and R. W. Bukowski.
2005. Federal Building and Fire Safety Investigation of the World Trade Center Disaster: Passive
Fire Protection. NIST NCSTAR 1-6A. National Institute of Standards and Technology.
Gaithersburg, MD, September.
Gross, J., F. Hervey, M. Izydorek, J. Mammoser, and J. Treadway. 2005. Federal Building and
Fire Safety Investigation of the World Trade Center Disaster: Fire Resistance Tests of Floor Truss
Systems. NIST NCSTAR 1-6B. National Institute of Standards and Technology. Gaithersburg,
MD, September.
Zarghamee, M. S., S. Bolourchi, D. W. Eggers, F. W. Kan, Y. Kitane, A. A. Liepins, M. Mudlock,
W. I. Naguib, R. P. Ojdrovic, A. T. Sarawit, P. R Barrett, J. L. Gross, and T. P. McAllister. 2005.
Federal Building and Fire Safety Investigation of the World Trade Center Disaster: Component,
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Connection, and Subsystem Structural Analysis. NIST NCSTAR 1-6C. National Institute of
Standards and Technology. Gaithersburg, MD, September.
Zarghamee, M. S., Y. Kitane, O. O. Erbay, T. P. McAllister, and J. L. Gross. 2005. Federal
Building and Fire Safety Investigation of the World Trade Center Disaster: Global Structural
Analysis of the Response of the World Trade Center Towers to Impact Damage and Fire. NIST
NCSTAR 1-6D. National Institute of Standards and Technology. Gaithersburg, MD, September.
McAllister, T., R. G. Gann, J. L. Gross, K. B. McGrattan, H. E. Nelson, W. M. Pitts, K. R. Prasad. 2005.
Federal Building and Fire Safety Investigation of the World Trade Center Disaster: Structural Fire
Response and Probable Collapse Sequence of World Trade Center 7. 2005. NIST NCSTAR 1-6E.
National Institute of Standards and Technology. Gaithersburg, MD, December.
Gilsanz, R., V. Arbitrio, C. Anders, D. Chlebus, K. Ezzeldin, W. Guo, P. Moloney, A. Montalva,
J. Oh, K. Rubenacker. 2005. Federal Building and Fire Safety Investigation of the World Trade
Center Disaster: Structural Analysis of the Response of World Trade Center 7 to Debris Damage
and Fire. NIST NCSTAR 1-6F. National Institute of Standards and Technology. Gaithersburg,
MD, December.
Kim, W. 2005. Federal Building and Fire Safety Investigation of the World Trade Center
Disaster: Analysis of September 11, 2001, Seismogram Data, NIST NCSTAR 1-6G. National
Institute of Standards and Technology. Gaithersburg, MD, December.
Nelson, K. 2005. Federal Building and Fire Safety Investigation of the World Trade Center
Disaster: The ConEd Substation in World Trade Center 7, NIST NCSTAR 1-6H. National Institute
of Standards and Technology. Gaithersburg, MD, December.
Averill, J. D., D. S. Mileti, R. D. Peacock, E. D. Kuligowski, N. Groner, G. Proulx, P. A. Reneke, and
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Occupant Behavior, Egress, and Emergency Communication. NIST NCSTAR 1-7. National Institute of
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EXECUTIVE SUMMARY

The structural steel in the World Trade Center (WTC) towers was protected against the effects of fire with
sprayed fire-resistive materials (SFRMs) or rigid fire-rated gypsum panels. The majority of the types of
SFRMs used in the WTC towers are packaged as dry ingredients composed of a binder and insulation
materials. At the job site, water is added by a pressurized system as the materials are sprayed onto the
steel. The water mixes with the cementitious materials and provides “stickiness” that allows the SFRM to
adhere weakly to the steel. With time, the cementitious materials harden, and excess water evaporates.
When dry, SFRMs provide an insulation barrier to limit excessive temperature rise in the protected steel
member during a fire.
The thermal-structural analysis of the WTC towers focused on two objectives: (1) analysis of the
undamaged buildings exposed to conventional building fires, and (2) analysis of the buildings damaged
by the aircraft impact and exposed to the subsequent fires. To reduce the uncertainties in the calculated
thermal histories of various structural elements, the condition of the passive fire protection as it existed on
September 11, 2001, was estimated as accurately as possible. In addition, reasonable estimates of the
extent of SFRM dislodged by aircraft impact and the resulting debris field had to be made.
To provide context for the information in this report, an overview of concepts used in U.S. building
regulations for structural fire resistance is presented first. This is followed with a summary of the
construction history of the sprayed fire-resistive materials in WTC 1 and WTC 2. To gain an
understanding of the effect of SFRM thickness and its variability on the steel temperature during exposure
to fire, results are presented of a sensitivity study based on a simple finite-element model. This is
followed by a quantitative assessment of in-place thickness and its variability based on available data.
The rationale for the thickness of SFRM to be used in the structural fire endurance analyses is presented.
The tests conducted to determine the thermal properties of insulation materials similar to those used in the
WTC towers are reviewed. The results of mechanical property tests conducted on laboratory specimens
are presented, and a simplified approach for estimating the acceleration required to dislodge thermal
insulation during impact is discussed.

BUILDING CODE CONCEPTS FOR STRUCTURAL FIRE RESISTANCE
Fire-induced collapse of buildings is regulated generally through limits on the height and the area per
floor as a function of the types and degree of fire resistance of materials used in the structural elements.
These material characteristics are categorized as types of construction, and the associated limits are
contained in so-called “heights and areas tables,” which are a cornerstone of most prescriptive building
codes.
The intent of building height limits is to restrict taller buildings to non-combustible structural members
and the greatest fire resistance is assigned to members supporting multiple floors. The primary concern
with combustible structural members is that they can become ignited by an exposing fire and can continue
to burn (often in concealed spaces) even after the exposing fire has been extinguished, leading to collapse.
The intent of increased fire resistance for members supporting multiple floors is directly related to the
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higher risk of property loss in the event of failure of multiple floors. Fire resistance requirements,
however, do not take into account the actual number of stories being supported by these elements.
Construction Types
The main categories of constructions defined in building codes are Type I (fire resistive), Type II (noncombustible), Type III (combustible), Type IV (heavy timber), and Type V (ordinary). Construction
Types I and II include non-combustible exterior and interior bearing walls and columns, where fire
resistance ratings are greatest for Type I, and Type II is any (non-combustible) construction not meeting
Type I requirements. Within each construction type are several sub-categories determined by the fire
resistance ratings of the columns (vertical structural elements that support gravity loads and resist the
actions of lateral loads), beams (horizontal structural elements that support predominantly gravity loads),
and floor systems. In some codes these sub-categories are identified by letters following the type (e.g.,
1B or 3A) (IBC 2003) or by a set of three numbers that represent the fire resistance required (in hours) of
the columns, beams, and floors, respectively (e.g., Type 1 (3,3,2)).
Fire Resistance of Structural Elements
Building codes require that structural elements are to be protected to achieve a specified fire resistance
rating, expressed in hours. The fire rating of structural materials and assemblies is generally determined
through testing, and in the United States, such testing is frequently conducted in accordance with ASTM
Test Methods E 119. The intent is for the building to withstand design loads (including fire) without local
structural collapse until occupants can escape and the fire service can complete search and rescue
operations.
Building codes generally require the highest fire resistance for columns and elements supporting multiple
floors, and somewhat less resistance for columns supporting single floors, for beams, and for floors. The
required fire resistance ratings have been reduced in recent years as fire sprinklers have become universal
in new high-rise buildings and common in most other commercial buildings. In the past, high-rise
buildings generally required a 4 h rating for columns; this was reduced to 3 h in recent codes, and can be
as low as 2 h in current codes based on the additional mandatory requirement for sprinklers. Some codes
allow a reduction in fire-resistance rating for high-rise buildings that have been retrofitted with sprinklers.

HISTORICAL REVIEW RELATED TO PASSIVE FIRE PROTECTION
Port Authority Relationships with New York City Department of Buildings and Fire
Department
As an interstate agency, the Port Authority was not required to comply with the New York City Building
Code or any other building code in the design and construction of the WTC towers. The Port Authority,
however, made explicit statements that it would comply with the New York City Code. In a letter dated
May 15, 1963, the Port Authority instructed its consulting engineers and architects to comply with the
New York City Building Code. In the areas where the Code was not explicit or where technological
advances made portions of the Code obsolete, it directed that design could be based on acceptable
engineering practice. At this time, the 1938 edition of the New York Building Code was in effect and a
revised Code was being drafted. In September 29, 1965, the Port Authority instructed its consultants to
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revise WTC design plans to comply with the second and third drafts of the Code revision. The revised
Building Code became effective in December 1968.
In 1993, the Port Authority and the New York City Department of Buildings entered into a memorandum
of understanding to establish procedures to be followed by the Port Authority for any building
construction project located in the City’s jurisdiction. Among the key points, it was agreed that:
•

Each project would be reviewed and examined for compliance with the Code;

•

All plans would be prepared, sealed, and reviewed by New York State licensed professional
engineers or architects; and,

•

The Port Authority engineer or architect approving the plans would be licensed in the State of
New York and would not have assisted in the preparation of the plans.

A supplement to this memorandum of understanding was executed in June 1995, which permitted tenants
to use New York State licensed architects or engineers, in lieu of a Port Authority review, to certify that
construction plans conformed to the Code and that construction was performed in accordance with the
plans. In September 1995, the supplement was modified to permit a single licensed consultant to certify
the plans and the construction, except if the alteration would change the occupancy group of the space.
In 1993, the Port Authority signed a memorandum of understanding with the Fire Department of the City
of New York (FDNY). The agreement restated the Port Authority’s policy to implement
recommendations after a fire safety inspection of a Port Authority facility by a local fire department. The
agreement included the following points:
•

The FDNY shall have the right to conduct fire safety inspections at any Port Authority facility in
New York City.

•

FDNY will issue to the Port Authority a letterhead report of its fire safety inspections for
correction of any deficiencies.

•

The Port Authority will continue to assure that new or modified fire safety systems comply with
local codes and regulations.

In 1995, the memorandum of understanding with FDNY was amended with respect to additions to or
modifications of fire safety systems. The Port Authority was required to notify the Bureau of Fire
Protection prior to installing new systems or modifying existing systems. In addition, plans for these
systems were to be prepared by New York State licensed professional engineers or architects.
New York City Building Code Requirements
Application of the 1968 New York City Building Code provisions affected the assigned building
classification and thus the required fire rating of the WTC towers and their structural members. The
WTC towers were classified as Occupancy Group E—Business. The 1968 Code identified two
construction groups: Noncombustible Construction (Group 1) and Combustible Construction (Group 2).
The WTC towers were classified as Construction Group 1 because their walls, exit ways, shafts, structural
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members, floors, and roofs were constructed of noncombustible materials. At the time of design and
construction, the towers were not sprinklered.
The 1968 New York City Building Code defined five Classes within Construction Group 1. For Business
occupancy, each Class required a fire endurance rating as follows:
•

Class 1A: 4 hour protected

•

Class 1B: 3 hour protected

•

Class 1C: 2 hour protected

•

Class 1D: 1 hour protected

•

Class 1E: unprotected

Construction Classes 1A and 1B permitted buildings of unlimited height. Thus the WTC towers could
have been designed to meet either Class 1A or Class 1B.
Classification of WTC Towers
It was the practice at the time, and continues to be the practice, for the architect to establish the building
classification, fire rating of members and systems, and thermal protection requirements. The review of
documents uncovered during the investigation indicated a discrepancy in the classification, and therefore
the fire ratings, to be used in the design of the towers. Documents issued in the early stages of the design
appear to indicate that the towers were classified as Class 1A. With the directive in 1965 to comply with
the 1968 New York City Building Code, it appears that the towers were classified ultimately as Class 1B.
According to the 1968 New York City Building Code, construction classification 1B provided, in part, the
following fire protection requirements:
•

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

•

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

•

Floor construction including beams shall have 2 hour fire endurance.

•

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

•

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

Thus the columns were required to have a 3 hour fire endurance rating and the floor system was required
to a have a 2 hour rating when tested in accordance with ASTM E 119.
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Response to Local Law 5/1973
In 1973, New York City Local Law No. 5 amended the New York City Building Code (effective January
18, 1973). Local Law No. 5 required, in part, the retrofit of existing unsprinklered office buildings 100 ft
or higher. The New York City Department of Buildings permitted either:
•

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

•

Providing sprinkler protection.

A code compliance evaluation conducted in 1997 indicated that that all tenant floors in the two towers
had been retrofitted with sprinklers (sprinklered) with the exception of four floors in WTC 1. In a 1999
update by the Port Authority it was noted that all tenant floors had been sprinklered and work was
underway to complete sprinklering of the sky lobbies. In 2000, a property condition assessment report
stated that the WTC towers were classified as “Class 1B – noncombustible, fire-protected, retrofitted with
sprinklers in accordance with New York City Local Law 5/1973.”
Selection of Fire-Resistive Materials
Classification of a building leads to its overall fire endurance rating and ratings of the various structural
components. The New York City Building Code, however, does not prescribe how the required fire
endurance rating is to be achieved. The Port Authority chose to protect the main structural components
such as columns, spandrel beams, and floor trusses with sprayed fire-resistive material. This thermal
protection technique was an established method for protecting columns, beams, and walls. In the 1960s,
however, composite steel joist-supported floor systems were usually protected using “lath and plaster”
enclosures or fire-rated ceiling tiles.
Since application of sprayed fire-resistive materials to floor trusses was an innovative fire protection
method, the Port Authority arranged for demonstrations to establish its feasibility for the World Trade
Center. The demonstrations were considered to be successful and in November 1968, the Port Authority
awarded the contract for “spray fireproofing” of the interior portions (floor system and core) of the WTC
Towers. The fire protection of the exterior columns was included in the contract for the exterior
aluminum cladding.
Several materials were considered for the sprayed thermal insulation. The exterior columns required
insulation not only for fire protection but also to control column temperatures under service conditions.
Alcoa recommended for the exterior columns the use of a sprayed material produced by U.S. Mineral
Products, Co. known as CAFCO BLAZE-SHIELD Type D. The same material was eventually selected
for the floor trusses and core beams and columns. This product, however, contained asbestos fibers. On
April 13, 1970, New York City issued restrictions on the application of sprayed thermal insulation
containing asbestos. The use of CAFCO BLAZE-SHIELD Type D was discontinued in 1970 at the 38th
floor of WTC 1. The asbestos-containing material was subsequently encapsulated with a sprayed material
that provided a hard coating. A green dye was added to the encapsulating material so that the asbestos
containing SFRM could be identified. Thermal protection of the remaining floors of WTC 1 and all of
WTC 2 was carried out using CAFCO BLAZE-SHIELD Type DC/F, a product that contained mineral
wool (glassy fibers) in place of the crystalline asbestos fibers. On the basis of tests, it was reported that
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the thermal properties of CAFCO Type DC/F were equal to or “slightly better” than those of CAFCO
Type D.
Specified Thickness of Fire-Resistive Material
The thickness of fire-resistive material necessary to achieve the required fire endurance was being
assessed in 1965, more than three years before the award of the thermal protection contract. At that time,
the Architect of Record recommended 1 in. of thermal protection for the top and bottom chords of the
floor trusses and 2 in. for other members of the trusses. WTC project specifications for sprayed fire
protection do not provide required material thickness or hourly ratings. In October 1969, the manager of
project planning for the WTC provided the following instructions to the contractor applying the sprayed
fire protection:
“…Tower ‘A’ columns that are less than 14WF228 will require 2 3/16″
thick of ‘Cafco Glaze [sic]-Shield ‘Type D’’ spray-on fireproofing. All
Tower columns equal to or greater than 14WF228 will require 1 3/16″ of
fireproofing…
All Tower beams, spandrels and bar joists requiring spray-on
fireproofing are to have a 1/2″ covering of ‘Cafco.’
The above requirements must be adhered to in order to maintain the
Class 1-A Fire Rating of the New York City Building Code.”
NIST’s review of available documents has not uncovered the reasons for selecting CAFCO BLAZESHIELD or the technical basis for specifying ½ in. thickness of insulation for the floor trusses. The last
sentence in the above excerpt indicates that in October 1969 it appeared that the towers were considered
as Class 1A construction.
In February 1975, a fire occurred in WTC 1, spreading from the 9th to the 19th floor. After the fire, the
Port Authority contracted Skilling, Helle, Christiansen, Robertson (SHCR), the Structural Engineer of
Record for the design of the WTC towers, to assess the resulting structural damage and to report, in
general, on the fire resistivity of the floor system. In its report dated April 1, 1975, SHCR communicated
to the Port Authority that the fire did not cause structural damage, but it caused buckling of some top
chord members of main trusses, buckling of bridging trusses, and distortion of deck support angles. The
report provided valuable information on the history of the passive fire protection of the towers.
The 1975 post-fire report by SCHR stated further that thermal protection of the top chords of the floor
trusses was not necessary, except for the corners of the buildings where the floor acted as a two-way
system in bending. Additionally, it was stated that protection of the bridging trusses was not required
because the bridging trusses were “not required as a part of the structural system.”
In February 2003, NIST asked the Port Authority a series of questions related to the sprayed thermal
protection for the floor system. The Port Authority replied in March that the top chords of the main
trusses and the bridging trusses were protected.
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Upgrading SFRM on Floor Trusses
In 1995, the Port Authority performed a study to establish requirements for retrofit of sprayed insulation
to the floor trusses during major alterations (new construction) when tenants vacated spaces in the towers.
The study estimated the thermal protection requirements based on “the fireproofing requirements” for
Design No. G805 contained in the Fire Resistance Directory published by Underwriters Laboratories.
The study concluded that “a two hour fire rating for the steel floor joist trusses can be achieved by
applying a 1½ inch thickness of spray-on mineral fiber fire protection material directly to the steel truss
chords and webs.” In the years between 1995 and 2001, thermal protection was upgraded in a number of
the floors affected by the fires on September 11, 2001. Specifically, in WTC 1, floors 92 through 100 and
102 were upgraded; and in WTC 2, floors 77, 78, 88, 89, 92, 96 and 97 were upgraded.
In 1999, the Port Authority established “guidelines regarding fireproofing repairs, replacement, and
upgrades” for the towers. The guidelines for in tenant spaces may be summarized as follows:
•

For full floors undergoing new construction or renovation, the floor trusses should be protected
with 1½ in. of sprayed mineral fiber fire-resistive material. Retrofit of thermal protection
requires removal of existing material and controlled inspection.

•

For “tenant spaces less than a full floor undergoing with new construction or renovation,” the
floor trusses “need only meet the original construction standard. Fireproofing shall be inspected
and patched as required to the greater of ¾ in. or to match existing” if it has already been
upgraded to 1½ in.

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

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

•

A single coat application is possible.

•

Significant savings are possible.

•

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

•

Alternative materials should be considered.”

As quoted, the report states that significant savings were possible by reducing the fiber content and
considering alternative materials. The report suggested that the thickness of the SFRM could be reduced
to ½ in. if the material properties at ambient temperature are applicable at higher temperatures. The
report recognized the lack of available temperature-dependent material data for BLAZE-SHIELD Type
DC/F. Thus, considering the uncertainties in the material properties and having the understanding of
material degradation with temperature and time, it was recommended that 1.3 in. of fire-resistive material
be used for the floor trusses.
NIST NCSTAR 1-6A, WTC Investigation
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Later, in December 2000, the final draft of a report on Property Condition Assessment of World Trade
Center Portfolio stated that, based on existing conditions “The rating of the structural fireproofing in the
Towers and subgrade has been judged to be an adequate 1 hour rating considering the fact that all Tower
floors are now sprinklered.” The report also noted the ongoing Port Authority program to upgrade the
fire-resistive material thickness to 1½ in. in order to achieve a 2 hour fire rating.
Need for Fire Endurance Tests
The fire protection of a truss-supported floor system by directly applying sprayed fire-resistive material to
the trusses was innovative and not consistent with prevailing practice at the time the WTC towers were
designed and constructed. While the benefits of conducting fire endurance tests were realized by
individuals involved in the 1967 demonstrations of the application of SFRM, apparently no tests were
conducted on the floor system used in the WTC towers. The Architect of Record and the Structural
Engineer of Record stated that the fire rating of the floor system of the WTC towers could not be
determined without testing. Communication from the Port Authority in 2003 confirms that there is no
record of fire endurance testing of assemblies representing the thermally protected floor system.
Maintenance of SFRM in Elevator Shafts
Throughout the life of the WTC towers, the structural members that required the largest amount of
inspection and maintenance within the core were the exposed columns and beams within the elevator
shafts. These columns and beams were the only accessible fire-protected elements in the buildings.
Adhesion failures were common, likely because of the exposed conditions of the columns and the
inherently low strength of the SFRM.
Inspections of the shafts and accessible columns were reported as early as 1971. Problems were noted in
the form of fallen insulation or with the over-spray material used to provide a harder surface. In 1993, the
Port Authority commissioned Leslie E. Robertson Associates to carry out a continuing program to
appraise the condition of the accessible columns located in the core of the towers. The columns were
inspected visually for signs of rusting, cracking, bowing, and loss of thermal insulation. During the first
inspection, carried out in 1993, particular shafts were chosen based on the quantity and types of accessible
columns, and the convenience to the Port Authority. Subsequent inspections involved sampling of the
structural components and assemblies, which were more important to the structural integrity of the
towers, and at locations with a relatively higher potential for defects and problems. The inspection report
stated that the accessible columns in selected elevator shafts in WTC 1 and 2 were “generally in good
condition, no structural deficiencies such as cracking or bowing were found, the most common
irregularities observed were missing fireproofing and light surface rusting of the exposed steel.” Based on
the inspections, LERA recommended “that remedial action to be taken where spray fireproofing is
damaged, deteriorated or missing and where there is corrosion of the column base due to water leaks at
elevator pits.” Earlier in 1992, LERA performed calculations to determine the thickness of replacement
thermal insulation for selected beams and columns within elevator shafts.
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AS-APPLIED THICKNESS OF SFRM
1994 Measurements from WTC 1 Floors 23 and 24
In its search of documents, NIST has found no information related to measurements of the thickness of
thermal insulation taken during original construction. Reviewed documents, however, indicate that
thickness appears to have been checked during construction. Recorded information on the in-place
condition of the sprayed thermal insulation for the floor system first appeared in 1990 in the form of
“Sample Area Data Sheets,” which provided qualitative comments on the state of the in-place SFRM.
Information regarding quantitative inspection of existing fire-resistive material appeared in
documentation from 1994. That year, the Port Authority performed a series of thickness measurements of
the existing SFRM on floors 23 and 24 of WTC 1. Six measurements were taken from “both flanges and
web” of each of 16 randomly chosen trusses on each floor. Measured average thickness varied between
0.52 in. and 1.17 in. For the 32 measurements (16 on each floor), the overall average was 0.74 in. and the
standard deviation of these averages was 0.16 in. Four of the 32 floor trusses had average thicknesses
between 0.52 in. and 0.56 in. These measurements suggest that the minimum average thickness exceeded
½ in. Analysis of the reported mean thicknesses indicated that a lognormal distribution gave a better
representation of the distribution rather than did a normal distribution.
Analysis of Photographs
Additional SFRM thickness data were developed by evaluating photographs of floor trusses taken during
inspections. Two groups of photographs were used. The first group included images of floor trusses from
WTC 1 (floors 22, 23, and 27). These photographs were taken in the mid-1990s and illustrated conditions
before the upgrade carried out by the Port Authority. Thus, SFRM thickness on the photographed trusses
would be expected be at least ½ in. The second group of photographs, taken in 1998, illustrated
conditions after the upgrade program that was initiated in 1995. The photographs were of trusses for floor
31 and below in WTC 1. Selection of the photographs to be used to estimate thickness of SFRM was
based on clarity of SFRM edges and the presence of a feature of known dimensions to provide a reference
measurement.
For floors that had not been upgraded, it was observed that the estimated thickness of SFRM on the webs
(inclined bars) of the main trusses tended to be greater than that on either the diagonal struts or on the
webs of the bridging trusses. Hence, estimates of SFRM thickness for non-upgraded floors were divided
into three groups:
•

Webs (inclined bars) of main trusses,

•

Webs (inclined bars) of bridging trusses, and

•

Diagonal strut at the exterior wall end of the truss.

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

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

•

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

•

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

•

Main trusses after upgrade (52 measurements): Average thickness 1.7 in., standard deviation =
0.4 in., and coefficient of variation = 0.2.

Port Authority Data on Upgraded SFRM on Trusses
In the 1990s, the thermal protection for some floor trusses was upgraded to a specified thickness of 1½ in.
as tenants vacated their space. According to the Port Authority, 18 floors of WTC 1 and 13 floors of
WTC 2 were upgraded. The Port Authority also stated that: “The entire impact zone for Tower 1 (92-99)
was upgraded with 1½" spray-on fireproofing. Only the 78th floor was upgraded with the 1½" spray-on
fireproofing within the impact zone in Tower 2 (78-84).” The Port Authority provided Construction
Audit Reports that included the density, average thickness, and strength characteristics of the upgraded
SFRM (BLAZE-SHIELD II) as of 2000. In 2004, the Port Authority provided NIST reports of the
individual measurements for many of the average thicknesses recorded in the Construction Audit Reports.
These individual measurements permitted analysis of the variation of thickness at a cross section of a
truss member and the variation in average thickness from truss to truss. A total of 18 data sets for WTC 1
(including floors 93, 95, 98, 99, and 100) and 14 data sets for WTC 2 (including floors 77, 78, 88, 89, and
92) were analyzed.
Data analysis indicated that the thickness measurements from the two towers represented similar
distributions, and so the data were combined. It was also found that the distribution of thickness values
could be approximated as lognormal distribution.
The overall average thickness determined from the 256 individual measurements was found to be 2.5 in.
with a standard deviation of 0.6 in. Thus, the average thickness on the upgraded upper floors appears to
be greater than that estimated from photographs taken on upgraded lower floors.
The overall standard deviation of 0.6 in. includes two contributions: (1) the variation of thickness at a
cross section (within-truss variability), and (2) the variation of average thickness between trusses
(between-truss variability). From analysis of variance, it was found that the within-truss standard
deviation was 0.4 in., and the between-truss standard deviation was also 0.4 in. The within-truss standard
deviation of 0.4 in. is similar to the standard deviation of the estimated individual thicknesses obtained
from analysis of the photographs of upgraded main trusses.
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Column SFRM Thickness
NIST requested that the Port Authority provide available information on the actual thickness of fireresistive material on the exterior and interior columns of the WTC towers. The Port Authority replied
that, due to inaccessibility of exterior columns and core columns, there were no records of SFRM
thickness measurements for these elements. The only available measurements were for thickness of
SFRM that was reapplied to accessible beams and columns within elevator shafts.
The most complete data set included measurements on beams and columns taken within shaft 10/11 in
WTC 1. These measurements were taken in April 1999 and included measurements from floor 1 to floor
45. The thicknesses were recorded to the nearest 1/8 in., with a few thicknesses recorded to the nearest
1/16 in. The columns included 10 to 18 replicate measurements, and the beams included 11 to 16
replicate measurements.
The average thickness for the columns was found to be 0.82 in., with a standard deviation of 0.20,
resulting in a coefficient of variation is 0.24. The average thickness for the beams was 0.97 in., with a
standard deviation is 0.21 in., for a coefficient of variation is 0.21. The information from the Port
Authority indicated that the minimum required thicknesses for the SFRM (Monokote Type Z-106) that
was reapplied to the columns and beams were ½ in. and ¾ in., respectively.
The above data may not have a direct bearing on the outcome of the investigation because they deal with
lower stories. They do, however, provide some useful information on the variability of SFRM applied to
beams and columns. As might be expected, the variation in thickness of SFRM for the beams and
columns is lower than the variation computed for the floor trusses. The flat surfaces of the beams and
columns result in more uniform application of the sprayed fire-resistive material than for the slender truss
members.

EFFECT OF SFRM GEOMETRY ON THERMAL RESPONSE
As would be expected, and as confirmed by analyses of available data, the thickness of thermal insulation
can have high variability. The effects of thickness variation on thermal response of a member are not
well known. A sensitivity study using the finite element analysis to simulate heat transfer was conducted
to investigate the sensitivity of steel temperature rise to the variability in SFRM thickness.
Effects of Thickness Variability and Gaps in SFRM
A finite element model for thermal analysis was developed for a plate protected on both faces with SFRM
of variable thickness. A random number generator was used to assign a lognormally distributed random
thicknesses of insulation along the length of the plate, and the plate was subjected to a thermal flux
representative of a 1,100 °C fire. A parametric study was conducted with average thickness of fireresistive material varying from 0 in. to 2 in. in increments of ¼ in. and a standard deviation varying from
0 to 1 in. Steel temperatures at five locations in the plate were recorded at 30 min, 60 min, 90 min, and
120 min of exposure to the thermal flux.
The simulations showed that when the SFRM thickness is variable, the isotherms in the steel follow the
shape of the SFRM surface contour. Thus the temperature history at any point in the steel depends on the
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local thickness of the insulation. If the time to reach a specified high temperature is used as an indicator
of protection efficiency, it was shown that an increase in thickness variability reduced the time to reach
the critical temperature. Conversely, for a give time to reach a critical temperature, the required average
thickness of thermal insulation increased with increasing variability in thickness of SFRM.
In addition to the effect of variation in thickness, the effect of missing SFRM over a portion of a member
was studied. As expected, the bare steel at the missing insulation reached the gas temperature quickly,
but more importantly the “gap” in the insulation led to transmission of heat into the interior steel.
The combined effects of variation in insulation thickness and extent of missing material were examined
by a factorial study with the following factors:
•

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

•

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

•

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

The results were summarized by a series of temperature-time plots representing the response for different
combinations of the three factors. As expected, increasing the variability of insulation thickness or gap
length reduced the time to reach a given critical temperature. Because there was not sufficient
information to determine the frequency of occurrence of these gaps or their typical locations, gaps in
insulation were not considered in the thermal modeling.
Equivalent thickness of SFRM
The sensitivity study indicated that increased variation in thickness reduced the “effective thickness” of
the SFRM. It would be impractical to attempt to account for the variation in SFRM thickness in the
thermal modeling of the WTC towers by introducing variable thickness insulation material in the finiteelement models. As an alternative, an “equivalent uniform thickness” was determined that would result
in the same thermo-mechanical response of a member as the variable thickness thermal protection. In the
analyses, an insulated 1 in. diameter by 60 in. long steel bar was subjected to the heat flux arising from a
1,100 °C fire. The thermal history along the length of the bar was calculated, and that history was used to
calculate the length change of the unrestrained bar under a tensile stress of 12,500 psi. The bar was
assumed to be similar to the steel used in the WTC floor trusses, and the temperature dependence of the
coefficient of thermal expansion and the modulus of elasticity were based on NIST measurements.
The average SFRM thickness and variability in thickness used in the models were based on the
measurements for the web bars of the main trusses with both the original insulation and upgraded
insulation. The following values were investigated:

xlii

•

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

•

Upgraded conditions: Average thickness = 2.5 in., standard deviation = 0.6 in., lognormal
distribution.
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The variation of thermal insulation thickness along the length of the bar was established by using a
pseudo random number generator to select values from a lognormal distribution with central value and
dispersion consistent with the above average values and standard deviation. Three sets of random data
were generated for each condition.
When the randomly selected thicknesses of each element were applied to the bar, it resulted in abrupt
changes in insulation thickness along the length of the bar. This resulted in a “rough” surface texture that
was not representative of actual conditions. As an alternative, 5-point averaging was used to reduce the
roughness of the insulation profile and produce a profile that was consistent with photographic evidence..
Care was taken to ensure the “smoothed” profiles maintained the required dispersion.
The calculated thermal histories of the bar elements were used to calculate the unrestrained length
changes of the bar due to thermal expansion and the applied stress. For comparison, elongations of the
bar with different uniform thicknesses of thermal insulation were calculated. The “equivalent thickness”
was taken as the uniform thickness that resulted in approximately the same elongation of the bar as
produced with the variable thickness insulation.
On the basis of these analyses, it was concluded that SFRM with an average thickness of 0.75 in. and a
standard deviation of 0.3 in. provides protection equivalent to 0.6 in. of uniform thickness. Similarly, an
average SFRM thickness of 2.5 in. with a standard deviation of 0.6 in. is equivalent to 2.2 in. of uniform
thickness.
Recommended Thickness of SFRM for Thermal Analyses
Analyses of available data on SFRM thickness and thermal modeling revealed the following:
•

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

•

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

•

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

•

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

•

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

•

Variation in thickness reduces the effectiveness of SFRM, and the equivalent uniform thickness
was less than the average thickness.

Based on the above findings, the following uniform thickness for the undamaged SFRM were determined
for use in calculating thermal response of the WTC towers under various fire scenarios:
•

Original SFRM thickness on floor trusses: 0.6 in.
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•

Upgraded SFRM thickness on floor trusses: 2.2 in.

•

Thermal protection on other elements: the specified thickness.

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

THERMOPHYSICAL PROPERTIES
To provide thermophysical property data for modeling the fire-structure interaction of the towers, the
thermal conductivity, specific heat capacity, and density of the SFRMs used in the WTC towers were
determined as a function of temperature up to 1200 °C (2190 °F). Since there are no ASTM test methods
for characterizing the thermophysical properties of SFRMs as a function of temperature, ASTM test
methods developed for other materials were used. Samples were prepared by the manufacturers of the
fire-resistive materials, which included CAFCO BLAZE-SHIELD DC/F, CAFCO BLAZE-SHIELD II,
and Monokote MK-5. Since Monokote MK-5 is no longer on the market, the samples were manufactured
specially for this study according to the original MK-5 formulation. Testing services were provided by a
commercial testing agency.
Thermal Conductivity
The thermal conductivity measurements were performed according to ASTM C 1113, Standard Test
Method for Thermal Conductivity of Refractories by Hot Wire (Platinum Resistance Thermometer
Technique). The room temperature values were in general agreement with the manufacturer’s published
values for CAFCO BLAZE-SHIELD DC/F and CAFCO BLAZE-SHIELD II. No published values were
available for Monokote MK-5. The thermal conductivities increased with temperature.
Specific Heat Capacity
Specific heat capacity determinations were made with the same instrument as for thermal conductivity
with a slight modification. A thermocouple was added to the system, which permitted determination of
the thermal diffusivity of the material. Knowing the thermal conductivity, the thermal diffusivity, and the
density obtained from other tests, the specific heat capacity was calculated. The inherently indirect nature
of the technique used precluded the direct measurements of specific heat capacity peaks associated with
chemical reactions.
To examine the chemical reactions associated with heating of SFRMs, samples were sent to another
laboratory to perform differential scanning calorimetry (DSC) measurements in accordance with
ASTM E 1269, Standard Test Method for Determining Specific Heat Capacity by Differential Scanning
Calorimetry. Differential thermal analysis (DTA) which is a "fingerprinting" technique that provides
information of the chemical reactions, phase transformations, and structural changes that occur in a
specimen during a heating or a cooling cycle. These tests revealed large peaks in the specific heat
capacities in the range of 125 °C to 140 °C.
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Density
Bulk densities of the SFRMs were not measured directly (except at room temperature) but were
calculated from thermal gravimetric analysis (TGA) and thermal expansion measurements. The TGA
tests to measured mass loss were performed according to ASTM E 1131, Standard Test Method for
Compositional Analysis by Thermogravimetry. Thermal expansion measurements were performed
according to ASTM E 228, Standard Test Method for Linear Thermal Expansion of Solid Materials.
Since the materials were not isotropic, separate measurements were performed in the plane of the SFRM
sample and perpendicular to the free surface of the sample. From the thermal expansion measurements,
the change in volume for each material was calculated at each temperature. The density values were
calculated from the results of the TGA and thermal expansion. The room temperature densities were 15.7
pcf for CAFCO BLAZE-SHIELD DC/F, 20.8 pcf for CAFCO BLAZE-SHIELD II, and 19.4 pcf for
Monokote MK-5.
Thermophysical Properties of Gypsum Panels
Thermophysical properties of four types of gypsum panels produced by U.S. Gypsum Co. were
examined. The materials were:
5. Firecode Core Type X 5/8 in. SHEETROCK gypsum panel,
6. Firecode C Core ½ in. SHEETROCK gypsum panel,
7. Firecode C Core 5/8 in. SHEETROCK gypsum panel, and
8. 1 in. SHEETROCK gypsum liner panel.
Thermal conductivity was measured using the heated probe technique described in ASTM D 5334,
Standard Test Method for Determination of Thermal Conductivity of Soil and Soft Rock by Thermal
Needle Probe Procedure. In general, the thermal conductivity initially decreased as the temperature
increased to 200 °C and the increased with increasing temperature above 300 °C.
Specific heat capacities of the cores of the four gypsum panel samples were measured using a differential
scanning calorimeter according to ASTM E 1269, Standard Test Method for Determining Specific Heat
Capacity by Differential Scanning Calorimetry. The four panels had similar specific heat capacities as a
function of temperature, with a high peak at about 150 °C and a smaller peak at about 250 °C.
Densities were calculated from the thermogravimetric analysis (TGA) and linear thermal expansion
measurements. All four materials show the same trend as a function of temperature. The variation of
density with temperature is associated with the mass loss and the change in volume of the gypsum
material.
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ADHESIVE AND COHESIVE STRENGTH
To analyze the thermo-structural response of the WTC towers during the fires after aircraft impacts, it
was necessary to estimate the extent of dislodged thermal insulation on structural members.
Dislodgement could occur as a result of direct impact by debris or due to inertial forces as a result of the
aircraft impact. Photographic evidence suggested that thermal insulation was dislodged from portions of
exterior columns of the towers that were likely not subjected to direct impact by debris. This study
focused on dislodgement due to inertial forces.
The magnitude of the inertial forces depends on the density and thickness of the thermal insulation. The
insulation would dislodge if the stresses resulting from inertial forces exceed the strength of the
insulation. Therefore, the focus of the NIST study was to determine tensile strength characteristics of the
thermal insulation. In addition, a simplified approach was developed for estimating the magnitude of
accelerations required to dislodge thermal insulation.
In-place Density and Bond Strength
The Port Authority provided data on in-place density and bond strength characteristics of the thermal
insulation (CAFCO BLAZE-SHIELD II) applied to the floor trusses during tenant alterations. According
to the manufacturer, BLAZE-SHIELD II is about 20 % denser and has about 20 % greater
adhesive/cohesive strength compared with BLAZE-SHIELD DC/F. The Port Authority test reports
indicate that bond strength was determined in accordance with ASTM E 736, Standard Test Method for
Cohesion/Adhesion of Sprayed Fire Resistance Materials Applied to Structural Members. The method
involves gluing a jar screw cap to the surface of the thermal insulation, and after the glue has cured, the
cap is pulled. The force required to pull off the cap is divide by the area of the cap, and reported as the
“cohesive/adhesive strength.” Failure is described as “cohesive” if it occurs within the insulation and is
defined as “adhesive” if it occurs at the interface with the substrate.
Analysis of the reported density values indicated no statistically significant differences between the
average SFRM densities in the two towers. The overall average density was 18.9 pcf with a standard
deviation of 3.2 pcf, giving a coefficient of variation of 16 %.
Analysis of the bond strength values indicated that there were statistically differences between the
average bond strengths for the different floors, but there was no statistically significant difference
between the average bond strengths for the two towers. The overall average bond strength was 302 psf,
with a standard deviation of 91 psf, giving a coefficient of variation of 30 %. This average value is less
than the “tested performance” value of 360 psf indicated in the manufacturer’s catalogs, but this publishe
value is for tests under controlled conditions and may not be representative of field strengths. The
manufacturer’s product literature dated February 2002 refers to average bond strength of 150 psf as
“standard performance” and this same value is used in its guide specification for BLAZE-SHEILD II.
Specimen Preparation and Test Procedures
While the in-place bond strength data of BLAZE-SHIELD II reported by the Port Authority appear to
indicate acceptable performance, ASTM E 736 tests do not provide sufficient information for predicting
whether insulation would be dislodged from structural members under various impact conditions. The
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standard test does not provide unambiguous values of cohesive and adhesive strengths and it does not
provide tensile strength in a direction parallel to the surface, that is, the in-plane cohesive strength. Thus
tests were conducted by NIST to determine different tensile strength properties of sprayed thermal
insulation. BLAZE-SHIELD DC/F was used because the Port Authority data did not include tests of this
material.
Test specimens were made by applying the SFRM to ¼ in. steel plates measuring 8 in. by 16 in. One half
of the plates were coated with primer paint. Nominal SFRM thicknesses of ¾ in. and 1½ in. were
applied. Thickness was built up in several passes of the spray nozzle. Gentle hand rubbing was used to
remove local high spots and produce reasonably uniform thicknesses. The plate specimens were allowed
to dry for over five months in the laboratory before testing. Companion specimens were weighed
periodically for loss of water and it was found that the 1½ in. thick specimen reached equilibrium in about
one month.
Tests were devised to determine adhesive strength, cohesive strength normal to the surface, and cohesive
strength parallel to the surface of the SFRM. The first two properties were determined by adapting the
pull-off test method described in ASTM C 1583, Standard Test Method for Tensile Strength of Concrete
Surfaces and the Bond Strength or Tensile Strength of Concrete Repair and Overlay Materials by Direct
Tension (Pull-off Method). The SFRM layer was cut carefully in two orthogonal directions to create a
prismatic test specimen, and a 3/8 in. by 2.7 in. by 2.7 in. aluminum plate was glued to the surface. The
advantages of this approach over the ASTM 736 technique are that the resisting area is easily determined
and it offers the ability to measure both adhesive and cohesive strengths.
From each plate, three specimens were prepared for measuring both density and in-plane cohesive
strength, and two specimens were prepared for measuring adhesive strength and cohesive strength normal
to the surface. Prismatic specimens were prepared by carefully removing strips of SFRM from the steel
plates and sanding them to obtain uniform thickness. These specimens were weighed to determine their
densities. Then the specimens were glued to a steel plate and small plate was glued to the other end for
application of a tensile load.
The adhesive strength and cohesive strength normal to the surface were obtained using the modified pulloff procedure. An aluminum plate was bonded to the top surface of the SFRM using a fast curing, twocomponent urethane foam adhesive. After the adhesive had cured, the SFRM layer was cut to produce a
prismatic test specimen. A hook was screwed into the aluminum plate and a load was applied by hand
using a 50-lb. digital force gage. The average length and width of the failure area was measured and used
to compute the adhesive or cohesive strength. After the first test, the specimen was repaired with the
same polyurethane adhesive and the test was repeated. If the first test was an adhesive failure, the second
test of the repaired specimen measured cohesive strength of the bulk SFRM. If the first test resulted in
cohesive failure, the second test measured adhesive strength.
Test Results
Table E–1 summarizes the results of the test described in the previous section.
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Table E–1. Summary of physical characteristics of BLAZE-SHIELD DC/F specimens
tested at NIST
Property

Bare Steel
¾ in.

Primed Steel
1½ in

¾ in.

1½ in.
a

Density (pcf)

27.2 (0.8)

29.7 (1.3)

In-plane cohesive strength (psf)

1120 (390)

1740 (540)

Adhesive strength (psf)

450 (63)

666 (151)

185 (96)

171b(196)

Cohesive strength normal to surface (psf)

433 (99)

610 (142)

367 (79)

595 (163)

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

The densities of the CAFCO BLAZE-SHIELD DC/F measured in this study were higher than published
in the manufacturer’s catalogs and higher than the in-place average density of 18.9 pcf reported in Port
Authority test reports for BLAZE-SHIELD II. The difference in average densities of the two thicknesses
was statistically significant. The higher values in this study are attributed to the details of the specimen
preparation procedures, which tended to result in denser test specimens than would be representative of
field application.
The difference in average adhesive strength for the two plate thicknesses is statistically significant. The
relative strengths are consistent with the difference in density for the two thicknesses.
The presence of primer reduced the adhesive strength, especially for the 1½ in. thick specimens. Twothirds of the thicker SFRM plates had no adhesion to the coated steel plates.
Analysis of the cohesive strength normal to the surface indicated that there was no statistically significant
effect due to the presence or absence of primer. This is logical, because the condition of the steel surface
is not expected to influence the properties of the bulk SFRM. There was a statistically significant
difference in the average strengths for the two thicknesses, with the 1½ in. SFRM having higher strength.
For comparison with the measured cohesive strength normal to the surface, two tests were done in
accordance with ASTM E 736. The two tests results were in agreement with those obtained by the pulloff technique. This suggests that the ASTM E 736 procedure probably provides a measure of cohesive
strength.
A comparison was made of the adhesive strength and cohesive strength normal to the surface for the
plates made with bare steel. A formal analysis of variance indicated that there is an 8 % probability that
the difference could be the result of randomness. Generally, if this probability is greater than 5 %, it can
be concluded that the difference is not statistically significant. Thus for the case of good adhesion, the
test results do not contradict the assumption that the adhesive strength and cohesive strength normal to the
surface are equal. If this assumption is accepted, the average of the adhesive and cohesive strengths is
409 psf for the ¾ in. SFRM, and the average is 622 psf for the 1½ in. SFRM. These values are
considerably greater than the manufacturer’s published strength of 295 psf obtained using the ASTM E
736 method under laboratory conditions.
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Simplified Approach to Predict Dislodging of SFRM
When a member is subjected to an impact, it will undergo various modes of vibration. These vibrations
result in local cyclic accelerations that are transferred to the SFRM by forces at the interface between the
steel and SFRM. The forces are proportional to the mass of the SFRM, and if they exceed the adhesive or
cohesive strength of the SFRM, the SFRM will separate from the member. Two limiting cases are
considered:
•

Case 1 is a planar element with SFRM applied to one face of the element. This would be
representative of SFRM applied to large webs and flanges of beams and columns. In this case,
adhesive strength or cohesive strength normal to the surface would be the controlling SFRM
properties.

•

Case 2 is a slender bar encased with SFRM. This would be representative of SFRM applied to
elements of the floor trusses. In this case, in-plane tensile strength and bond strength are the
controlling SFRM properties.

To arrive at the ranges of accelerations that could be expected to dislodge SFRM from a planar surface,
the following plausible ranges of values were assumed:
•

SFRM thickness: 0.75 in and 2.5 in.;

•

SFRM density: 15 and 25 pcf 1;

•

SFRM bond strength: 100 and 500 psf

For the combination of low thickness, low density, and high bond strength, the required acceleration is
about 530 g, where g is the gravitational acceleration. For the other extreme combination of high
thickness, high density, and low strength, the required acceleration is about 20 g. For values
representative of the upgraded thermal insulation on the floor trusses, an acceleration of about 80 g would
be required to dislodge a 2.5 in. thick layer of well-bonded SFRM from a planar surface.
To arrive at the ranges of accelerations that could be expected to dislodge SFRM from a round bar, the
following ranges of values were assumed:

1

•

Bar diameter: 0.9 in. and 1.2 in;

•

SFRM thickness: 0.75 in and 2.5 in.;

•

Density: 15 and 25 pcf;

•

In-plane cohesive strength: 500 and 2000 psf; and

•

Ratio of bond strength to in-plane cohesive strength: 0 and 0.3.

These numbers need to be converted to units of mass by dividing by the gravitational acceleration.
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The smallest required acceleration is about 40 g, which corresponds to a large bar having a thick layer of
the higher density SFRM with low strength. At the other extreme, the required acceleration is about
730 g. For a 1.2 in. diameter bar with 2.5 in. thickness of SFRM and density of 19 pcf, which are
representative of the conditions of the upgraded insulation on the floor trusses, the acceleration required
to dislodge the SFRM would vary from 55 g to 230 g, depending on the strength characteristics within the
assumed ranges given above.
These simplified models are intended to provide insight into the important variables that affect the
magnitude of the disturbance (that is, acceleration) required to dislodge SFRM from different kinds of
structural members. These models do not consider the fact that the applied acceleration in an actual
structure subjected to impact would vary with time. Also these models apply to members not directly
impacted by debris.

l
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Chapter 1
INTRODUCTION

When steel is heated it loses strength and stiffness. This characteristic allows steel to be formed into
different shapes with relatively little effort. When steel is used in a structure, however, measures have to
be taken to protect the steel from premature temperature rise in case of fire. The objective is for the
structure to remain stable for the time needed to permit evacuation of occupants and for fire service
personnel to complete search and rescue operations. This report deals with the passive fire protection
materials used in the WTC towers.

1.1

FIRE-RESISTIVE MATERIALS

The structural steel in the World Trade Center (WTC) towers was protected against the effects of fire with
sprayed fire-resistive materials (SFRMs)1 or rigid fire-rated gypsum panels. There are many types of
SFRMs, but they can be characterized in terms of how they protect the steel and their density (Gewain et
al. 2003). One class of SFRMs protects the steel by providing a material with a low thermal conductivity,
such as mineral fibers. The fibers and binder are packaged as dry ingredients, and water is added by a
pressurized system as the materials are sprayed onto the steel. The water mixes with the binder materials
and provides “stickiness” that allows the SFRM to adhere weakly to the steel. With time, the binder
hardens, and excess water evaporates. When dry, these SFRMs provide a low thermal conductivity
barrier to reduce the rate of temperature rise during a fire.
The other class of SFRMs can be termed as “energy absorbing” (Gewain et al. 2003). This means that
they incorporate cementitious materials that have chemically bound water (water of crystallization).
When the material is heated, energy is absorbed in transforming the chemically bound water to free water,
and this hinders the temperature rise of the coated steel. Examples of cementitious materials that have
been used successfully include gypsum and magnesium oxychloride (Gewain et al. 2003). These types of
SFRMs may also include very low-density aggregate particles, such as vermiculite or perlite, to reduce
density and thermal conductivity. Cementitious SFRMs are typically mixed with water to produce a
cohesive and pumpable mixture that is sprayed unto the steel.
Figure 1-1 is a photograph of two types of SFRMs. The material on the left is a gypsum based
cementitious SFRM containing vermiculite aggregate, and the material on the right is a fibrous SFRM.
Note that the cementitious SFRM specimen in the photograph was prepared by casting in a mold, not by
spraying unto a surface. Thus the surface texture is not representative of what would be obtained in the
field.
Sprayed fire-resistive materials are also characterized by their density. Low-density materials have
densities in the range of 15 to 20 lbs/ft3; medium density materials are generally in the range of 20 to
40 lbs ft3. The density of the SFRM is closely related to its cohesive strength and its durability. Low1

These sprayed fire-resistive materials are commonly referred to as “fireproofing.” This term is, however, not used in the
technical literature. In this report “SFRM” and “thermal insulation” are used to refer to the passive fire protection materials.
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density SFRMs can be removed readily with hand tools and are not suitable for applications where the
surface is exposed to weather or abrasion in service (Gewain et al. 2003).

Source: NIST.

Figure 1–1. Examples of sprayed fire-resistive materials: (left) material based on gypsum
and vermiculite aggregate; (right) material based on mineral fibers and cementitious
binder.
Analysis of the effects of the fires on the structural capacity of the damaged WTC towers as a function of
time requires knowledge about the condition of fire-resistive materials on the various structural
components, namely, the exterior columns, the spandrel beams, the floor trusses, and the core columns.
Because of the method of application, sprayed fire-resistive material will have variable thickness,
especially when applied to long, thin elements such as the diagonals and chords of the floor trusses. In
addition, the insulation was dislodged during the impact, either from direct impact by debris or from
vibrations of the members. The thermal properties of the insulation also need to be known as a function
of temperature.

1.2

SCOPE OF REPORT

The thermal-structural analysis of the WTC towers focused on two objectives: (1) analysis of the
undamaged buildings exposed to conventional building fires, and (2) analysis the buildings damaged by
aircraft impact exposed to the subsequent fires. To reduce the uncertainties in the calculated thermal
histories of various structural elements, the thermophysical properties and condition of the passive fire
protection as it existed on September 11, 2001, had to be estimated as accurately as possible. In addition,
reasonable estimates of the extent of SFRM dislodged by aircraft impact and the resulting debris field had
to be made.
To provide context for the information in this report, an overview of concepts used in U.S. building
regulations for structural fire resistance is presented first. This is followed with a summary of the
construction history of the sprayed fire-resistive material in WTC 1 and WTC 2. To gain an
understanding of the effect of SFRM thickness and its variability on the steel temperature during exposure
to fire, results are presented of a sensitivity study based of a simple finite-element model. This is
followed by a quantitative assessment of in-place thickness and its variability based on available data.

2

NIST NCSTAR 1-6A, WTC Investigation

Draft for Public Comment

Introduction

The rationale for the thickness of SFRM to be used in the structural fire endurance analyses is presented.
The tests conducted to determine the thermal properties of insulation materials similar to those used in the
WTC towers are reviewed. The results of mechanical property tests conducted on laboratory specimens
are presented, and a simplified approach for estimating the acceleration required to dislodge thermal
insulation during impact is discussed.
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Chapter 2
BUILDING CODE CONCEPTS FOR STRUCTURAL FIRE RESISTANCE

2.1

ORIGINS AND INTENT OF BUILDING CODES

Fire-induced collapse of buildings is regulated generally through limits on the height and the area per
floor as a function of the types and degree of fire resistance of materials used in the structural elements.
These material characteristics are categorized as types of construction, and the associated limits are
contained in so-called “heights and areas tables,” which are a cornerstone of most prescriptive building
codes.
The origins of the regulation of building construction are in insurance regulations developed in the late
19th century to limit property losses in fires (Bukowski 1997). Thus the intent of building height limits is
to restrict taller buildings to non-combustible structural members and the greatest fire resistance is
assigned to members supporting multiple floors. The primary concern with combustible structural
members is that they can become ignited by an exposing fire and can continue to burn (often in concealed
spaces) even after the exposing fire has been extinguished, leading to collapse. The intent of increased
fire resistance for members supporting multiple floors is directly related to the higher risk of property loss
in the event of failure of multiple floors. Fire resistance requirements, however, do not take into account
the actual number of stories being supported by these elements. Thus the same ratings are required
irrespective of whether columns support 10 stories or 100 stories.
The other important height factor is the definition of a high-rise building. This is based generally on the
height above which fire department ladders will not reach, requiring that fires be fought from inside,
which is significantly less effective (and more dangerous for the firefighters). In an exterior attack, hose
streams can be brought to bear from several sides and so-called master streams can apply large volumes
of water. An interior attack is limited to hand-held hoses supplied from standpipes and working from
interior stairways. Traditionally high-rise buildings have been defined as those that exceed 75 ft (or six
stories above grade) in height, but some newer codes increase this height to 100 ft as modern fire
department ladders are taller.
The intent of floor area limits is less obvious, but is generally attributed to limiting property risk and to
limiting the size (area involved on any floor) of the fire to that which can be dealt with by the fire
department, with the number of people and equipment typical of an initial response.

2.2

CONSTRUCTION TYPES

Construction types (or groups) are defined in the model building codes and in NFPA 220 (NFPA 1999)
and, while there are some variations in categories, they are reasonably consistent. The main categories
are Type I (fire resistive), Type II (non-combustible), Type III (combustible), Type IV (heavy timber) and
Type V (ordinary).
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Types I and II are constructed with non-combustible exterior and interior bearing walls and columns,
where fire resistance ratings are greatest for Type I, and Type II is any (non-combustible) construction not
meeting Type I requirements. Type III is where exterior bearing walls are non-combustible and interior
bearing walls and some columns may employ approved combustible materials. Type IV is known as
heavy timber, which utilizes large, solid cross section wooden members such as in post-and-beam
construction. Type V is traditional wood frame construction. Common non-combustible structural
elements employ steel or reinforced concrete. Combustible structural elements are usually solid wood,
engineered wood, and laminates.
Combustibility of the materials in the structural element is determined in accordance with ASTM E 136
(ASTM 2004a) in which the material is placed in a furnace at 750 °C (1380 °F). Some minor surface
burning (e.g., from paint or coatings) is allowed in the first 30 seconds but there cannot be any significant
energy released as determined by more than 30 °C (54 °F) increase in the furnace temperature, and the
sample cannot lose more than half its initial mass. Materials that pass are designated non-combustible
and the rest are combustible. In 1973, an in-between category of “limited combustible” was added to
ASTM E 136 to regulate some structural materials.
Within each construction type are several sub-categories determined by the fire resistance ratings of the
columns (vertical structural elements that support predominantly gravity loads and the actions of lateral
loads), beams (horizontal structural elements that support predominantly live loads), and floor supports.
In some codes these sub-categories are identified by letters following the type (e.g., 1B or 3A) (IBC 2003)
or by a set of three numbers that represent the fire resistance required (in hours) of the columns, beams,
and floors, respectively (e.g., Type 1 (3,3,2)) (NFPA 2003).

2.3

FIRE RESISTANCE OF STRUCTURAL ELEMENTS

Building codes require that structural elements be protected to achieve a specified fire resistance rating,
expressed in hours. The fire resistance rating of structural materials and assemblies is generally
determined through testing, and in the United States, such testing is frequently conducted in accordance
with ASTM Test Method E 119 (refer to NCSTAR 1-6B1 for a discussion of this procedure). The
objective of requiring minimum fire ratings is for the building to support design loads (including fire)
without local structural collapse until occupants can escape and the fire service can complete search and
rescue operations. Further, in high-rise buildings, local collapse is to be prevented while the fire service
undertakes suppression operations.
With regard to total collapse, the intent of the code is for this not to occur for any design condition
(including design fires), but it is recognized that collapse might occur in an extreme event. In this case, it
should not occur until the building has been evacuated of both occupants and firefighters.
Building codes generally require the highest fire resistance for columns and elements supporting multiple
floors, and somewhat less resistance for columns supporting single floors, for beams, and for floors. For
example, the NFPA Building Construction and Safety Code (NFPA 2003) requires exterior bearing walls
or columns supporting one or more floors to have the same fire resistance rating, but for interior bearing

1
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Building Code Concepts for Structural Fire Resistance

walls or columns the fire resistance rating is one hour less if only a single floor is supported. Historically
similar requirements were found in other model codes such as the BOCA Basic Building Code and the
SBCCI Standard Building Code.
The required fire resistance ratings have been reduced in recent years as fire sprinklers have become
universal in high-rise buildings and common in most other commercial buildings. Where high-rise
buildings generally required a 4 h rating for columns, this has been reduced to 3 h in recent codes, and can
be as low as 2 h in current codes based on the additional mandatory requirement for sprinklers. This
reduction in fire rating requirements for structural components in sprinklered buildings is usually referred
to as “sprinkler trade-offs.” Some codes, such as the International Building Code and the New York City
Building Code, allow a reduction in fire-resistance rating for high-rise buildings that have been retrofitted
with sprinklers.
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Chapter 3
HISTORICAL REVIEW RELATED TO PASSIVE FIRE PROTECTION OF
WTC TOWERS

3.1

RELATIONSHIPS BETWEEN PORT AUTHORITY AND NEW YORK CITY
DEPARTMENT OF BUILDINGS AND FIRE DEPARTMENT

The World Trade Center (WTC) towers were built by the Port of New York Authority, which in 1972
became known as the Port Authority of New York and New Jersey and is hereafter referred to as the Port
Authority. As an interstate agency created under a clause of the U.S. Constitution permitting compacts
between states, the Port Authority was not bound by the local authority having jurisdiction, namely the
New York City Department of Buildings. Thus, it was not required to comply with the New York City
Building Code or any other building code, however, the Port Authority made explicit statements that it
would comply with the Code.
In a letter dated May 15, 1963 (see Appendix A Figure A-1), the Port Authority instructed its consulting
engineers and architects to comply with the New York City Building Code. In the areas where the Code
was not explicit or where technological advances made portions of the Code obsolete, it directed that
design may be based on acceptable engineering practice. At that time, the 1938 edition of the New York
Building Code was in effect and a revised code was being drafted. In September 29, 1965, in a letter
from Malcolm P. Levy to Minoru Yamasaki, the Port Authority instructed the designers of the WTC
towers to revise the design plans to comply with the second and third drafts of the Code revision (see
Appendix A Figure A-2). The revised Building Code became effective in December 1968.
In 1993, the Port Authority and the New York City Department of Buildings entered into a memorandum
of understanding (see Appendix A Figure A-3) to establish procedures to be followed by the Port
Authority for any building construction project undertaken by the Port Authority or any of its tenants at
buildings owned or operated by the Port Authority and located in the City’s jurisdiction. While the longstanding policy of the Port Authority was to guarantee that its buildings meet or exceed the New York
City Building Code requirements, the 1993 agreement restated the commitment. Among other key points,
it was agreed that:
•

Each project would be reviewed and examined for compliance with the Code;

•

All plans would be prepared, sealed, and reviewed by New York State licensed professional
engineers or architects; and,

•

The Port Authority engineer or architect approving the plans would be licensed in the State of
New York and would not have assisted in the preparation of the plans.

A supplement to this memorandum of understanding was executed in June 1995, which permitted tenants
to use New York State licensed architects or engineers, in lieu of a Port Authority review, to certify that
construction plans conformed to the Code and that construction was performed in accordance with the
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plans. In September 1995, the supplement was modified to permit a single licensed consultant to certify
the plans and the construction, except if the alteration would change the occupancy group of the space.
It has been stated that on April 15, 1993 “in order to maintain and enhance the safety” of its facilities, the
Port Authority “adopted a policy providing for the implementation of fire safety recommendations made
by local government fire departments after a fire safety inspection of a Port Authority facility.” This
policy was stated in the introduction of a Memorandum of Understanding between the Fire Department of
the City of New York and the Port Authority of New York and New Jersey executed on December 30,
1993 (see Appendix A Figure A-5). The purpose of the agreement was to restate the Port Authority’s
commitment to the policy, and the agreement included the following statements:
•

“FDNY, acting through its Bureau of Fire Prevention (“BFP”), shall have the right to conduct fire
safety inspections at any Port Authority facility located in the City of New York…”

•

“BFP will issue a letterhead report of its fire safety findings and recommendations for corrective
action with respect to any deficiencies forming a part of such findings addressed to the Port
Authority’s General Manager of Risk Management operations…”

•

“…The Port Authority policy is and will continue to be to assure that such new or modified fire
safety systems are in compliance with local codes and regulations…”

In 1995, the memorandum of understanding with FDNY was amended with respect to additions to or
modifications of fire safety systems. The Port Authority was required to notify the Bureau of Fire
Protection prior to installing new systems or modifying existing systems. In addition, plans for these
systems were to be prepared by New York State licensed professional engineers or architects (see
Appendix A Fig. A-5).

3.2

NEW YORK CITY BUILDING CODE REQUIREMENTS

3.2.1

Occupancy Groups

Application of the New York City Building Code provisions affected, among other things, the assigned
building classification and thus the required fire rating of the WTC towers and their structural members.
It should be recalled that the Code was under revision during the design of the WTC towers.
The 1968 New York City Building Code established the occupancy classification based on the use of the
building. It divided occupancy into nine groups, A through I, as follows:

10

•

A—High Hazard;

•

B—Storage;

•

C—Mercantile;

•

D—Industrial;

•

E—Business;
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•

F—Assembly;

•

G—Educational;

•

H—Institutional; and,

•

I—Residential.

Historical Review Related to Passive Fire Protection

As office buildings, the WTC towers were classified as Occupancy Group E. This classification was
confirmed in a letter dated May 14, 1969 from Malcolm P. Levy of the World Trade Department to
Milton Gerstman of Tishman Realty & Construction Company, Inc. (see Appendix A Figure A-6).
3.2.2

Construction Classification and Fire Rating

Additionally, there were other factors that determined the “classification” of a building and, consequently,
its required fire rating: combustible versus noncombustible construction, sprinklered versus unsprinklered
spaces, and building height and floor area limitations. The 1968 Code identified two construction groups:
Noncombustible Construction (Group 1) and Combustible Construction (Group 2). The WTC towers
were classified as Construction Group 1 because their walls, exit ways, shafts, structural members, floors,
and roofs were constructed of noncombustible materials. At the time of design and construction, the
towers were not sprinklered.
The 1968 New York City Building Code defined five Classes within Construction Group 1. For Business
occupancy, each Class required a fire endurance rating as follows (NYBC 1968):
•

Construction Group 1A: 4 hour protected

•

Construction Group 1B: 3 hour protected

•

Construction Group 1C: 2 hour protected

•

Construction Group 1D: 1 hour protected

•

Construction Group 1E: unprotected

As mentioned in Section 2.3, fire endurance is a rating, given in hours, established in accordance with the
ASTM E 119. Fire endurance is also referred to as fire rating or fire index.
To provide perspective, the 1961-1962 revision to the 1938 New York City Building Code required that
the 110 story towers be classified as “Class 1 – Fireproof Structures,” which includes office buildings
(NYCBC 1961-1962). This meant that the columns were required to have 4 hour fire endurance while the
floor system was required to have 3 hour fire endurance.
In the 1968 New York City Building Code, area and height limitations for unsprinklered buildings of
Construction Group 1 with a Business Occupancy were as presented in Table 3–1 (NYCBC 1968). The
WTC towers, WTC 1 and WTC 2, had a roof height of 1368 ft and 1362 ft, respectively, and each tower
had a floor area of approximately 43 100 ft2. As Table 3–1 indicates, the WTC towers could have been
classified as either Class 1A or Class 1B.
NIST NCSTAR 1-6A, WTC Investigation
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Table 3–1. Area and height limitations for unsprinklered buildings for Noncombustible
Construction (Group 1) with a Business occupancy (NYCBC 1968).
Class 1A

3.3

Class 1B

Class 1C

Class 1D
2

Class 1E

Area

No Limit

No Limit

No Limit

17,500 ft

10,500 ft2

Height

No Limit

No Limit

85′-0″

75′-0″

40′-0″

CLASSIFICATION OF WTC TOWERS

It was the practice at the time, and continues to be the practice, for the architect to establish the building
classification, fire rating of members and systems, and thermal protection requirements. On the subject of
New York City Building Code revision effective December 6, 1986, a Port Authority memorandum dated
January 15, 1987, from Lester S. Feld to Robert J. Linn states that Emery Roth & Sons (ER&S), the
Architect of Record for the towers, classified the WTC towers as Class 1B since there was “no economic
advantage in using Class 1A Construction” (see Appendix A Figure A-7).
According to the 1968 New York City Building Code, construction classification 1B provided, in part, the
following fire protection requirements:
•

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

•

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

•

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

•

Floor construction including beams shall have a 2 hour fire endurance.

•

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

Generally, fire ratings would appear on the application submitted for approval to the New York City
Department of Buildings. In the case of the towers, however, no plans or forms were filed because the
Port Authority was not subject to the New York City Building Code.
3.3.1

Specifications for Passive Fire Protection

In the case of the WTC towers, there appears to have been a problem related to the sprayed fire-resistive
material specifications. A letter dated February 11, 1969, from Douglas Fernández of Emery Roth &
Sons to Joseph A. Schwartzman of the Port Authority indicates that in early 1969 the Port Authority had
rewritten the SFRM specifications (see Appendix A Figure A-8). In the process of rewriting, the
following key paragraph specifying the fire rating requirements for the structural members was apparently
omitted:
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“Finished thicknesses of applied material over the various component
steel parts requiring fireproofing shall be great enough to qualify the
fireproofed parts for a three (3) hour rating (support beams, steel deck
work) and a four (4) hour rating for all pick-up girders, if any, and
columns.”
ER&S continued:
“We cannot be expected to accept responsibility for specifications which
have been revised in such a manner; that which we originally stated
clearly and simply, has become a meaningless document.”
3.3.2

Response to Local Law 5/1973

In 1973, New York City Local Law No. 5 amended the New York City Building Code (effective
January 18, 1973). Local Law No. 5 required, in part, the retrofit of existing unsprinklered office
buildings 100 ft or higher and having HVAC systems that serve more than the floor on which the
equipment is located. The New York City Department of Buildings permitted either:
•

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

•

Providing sprinkler protection.

Owners of unsprinklered buildings were required to comply according to the following timetable from the
effective date of the law:
•

At least 1/3 of the non-complying floor area shall be completed in 5 years;

•

At least 2/3 of the non complying floor area shall be completed in 10 years; and,

•

The entire building shall be completed in 15 years.

A code compliance evaluation conducted in 1997 indicated that that all tenant floors in the two towers
had been retrofitted with sprinklers (sprinklered) with the exception of four floors in WTC 1. In a 1999
update by the Port Authority it was noted that all tenant floors had been sprinklered and work was
underway to complete sprinklering of the sky lobbies (see Appendix A Fig. A-9).
The 1999 revision of the New York City Building Code placed a 75 ft height limitation on unsprinklered
buildings of Construction Groups 1A, 1B, 1C, and 1D. Sprinklered buildings, however, had no height
limitations for Construction Group 1A, 1B, and 1C. Thus the WTC towers could have been reclassified
as Class 1C (2 hour protected) (NYCBC 2001). As Class 1C, the columns and floor systems would have
required 2 h and 1½ h fire ratings, respectively.
In preparation for leasing the WTC to Silverstein Properties in 2000, the Port Authority commissioned a
property condition assessment. The report titled “Property Condition Assessment of World Trade Center
Portfolio,” which was prepared for the Port Authority by Merritt & Harris, Inc. states that the WTC
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towers were classified as “Class 1B – noncombustible, fire-protected, retrofitted with sprinklers in
accordance with New York City Local Law 5/1973” (see Appendix A Fig. A-10).

3.4

SELECTION OF FIRE-RESISTIVE MATERIALS

3.4.1

Floor Trusses

Classification of a building leads to its overall fire endurance rating and ratings of the various structural
components. The New York City Building Code, however, does not prescribe how the required fire
endurance rating is to be achieved. Rather, the means for providing passive fire protection is established
by the Architect of Record and depends, in part, on the structural materials used in the construction.
In the case of the WTC towers, the primary structural material was steel. Steel, in general, requires
passive fire protection to achieve the fire ratings prescribed in the Code. The Port Authority, in
agreement with all parties, chose to protect the main structural components such as columns, spandrel
beams, and floor trusses with sprayed fire-resistive material. This thermal protection technique was an
established method for protecting columns, beams, and walls. In the 1960s, however, composite steel
joist-supported floor systems were usually protected using “lath and plaster” enclosures or fire-rated
ceiling tiles.
The floor system used in the towers consisted of open-web floor trusses acting as a composite system
with a 4 in. thick reinforced lightweight concrete slab over metal decking. The main composite trusses,
which were used in pairs, were spaced at 6 ft-8 in. on center and had a nominal clear span of either 60 ft
or 35 ft. The steel floor trusses were fabricated with double-angles, for the top and bottom chords, and
round bars for the webs. Additionally, the floor system included bridging trusses (perpendicular to main
trusses) spaced 13 ft-4 in. on center. Figure 3-1 shows a mock-up of the floor truss system that was
manufactured for the WTC towers by Laclede Steel Co. Figure 3-2 shows the basic configuration of the
composite floor truss system.

Bridging Truss

Main Trusses

Source: Photograph from about 1967 from Laclede Steel Co.

Figure 3–1. Mock up of floor truss system
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Figure 3–2. Schematic of composite floor truss system.
A review of the process involved in the selection of the thermal protection for the floor trusses is provided
in a 1975 report by Skilling, Helle, Christiansen, Robertson (see Appendix A Fig. A-11). The use of
“demountable ceilings” was considered as a possible method by the Port Authority and its consultants as
early as 1963; but other “efficient and economical” protection methods were sought. By late 1965, the
use of sprayed fire-resistive material applied directly to the floor trusses “appears to have been selected.”
Since application of sprayed fire-resistive materials to slender steel members, as in the floor trusses, was
an innovative fire protection method and not consistent with prevailing practice, the Port Authority
arranged for demonstrations to establish its feasibility for the World Trade Center. These demonstrations
were mentioned in intra-office correspondence by Laclede Steel Co. (see Appendix A Fig. A-12). The
demonstrations also aimed to provide information on the amount of material loss that could be expected
when spraying the floor truss elements. In August of 1967, application of Zonolite’s Monokote was
demonstrated to the Port Authority’s engineers (Fig. 3-3) at the Madison, IL plant of Laclede Steel Co.
After observing the demonstrations, Laclede Steel stated:
“With the successful application of spray-on insulation an entire new
scheme of fire safe building construction is possible for steel joists in that
the fire protection of the joists would permit the installation of low cost
acoustical ceilings with access to utility lines that have not be[en]
possible in the two hour rated buildings before.”
and
“In any event, the fireproofing of joists seems to be a problem now
solved, and in the World Trade Center as well as in other steel joist
structures, we may be sure that an economical fireproofing can be
effected in the field without the expense of heavy ceiling construction.”

NIST NCSTAR 1-6A, WTC Investigation
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Source: Provided by Laclede Steel Co.

Figure 3–3. Demonstration of application of Monokote sprayed fire-resistive material to
floor trusses,
A similar demonstration of CAFCO BLAZE-SHIELD Type D from U.S. Mineral Products Co.4 was
conducted in September 1967 (see Appendix A Fig. A-13).
In November 1968, the Port Authority authorized award of Contract WTC-113.00 on Spray Fireproofing
to Mario & Di Bono Plastering Co., Inc. (see Appendix A Fig. A-14). The company was the
subcontractor to Alcoa for application of sprayed thermal insulation to the exterior columns, and the Port
Authority reasoned that “contract administration problems would be minimized and coordination between
fireproofing work on the interior structural steel and the exterior columns would be facilitated if a single
contractor were to perform such work” (see Appendix A Fig. A-15).
3.4.2

Perimeter Columns

By May 1966, several thermal insulation materials were being considered for the perimeter columns (see
Appendix A Fig. A-16). This insulation was needed not only for fire protection but also to control steel
temperatures under service conditions (see next paragraph). The materials under consideration were
Spraycraft (sprayed asbestos fiber), Monokote5 (sprayed cementitious vermiculite), U.S. Gypsum Fire
Code (laminated gypsum board), Vonco (sprayed magnesium oxychloride material), and CAFCO
Type D. The thermal insulation for the inside face of the columns was assumed to be 1 3/8 in. gypsum
plaster, having a conductivity of 1.56 Btu·in/hr·ft2·°F. An overall transmission coefficient of 0.396

4
5

The CAFCO is the acronym for Columbia Acoustics and Fireproofing Co., a subsidiary of U.S. Mineral Products Co.
The document shown in Fig. A-16, refers to this material as “Monocoat.”
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Btu/hr·ft2·°F between the room and column was also assumed for calculation purposes (see Appendix A
Fig. A-17).
In December 1966, Aluminum Company of America (Alcoa) presented its proposal for participation in
the wall construction of the World Trade Center towers. The proposal stated (see Appendix A Fig. A-18):
“The “insulation materials applied to the structural steel components of
the wall (columns and spandrels) must serve to control column
temperature to a minimum of 50° with 70° inside and 0° outside, provide
fireproofing to meet a four hour test on a heavy column, and minimize
heat loss and gain to satisfy HVAC requirements.”
Alcoa proposed the application of CAFCO (of a type described in UL report R3749-10) to three sides of
exterior columns. The fire-resistive material would be thick enough to provide 4 h fire rating.
Specifically, Alcoa proposed fire-resistive material thicknesses of 1 7/16 in. for exterior columns and ½
in. for spandrels (see Appendix A Fig. A-18).
For the inside face of the columns, Alcoa proposed to apply a high “k” value (thermal conductivity)
material. This application would provide thermal protection while permitting heat migration from the
room air to the column steel under service conditions. Figure 3-4 illustrates the thermal protection design
for the perimeter columns.

Figure 3–4. Thermal insulation for perimeter columns.
On August 3-4, 1967, an inspection of the quality of fire-resistive material application on an exterior
column and spandrel was carried out on a mock-up developed at the Alcoa-Cupples plant in St. Louis,
MO. Representatives of Mario & Di Bono Plastering Co., Inc, United States Mineral Products Co., and
the Port Authority were present during the inspection. Columns and spandrels were sprayed using
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CAFCO BLAZE-SHIELD Type D. In an internal Port Authority memorandum dated August 8, 1967, it
was noted that the application of thermal insulation “was done in a workmanship like manner… with ease
and very little spillage” (see Appendix A Fig. A-19).
3.4.3

Core Columns

Core columns were protected with fire-rated gypsum wallboard, sprayed fire-resistive material, or a
combination of these. Core columns located in rentable and public spaces, in closets, and mechanical
shafts were enclosed typically with two layers of ½ in. gypsum wallboard and were inaccessible for
inspection. The extent of gypsum enclosure around a core column varied depending on the location of the
column within the core (see NCSTAR 1-6). In all cases, however, sprayed fire-resistive material was
applied on those faces that were not in direct contact with the gypsum enclosure. Again, the selected
sprayed fire-resistive material was CAFCO BLAZE-SHIELD Type D.
Columns located at the elevator shafts were the only columns in the core that were not enclosed and thus
were accessible for routine inspections. The columns located at the elevator shafts were protected
originally with CAFCO BLAZE-SHIELD Type D., but other materials were used when dislodged thermal
insulation was reapplied (see Chapter 4).

3.5

SPECIFIED THICKNESS OF FIRE-RESISTIVE MATERIALS

3.5.1

During Construction

The thickness of fire-resistive material necessary to achieve the required fire endurance was being
assessed in 1965, more than three years before the award of the thermal protection contract.
Correspondence from Julian Roth (ER&S) to Malcolm P. Levy (Port Authority) stated that “the one-inch
thick material meets the 3 hour requirements of both the new code and Underwriters. (See Appendix A
Fig. A-20). Follow-on correspondence from Julian Roth to Malcolm Levy stated the following (see
Appendix A Fig. A-21):
“Although the one-inch spray-on fireproofing meets the 3 hour requirements of both the
proposed Building Code and Underwriters, advance information from manufacturers
indicates that if the truss were required to be fire-tested, then two inches of material
would be required for the light angle members. We are therefore revising our working
drawings to indicate a one inch thickness of spray-on fireproofing around the top and
bottom chords of the trusses, and two-inch thickness for all other members of the
trusses.”
Neither of these communications identified the manufacturer or type of fire-resistive material.
WTC project specifications for spray-applied fire-resistive material do not provide required material
thickness or hourly ratings. Correspondence in September 1969 from Mario & Di Bono Plastering Co. to
Tishman Realty & construction Co. indicated the following thicknesses (see Appendix A Fig. A-22):
“1. Beams throughout buildings - ½ inch.
2. Columns 1 3/16 inches.
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3. Elevator columns – 1 inch total including overspray.
4. Bar joist – 1 inch overall thickness.”.
A letter dated October 30, 1969, from Robert J. Linn (manager, Project Planning, WTC) to Mario & Di
Bono Plastering Co. stated, in part (see Appendix A Fig. A-23):
“…Tower ‘A’ columns that are less than 14WF228 will require 2 3/16″
thick of ‘Cafco Glaze-Shield ‘Type D’’ spray-on fireproofing. All
Tower columns equal to or greater than 14WF228 will require 1 3/16″ of
fireproofing…
All Tower beams, spandrels and bar joists requiring spray-on
fireproofing are to have a 1/2″ covering of ‘Cafco.’
The above requirements must be adhered to in order to maintain the
Class 1-A Fire Rating of the New York City Building Code.”
NIST’s review of available documents has not uncovered the reasons for selecting CAFCO BLAZESHIELD or the technical basis for specifying ½ in. thickness of insulation for the floor trusses. Note that
this letter indicates that in October 1969 it appeared that the towers were considered as Class 1A
construction.
Technical literature from U. S. Mineral Products Co. (USM) dated 1966-1967, included a table indicating
that ½ in. of CAFCO BLAZE-SHIELD Type D would provide a 4 hour rating for beams, girders and
spandrels, citing authority of UL tests performed according to ASTM E 119 (see Appendix A A Fig.
A-24). The 1966-1967 USM product literature does not address bar joists with thermal insulation sprayed
directly on the truss members. Instead the fire protection for joists was shown as an enclosure of thermal
insulation. By way of comparison, the product catalog recommended 2-3/16 in. of CAFCO BLAZESHIELD Type D for light columns (columns lighter than W14×228) to achieve the same 4 hour rating.
The October 30, 1969 letter from Linn to Di Bono did not make explicit reference to the required
thickness of thermal insulation for core box columns or exterior built-up columns. Alcoa was the supplier
of the aluminum cladding on the exterior columns (Contract WTC 400.00). As indicated in Fig. A-18 of
Appendix A, Alcoa’s contract included providing thermal insulation for the exterior columns and
spandrels. The following “Note 11” was included among the “General Notes” of the Alcoa drawings (See
Appendix A Fig. A-25):
11. Exterior column and spandrel fireproofing–Cafco Blaze Shield Type
D Fireproofing. Interior column and spandrel fireproofing–Vermiculite
plaster aggregate fireproofing with finished plaster coat on exposed areas
of columns. (3 hr on spandrels, 4 hr on cols)
Fireproofing Thickness
Rating

Cafco

Vermiculite Aggregate

4 hr (heavy column)

1 3/16″

7/8″

1/2″

1/2″

3 hr (spandrels)

Note the 4 h and 3 h ratings within the parentheses are consistent with Class 1A construction.
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In a letter dated July 25, 1966, from Emery Roth and Sons to the Port of New York Authority, it is stated
“Since the deck is non-structural it will not be fire proofed” (see Appendix A Fig. A-26). Photographs
taken after construction show that in some areas the underside of the metal deck was not protected, while
in other areas fire-resistive material appears to be present but of undetermined thickness and possibly
resulting from over spray. Photographs also show that the dampers and damper saddles were not
protected. Additionally, it is unclear whether the bridging trusses were required to be protected in all
areas.
On April 13, 1970, New York City issued restrictions on the application of sprayed thermal insulation
containing asbestos. Since asbestos fiber was a key component of CAFCO BLAZE-SHIELD Type D, the
use of this material was discontinued in 1970 at the 38th floor of WTC 1 (see Appendix A Fig. A-27).
The asbestos-containing material was “subsequently encapsulated with a spray-on hardening material”
and left in place. A green dye was added to the encapsulating material so that the asbestos containing
SFRM could be identified. Thermal protection of the remaining floors of WTC 1 and all of WTC 2 was
carried out using CAFCO BLAZE-SHIELD Type DC/F, a product that contained mineral wool (glassy
fibers) in place of the crystalline asbestos fibers. In May 1970, the construction manager for the World
Trace Center wrote a memorandum that summarized considerations in changing from Type D to Type
DC/F (see Appendix A Fig. A-28). Correspondence dated April 24, 1970 from Underwriters
Laboratories, Inc. to the Port Authority) stated that the thermal properties of CAFCO Type DC/F were
equal to or “slightly better” than those of CAFCO Type D (see Appendix A Fig. A-29). There is no
record that the required thickness of the fire-resistive material was reconsidered following the change to
Type DC/F.
Table 3-2 summarize information on the fire-resistive materials for the WTC towers after April 1970
based on the reviewed construction documents and correspondence. The “Implied Class” refers to the
construction classification implied by the hourly ratings or classification mentioned in correspondence
and construction documents.
Table 3–2. Specified fire-resistive materials after April 1970.
Structural
Component
Floor trusses
Interior columns
Interior beams

Exterior columns

Spandrel beams

Members

Material

Thickness
(in.)

Implied
Class

Rating
(h)

All

CAFCO DC/F

½

1A

3

< 14WF228

CAFCO DC/F

2 3/16

1A

4

≥ 14WF228

CAFCO DC/F

1 3/16

1A

4

1A

4

1A

3

a

Box columns

CAFCO DC/F

NA

All

CAFCO DC/F

½

“Heavy”
Exterior faces

CAFCO DC/F

“Heavy”
Interior face

Vermiculite
aggregate

7/8

1A

4

Exterior face

CAFCO DC/F

½

1A

3

Interior face

Vermiculite
aggregate

½

1A

3

1 3/16

1A

4

a. NA, not available.
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3.5.2

Historical Review Related to Passive Fire Protection

Report on 1975 Fire

In February 1975, a fire took place in WTC 1, spreading from the 9th to the 19th floor (Powers 1975).
Most of the damage occurred on the 11th floor where the fire affected 9000 ft2. After the fire, the Port
Authority contracted Skilling, Helle, Christiansen, Robertson (SHCR) to assess the resulting structural
damage and to report, in general, on the fire resistance of the floor system. In its report dated April 1,
1975, SHCR communicated to the Port Authority that the fire did not cause structural damage, but it
caused buckling of some top chord members of main trusses, buckling of bridging trusses, and distortion
deck support angles (see Appendix A Fig. A-30). The SHCR transmittal letter for the report stated that it
was “intended to provide background … as to the development of the fire-resistive standards for World
Trade Center and looks also at the adequacy of existing systems.”
In the transmittal letter, SHCR also indicated that it held itself “as a reporter of facts -- as presented in
communications gleaned from the files of Port Authority,” the architects, and its own files; and that it did
“not purport to have any special expertise not commonly held by other structural engineers.”
Furthermore, the letter stated that “The only way to assure the existence of the fire safety of floor systems
is to be found through the participation of a fire safety engineer and/or fire testing.”
The SHCR report suggested that the required thickness of CAFCO BLAZE-SHIELD for the various
structural members could have been determined from catalog information (1966-1967 CAFCO BLAZESHIELD product literature, U.S. Mineral Products Co). As mentioned previously, CAFCO’s catalog
from 1967 indicated that the product had been tested by Underwriters Laboratories, and that for beams,
girders, and spandrels, a thickness of ½ in. of CAFCO BLAZE-SHIELD Type D provided a 4 h rating. As
mentioned, the catalog did not provide any information on thermal protection applied directly to members
of bar joists.
Table 3-3 summarizes the “fire retardant ratings” from about 1960 to 1972 for CAFCO BLAZE-SHIELD
products applied directly to beams, girders, and spandrels. The information is based primarily on ASTM
E 119 fire endurance tests. The table also presents the thermal conductivity, k, for some of the fireresistive material (the higher the value of k, the lower the thermal insulation). Two items are particularly
noteworthy. First, the thickness requirement was nearly halved for CAFCO BLAZE-SHIELD Type D
from 1965 to 1966 based on two different test results. Second, the 1966-1967 fire rating, based on two
different test results, using ½ in. of the Standard product (with better insulation properties) is one-half of
that with ½ in. of the CAFCO Type D product.
The 1975 post-fire report by SCHR stated further that thermal protection of the top chord of the floor
trusses was not necessary, except for the corner 60 ft × 35 ft quadrants of the buildings, where the floor
acted as a two-way system in bending. In the one-way portion of the floor, “the concrete slab becomes
the dominant element of the top chord.” Thus if the shear knuckle remains intact, “the structural integrity
of the top chord is not required.” Additionally, for resistance to wind load “the structural steel top chord
provides only a small increment in the diaphragm strength,” so the insulation may be omitted. (see
Appendix A Fig. A-30). The report also stated that fire protection of the bridging trusses was not required
because they were used “for reduction in floor ‘tremor’ and to reduce the effects of differential deflections
associated with gravity loads.” Bridging trusses were “not required as a part of the structural system”
and, therefore, insulation could be omitted from them.
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The report also addressed the performance of the floor system in the 1975 fire, stating,
“The fire of February, while reported in the press to have been very hot, did not damage a
single primary, fireproofed element. Some top chord members (not needed for structural
integrity), some bridging members (used to reduce floor tremor and the like), and some
deck support angles (used only as construction devices) were buckled in the fire – all
were unfireproofed steel.”
In February 2003, NIST asked the Port Authority a series of questions related to the sprayed thermal
protection for the floor system. The Port Authority replied in March, and indicated that the top chords of
the main trusses and the bridging trusses were protected (see Appendix A Fig. A-31).
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Table 3–3. Information in Sweets Catalogs regarding CAFCO BLAZE-SHIELD products
applied directly to beams, girders, or spandrels (with protected deck) from 1960 to1972.

Year

1960

CAFCO Product

BLAZE-SHIELD

BLAZE-SHIELD

Reported Thermal
Conductivity, k
(Btu⋅in/(h⋅ft2⋅°F))†§

0.26

0.27

1965

1966

19661967

1968

1970

1971

1972

Hour
Rating
(h)

SFRM
Thickness
(in.)

Authority

4

2 1/8

UL test R3749-3

3

1 7/16

UL test CR193-2

2

1 1/8

UL test CR193-3

1

3/4

Extr.BMS-92‡

4

1

ULI*#R3749-8

3

7/8

ULI# R3789-2

2

1/2

ULI# R3749-6

UL Design
No.

BLAZE-SHIELD
Type D

None

4

7/8

ULI# R3749-11

BLAZE-SHIELD
Type D

None

4

1/2

ULI# R3749-13

BLAZE-SHIELD
Standard

0.27

3

7/8

ULI# R3789-2

2

1/2

ULI# R3749-6

BLAZE-SHIELD
Type D

0.34

4

1/2

ULI# R3749-13

BLAZE-SHIELD
Standard

0.27

2

1/2

ULI# R3749-6

BLAZE-SHIELD
Type D

0.34

4

9/16

ULI# R3749-20

4

1/2

ULI# R3749-13

4

9/16

98-3 HR

4

1/2

86-3 HR

2

1/2

54-2 HR

4

1/2

86-3 HR

4

9/16

98-3 HR

2

5/16

310-2 HR

4

1/2

86-3 HR

4

9/16

98-3 HR

2

5/16

310-2 HR

BLAZE-SHIELD
Type D

BLAZE-SHIELD
Type DC/F

BLAZE-SHIELD
Type DC/F

None

0.29

0.29

U.S. Mineral Products Co. catalogs incorrectly report units of thermal conductivity as Btu/in/hr/ft2/°F.
§
Thermal conductivities are reported only at ambient temperature.
‡
Reported to be extrapolations based on formulae contained in National Bureau of Standards Report, Fire Resistance Classifications of
Building Constructions, Building Materials Structures Report, BMS-92, Washington, DC 1942.
*
Underwriters Laboratory Inc.
†
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In-Place Thickness and Upgrading of SFRM

No information has been found related to the results of measurements during construction of the thickness
of thermal insulation, although thickness appears to have been checked during construction (see Appendix
A Fig. A-32). Recorded information on the in-place condition of the sprayed thermal insulation for the
floor system first appears in Sample Area Data Sheets from 1990 (see Appendix A Fig. A-33). The data
sheets commented on the state of the in-place SFRM. As an example, the data sheet for floor 29 of
WTC 1 states the following for the South West quadrant of the floor:
“Fluffy spray-on fireproofing coating the support beams, joists, and deck above the
ceiling. The thickness of the material on the beams and joists was consistently about
1/2″. Regarding the deck it ranged from very sparce [sic] in areas to 1/4″ in other areas.
The areas we sampled were coated with a light green encapsulant.”
Similar statements were recorded for the remaining quadrants of the floor. Apparently, these
inspections were related to litigation and focused on the lower floors of WTC 1, where CAFCO
BLAZE-SHIELD Type D had been applied.
In 1995, the Port Authority performed a study to establish requirements for retrofit of sprayed insulation
to the floor trusses during major alterations (new construction) when tenants vacated spaces in the towers
(see Appendix A Fig. A-34). The study estimated the thermal protection requirements for the floor
trusses of the towers based on “the fireproofing requirements” for Design No. G805 contained in the Fire
Resistance Directory (UL 2002) published by Underwriters Laboratories (see Appendix A Fig. A-35).
The study concluded that “a two hour fire rating for the steel floor joist trusses can be achieved by
applying a 1½ inch thickness of spray-on mineral fiber fire protection material directly to the steel truss
chords and webs.” In the years between 1995 and 2001, thermal protection was upgraded in a number of
the floors affected by the fires on September 11, 2001. Chapter 4 discusses data made available by the
Port Authority on the thickness of the upgraded SFRM.
In 1999, the Port Authority established “guidelines regarding fireproofing repairs, replacement, and
upgrades” for the towers (see Appendix A Fig. A-36). The guidelines for tenant spaces may be
summarized as follows:
•

For full floors undergoing new construction or renovation, the floor trusses should be protected
with 1½ in. of sprayed mineral fiber fire-resistive material. Retrofit of thermal protection
requires removal of existing material and controlled inspection.

•

For “tenant spaces that are less than a full floor, undergoing either new construction or
renovation,” the floor trusses “need only meet the original construction standard. Fireproofing
shall be inspected and patched as required to the greater of ¾" or to match existing” if it has
already been upgraded to 1½ in.

While the primary material used to provide thermal protection to the floor system was CAFCO BLAZESHIELD DC/F, small areas with damaged SFRM were patched using the Monokote fire-resistive material
instead of CAFCO BLAZE-SHIELD. For patching, Monokote was troweled-on rather than sprayed. In
February 2000, a consultant to the Port Authority reported that, in the majority of the cases, the existing
fire-resistive material required so much patching that it was more effective to replace it (see Appendix A
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Fig. A-37). The same report stated that proper application of 1½ in. of CAFCO BLAZE-SHIELD took
between 2 and 3 passes. When fewer passes were used, the material usually failed the adhesion tests
conducted after application.
The Port Authority provided examples of specifications used in alterations that required reapplication of
thermal insulation. Figure A-38 in Appendix A is an excerpt from the specifications related to 1998
upgrades to public corridors and bathrooms on the 15th, 18th, and 22nd floors of WTC 2. In this case the
specified fire resistive material was Monokote 6. Figure A-39 is an excerpt from the specifications for a
tenant alteration in 2001 on the 48th floor of WTC 2. It is seen that the 2001 specifications are not as
detailed as the 1998 specifications with respect to application of fire resistive material.
Buro Happold, an engineering consultant, was commissioned by the Port Authority to “conduct a fireengineering assessment of the fire-proofing requirements of the open-web, steel joists that support the
floors in the tenant areas of Towers 1 and 2 of the World Trade Center.” The final report issued in July
2000, focused on the requirements of the fire resistance of the floor system of the towers. This report
stated that CAFCO BLAZE-SHIELD DC/F was used on the majority of the floor trusses. Based on
calculations and risk assessment, the consultant concluded that (see Appendix A Fig. A-40).
•

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

•

A single coat application is possible.

•

Significant savings are possible.

•

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

•

Alternative materials should be considered.”

As quoted, the report states that significant savings could be possible by reducing the fiber content and
considering alternative materials. The report suggested that the thickness of the SFRM could be reduced
to ½ in. if the material properties at ambient temperature are valid at higher temperatures (see Appendix
A Fig. A-40). The report recognized the lack of available temperature-dependent material data for
BLAZE-SHIELD Type DC/F. Thus, considering the uncertainties in the material properties and having
the understanding of material degradation with temperature and time, Buro Happold recommended a
thickness of 1.3 in. of fire-resistive material for the floor trusses.
Later, in December 2000, the final draft of the Property Condition Assessment of World Trade Center
Portfolio, prepared by Merritt & Harris, Inc., was presented to the Port Authority. The report stated that,
based on existing conditions (see Appendix A Fig. A-41): “The rating of the structural fireproofing in the
Towers and subgrade has been judged to be an adequate 1 hour rating considering the fact that all Tower
floors are now sprinklered.” The report also noted the ongoing program, established by the Port
Authority, to upgrade the fire-resistive material thickness to 1½ in. in order to achieve a 2 hour fire rating.
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Need for Fire Endurance Tests

Section C26-501.1 of the 1968 New York City Building Code had the following requirement with respect
to testing to establish fire resistance ratings:
“Tests—Sample of all materials or assemblies of materials required by
this code to have a fire-resistance rating, or flame spread rating, or
required to be noncombustible, fire-retardant treated, or slow burning
shall be tested under the applicable test procedures specified
herein…The fire resistance rating of materials and assemblies listed in
reference standard RS 5-16 may be use to determine conformance with
the fire resistance requirements of this code…”
The fire protection of truss-supported floor system by directly applying sprayed fire-resistive material to
the trusses was innovative and not consistent with prevailing practice at the time the WTC towers were
designed and constructed. While the benefits of conducting a full-scale fire endurance test were realized
by individuals involved in the 1967 demonstrations of the application of SFRM (see Appendix A Fig. A42), apparently no tests were conducted on the specific floor system used in the WTC towers. ER&S, the
Architect of Record, and SHCR, the Structural Engineer of Record, both stated that the fire rating of the
floor system of the WTC towers could not be determined without testing (see Appendix A Figs. A-26 and
A-43). Communication from the Port Authority in 2003 (see Appendix A Fig. A-31) confirms that there
is no record of fire endurance testing of assemblies representing the thermally protected floor system.
In the 1975 post-fire report, the Structural Engineer of Record noted that a floor truss system similar to
that used in the WTC had been tested in 19707 by Underwriters Laboratories (see Appendix A Fig. A-44).
This test was unrelated to the WTC project, but the test assembly included trusses from Laclede Steel Co.,
a normal density concrete floor slab on steel decking, and sprayed thermal insulation. The thermal
insulation was Mono-Kote, a gypsum-based product containing vermiculite aggregate. The thermal
insulation was 1½ in. thick on the web bars and ½ in. on the sheet metal deck. The test assembly attained
a 3 h rating. In the same 1975 post-fire report, the Structural Engineer of Record noted that Mono-Kote
had about twice the thermal conductivity of CAFCO BLAZE-SHIELD. Based on “many simplifying
assumptions” and approximate calculations, it was estimated that ½ in. of CAFCO BLAZE-SHIELD
applied to 1 in. diameter web bars and chord angles thicker than 3/16 in. would provide a 3 h fire rating
(see Appendix A Fig. A-46). He emphasized “however, that theoretical extrapolations of fire endurance
tests must the viewed with caution.” He stated further in another section of the 1975 report that: “Without
benefit of a full-scale fire test we cannot establish a rating for the floor assembly.”
3.5.5

Calculations of SFRM Thickness for Core Members

In the 1990s, the Port Authority commissioned Leslie E. Robertson Associates (LERA) to perform a
series of structural integrity inspections on the WTC towers (see Section 3.6 and NCSTAR 1-1C). One of
the tasks was to determine the thickness of fire-resistive material required to re-coat accessible beams and
columns that had missing thermal insulation within the elevator shafts. Calculations presented in a 1992

6
7

Reference Standard 5-1 lists the applicable fire protection standards and includes ASTM Test Method E 119.
The 1975 report refers to the testing date as June 26, 1969. The actual testing date was February 27, 1970. The former date was
that of a drawing that was used in designing the fire endurance test. See Appendix Fig. A-45 for clarification.
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report illustrate the accepted procedure used to determine the required thickness based on the size of the
members and designs that have been tested and are listed in the Fire Resistance Directory published by
Underwriters Laboratory, Northbrook, Illinois. Extracts from the 1992 report are shown in Appendix A
Fig. A-47 to illustrate the procedure. The underlying principle is that the SFRM thickness used in the UL
fire resistance tests can be modified to provide the same fire resistance rating for similar shaped members,
but with different dimensions. These calculations involve a cross-sectional property known as W/D,
where W is the weight of the structural member per foot and D is the perimeter of the member through
which heat is transferred to the steel. A higher value of W/D means that the member has a higher ratio of
volume to fire exposed surface area, and would require less thickness of thermal insulation to have the
same fire rating as a member with a lower W/D value. The UL Fire Resistance Directory, for example,
provides equations for computing the required thickness of SFRM for beams and columns that are similar
to those in the UL designs, but with different W/D values.
The 1992 LERA calculations were for the accessible columns in elevator shafts 12 and 13 in WTC 1.
Thicknesses were determined for four types of fire-resistive materials: Monokote Type Z-106, CAFCO
560, ALBI Duraspray, and ALBI Duraspray 30. These materials are denser and more durable than the
SFRM used to protect the floor trusses, and were intended to provide for better performance within the
elevator shafts. Table 3-4 lists the required thickness of Monokote Z-106 to achieve a 3 h fire rating for
the accessible columns in shafts 12 and 13. As noted in Appendix A Fig. A-47, the UL directory
provided a thickness conversion equation only for columns protected with Monokote Type Z-106. For
the other fire-resistive materials, the required thickness was the same an in the UL listed designs, even if
the W/D values of the WTC columns were different. The following were the required thicknesses on the
columns for the other SFRMs:
•

CAFCO 560: thickness = 2 11/16 in.

•

ALBI Duraspray and Duraspray 30: thickness = 1 11/16 in.

Another example of re-application of SFRM to core members is a 1994 document on “Refireproofing
Elevator Shafts 6 & 7 1 WTC” produced for the Port Authority by LERA. The document reported the
required thickness of Monokote Z-106 for columns 903 and 904 and for beams A and B in shafts 6 and 7
of Tower 1 (see Appendix A Fig. A-48). Table 3-5 summarizes the thermal insulation thickness
requirements for those members. Only floors from the second basement to floor 33 were scheduled for
reapplication of thermal insulation.
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Table 3–4. Design thickness of thermal insulation for reapplication to accessible
columns in elevator shafts 12 and 13 of WTC1.
Monokote Type Z-106
Floor

UL-Design

Calculated
Thickness

Column 601
69–79

15/16 in.

15/16 in.

63–68

15/16 in.

13/16 in.

48–62

15/16 in.

11/16 in.

43–47

15/16 in.

9/16 in.

41, 42

15/16 in.

7/16 in.

33–40

15/16 in.

9/16 in.

18–32

15/16 in.

7/16 in.

7–17

3/8 in.

3/8 in.

Elevation 274 - 6

3/8 in.

3/8 in.

Column 602
69–79

15/16 in.

7/8 in.

54–68

15/16 in.

5/8 in.

43–53

15/16 in.

9/16 in.

41, 42

3/8 in.

3/8 in.

36–40

15/16 in.

9/16 in.

18–35

15/16 in.

7/16 in.

7–17

3/8 in.

3/8 in.

Elevation 274 - 6

3/8 in.

3/8 in.

Columns 501 and 502
Elevation 310

28

3/8 in.

3/8 in.
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Table 3–5. Design thickness of thermal insulation for reapplication to accessible
columns and beams in elevator shafts 6 and 7 of WTC1.
Floor

Column 903

Column 904

Beam A

Beam B

B2

3/8 in..

7/16 in.

Note 1

15/16 in.

B1

3/8 in.

7/16 in.

1/2 in.

Note 1

Elevation 294

3/8 in.

7/16 in.

7/16 in.

15/16 in.

1

3/8 in.

7/16 in.

7/16 in.

1 1/16 in.

Intermediate

3/8 in.

7/16 in.

1/2 in.

Note 1

2

3/8 in.

7/16 in.

1/2 in.

1 in.

3–7

3/8 in.

7/16 in.

1/2 in.

1 3/16 in.

8–18

3/8 in.

1/2 in.

1/2 in.

1 3/16 in.

19–33

3/8 in.

5/8 in.

1/2 in.

1 3/16 in.

Note 1: Beams are concrete encased.

3.6

MAINTENANCE OF SFRM IN ELEVATOR SHAFTS

Throughout the life of the WTC towers, the structural members that required the largest amount of
inspection and maintenance within the core were the exposed columns and beams within the elevator
shafts. These columns and beams were the only accessible fire-protected elements in the buildings.
Adhesion failures were common, likely because of the exposed conditions of the columns (see Appendix
A Fig. A-49) and the inherently low strength of the SFRM.
3.6.1

Bond Strength

Internal memoranda from U.S. Mineral Products Co., dating from 1960 to 1969, warned of the poor
adherence or bond performance of CAFCO BLAZE-SHIELD, and specifically CAFCO Type D. As
communicated in an intra-office memorandum dated July 29, 1960, vibration tests performed in 1960
apparently indicated poor bond characteristics of CAFCCO BLAZE-SHIELD as manufactured in the
plant compared with laboratory mixtures (see Appendix A Fig. A-50).
In March 1968, the Port Authority investigated the adherence of CAFCO Type D under field conditions.
Based on letters from both U.S. Mineral Products Co. and Mario & Di Bono Plastering Co. relative to an
“on-the-job” application of CAFCO BLAZE-SHIELD in January 1968 to evaluate the ability of the
material to adhere to the steel and to itself, the Port Authority stated in March 1968 that “this material can
be applied successfully to the exterior steel under adverse weather conditions” (see Appendix A Fig. A51). The Port Authority transmitted this information to the New York City Department of Buildings in
January 1970 along with a U.S. Mineral Products Co. report on the material and application techniques
and a product catalog (see Appendix A Fig. A-52).
Adhesion problems with CAFCO Type D, however, were reported in December 1969 during construction
of the World Trade Center. U.S. Mineral Products Co. intra-office correspondence on December 11,
1969 stated that “Of the 20 tons [800 bags] of material sprayed to the 10th floor exterior columns on this
project, approximately 600-700 bags of the material washed off as clean as a whistle from the exterior
columns on this job” (see Appendix A Fig. A-53).

NIST NCSTAR 1-6A, WTC Investigation

29

Chapter 3

3.6.2

Draft for Public Comment

Inspections

Inspections of the shafts and accessible columns were reported as early as 1971. After one of these
inspections, the WTC inspector wrote “it was noted that the Cafco fireproofing treated with Mark II
overspray had not cured or hardened according to specifications” due to the extremely cold temperature
conditions existing during construction (see Appendix A Fig. A-54). The inspector recommended that
shafts 39, 40, and 41 of WTC 1 be re-sprayed with Mark II sealer. Additional WTC office
correspondence dated September 24, 1973 mentioned that the sprayed thermal insulation had come loose
and fallen from perimeter box beams in elevator shafts 10 and 11 of WTC 2 (see Appendix A Fig. A-55).
In 1993, the Port Authority commissioned Leslie E. Robertson Associates to carry out a continuing
program to appraise the condition of the accessible columns in the World Trade Center complex. These
inspection programs are described in greater detail in NCSTAR 1-1C. Accessible columns were those
columns that were not enclosed in any kind of architectural finish and could be inspected visually. All
accessible columns were located in the core of the towers. The columns were inspected visually for signs
of rusting, cracking, bowing, and loss of thermal insulation. During the first inspection, carried out in
1993, particular shafts were chosen based on the quantity and types of accessible columns, and
convenience to the Port Authority. The findings were summarized in LERA’s Structural Integrity
Inspection Report for Accessible Columns at 1, 2, 4, and 5 WTC dated 29 January 1993 (see Appendix A
Fig. A-56).
Subsequent inspections involved sampling of the structural components and assemblies, which were more
important to the structural integrity of the towers, and at locations with a relatively higher potential for
defects and problems. As indicated in the Structural Integrity Inspection Report dated 14 April 1995, a
statistical sampling approach was used since concurrent visual inspection of all the accessible columns
was “not a practical goal” (see Appendix A Fig. A-57). The report stated that the accessible columns in
selected elevator shafts in WTC 1 and 2 were “generally in good condition, no structural deficiencies such
as cracking or bowing were found, the most common irregularities observed were missing fireproofing
and light surface rusting of the exposed steel.” Based on the inspections, LERA recommended “that
remedial action to be taken where spray fireproofing is damaged, deteriorated or missing and where there
is corrosion of the column base due to water leaks at elevator pits.” LERA also recommended painting
steel with a zinc-rich paint on areas affected by water leaks prior to re-fireproofing. Refer to NCSTAR 11C for a comprehensive discussion of the structural integrity inspection reports.
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Because both towers collapsed totally on September 11, 2001, and most of the SFRM was either
dislodged or abraded (or scraped) off in the collapse, no examples remain of the “as installed” condition
of the SFRM. To make an estimate of the as-applied thickness and variability in thickness, several
sources of information have been employed, including measurements taken by the Port Authority,
condition surveys and anecdotal information, and photographs and video clips showing the condition of
the fire-resistive material in selected areas. Each of the structural components or systems is considered
here separately.

4.1

TRUSS-SUPPORTED FLOOR SYSTEM

As mentioned in Section 3.5.3, qualitative information on the in-place condition of the SFRM for the
floor system first appeared in Sample Area Data Sheets from 1990. Information regarding quantitative
inspection of existing fire-resistive material appears in documentation from 1994. That year, the Port
Authority performed a series of thickness measurements of the existing SFRM on floors 23 and 24 of
WTC 1 (see Appendix A Fig. A-58). Six measurements were taken from “both flanges and web” of each
of 16 randomly chosen trusses on each floor at those locations where the SFRM was not damaged or
absent. The averages of six measurements per joist that were recorded on the two floors are presented in
Table 4-1. Measured average thickness varied between 0.52 in. and 1.17 in. For the 32 measurements
(16 on each floor), the overall average was 0.74 in. and the standard deviation of these averages was
0.16 in. Four of the 32 floor trusses had average thicknesses between 0.52 in. and 0.56 in. These
measurements suggest that the minimum average thickness exceeded 1/2 in.
This same report stated that, on floor 23,
“... truss members located adjacent to the outside walls (within 3 ft) are
devoid of fireproofing material. Visual inspection on floor 24 was not
possible, as this area still has a lowered ceiling in place.”
The data in Table 4-1 can be examined further to understand the variability of the SFRM thickness in the
non-upgraded locations. Figure 4-1 (a) shows the average thicknesses measured on the floor trusses of
floors 23 and 24. The values appear to be similar for the two locations in terms of overall average
thicknesses and the variation in average thickness. A formal analysis of variance indeed indicated no
statistically significant differences between the overall mean thicknesses for the two floors. Thus, the two
groups of data can be combined into one. A question to be answered is whether the values of average
thickness follow a normal distribution. To answer this question, histograms and normal probability plots
are used. Figure 4-1 (b) shows a histogram of the average thicknesses, and it appears to be nonsymmetrical and skewed to the right, which is characteristic of a lognormal distribution. As reference, in a
lognormal distribution, the natural logarithms of the values of a variate have a normal distribution.
Figure 4-1 (c) is the normal probability plot of the average thicknesses for the combined data. If the
points fall approximately on a straight line, it indicates that the data are normally distributed. It is seen

NIST NCSTAR 1-6A, WTC Investigation

31

Chapter 4

Draft for Public Comment

that there are systematic deviations of the data from the best-fit line. To examine whether the data are
represented better by a lognormal distribution, the average thicknesses, in Table 4–1 were transformed by
taking their natural logarithm. Figure 4-1 (d) is a histogram of the natural logarithms of thickness, and
Fig. 4.1 (e) is the corresponding normal probability plot. It is seen that the data are slightly less dispersed
about the straight line, and the correlation coefficient has increased form 0.97 to 0.99. Thus, there is
some indication that the distribution of SFRM thickness may be represented by the lognormal distribution
in the non-upgraded floor trusses.
Table 4–1. Average fireproofing thickness from six measurements taken in 1994 on each
of 16 random floor trusses on floors 23 and 24 of WTC 1.
Fireproofing Thickness (in.)
Floor 23

Floor 24

0.60

0.76

0.53

0.60

0.70

0.90

0.76

0.72

0.88

0.64

0.89

0.80

0.83

0.68

1.17

0.65

0.88

0.67

0.71

0.77

0.82

0.96

0.52

0.66

0.69

0.65

0.52

1.11

0.64

0.95

0.52

0.56

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

A lognormal distribution for the average thickness of the SFRM on the non-upgraded floor trusses is
explained as follows. It is expected that the thickness of SFRM will be highly variable due to the
difficulty in spraying the material on the relatively thin members. If the overall thickness is low and the
variability is high, a normal distribution would require a fraction of the surfaces to have negative values
of SFRM thickness. If the thickness distribution is lognormal, the thickness cannot be zero, and there is a
low likelihood of having thickness close to zero. If the underlying distribution of SFRM thickness is
lognormal, the average thickness overestimates the thickness expected to be exceeded with 50 percent
probability, and the median is the appropriate statistic for the 50-percentile value. For the values in Table
4-1, the median thickness is 0.71 in., which is not much different from the overall average thickness of
0.74 in.
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Figure 4–1. (a) Dotplot of average thickness from floor trusses for floors 23 and 24,
(b) histogram of average thickness, (c) normal probability plot of average thickness,
(d) histogram of natural logarithm of average thickness, and (e) probability plot of
natural logarithm of average thickness.
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As stated, the standard deviation of the average thicknesses in Table 4-1 is 0.16 in. Since each of the
averages is based on six individual measurements, the variability in average thickness is less than the
variability of the SFRM thickness on a given element. If it is assumed that the true average thicknesses of
SFRM at the truss locations represented in Table 4-1 are the same, it is possible to estimate the variability
of individual measurements from the following well-known relationship:

SX =

S

(1)

n

where:

S X = standard deviation of the average thicknesses
S = standard deviation of the individual thickness measurements
n = number of measurements to obtain the average thickness
Thus, an estimate of the standard deviation of the individual measurements is 0.16 6 ≈ 0.4 in. Since it
is unlikely that there is no difference in average SFRM thickness at different cross sections, the standard
deviation of 0.4 in. is a lower limit for the variability of SFRM thicknesses in the non-upgraded floor
trusses on the basis of the information provide in Table 4-1.

4.2

ANALYSIS OF PHOTOGRAPHS

Additional data regarding the thickness of SFRM was gathered by evaluating photographic evidence.
Although photographic evidence of the state of the SFRM was limited, two groups of photographs were
located and used for estimating SFRM thickness.
The first group of photographs was provided to NIST by Morse Zehnter Associates and includes images
of floor trusses from WTC 1 (floors 12, 22, 23, and 27) and WTC 2 (floor 26). From this group, only
photographs from floors 22, 23, and 27 of WTC 1 were analyzed. Photographs provided by Morse
Zehnter Associates were taken in the mid-1990s and illustrate the fire-resistive material conditions prior
to the upgrade carried out by the Port Authority. Thus, SFRM thickness on the photographed trusses
would be expected to be at least ½ in. as specified by the Port Authority on October 1969.
The second group of photographs, taken in 1998, was provided by Gilsanz Murray Steficek (consulting
engineers). This group illustrates the state of fire-resistive material after the upgrade program that was
initiated in 1995. The photographs were of trusses for floor 31 and below in WTC 1.
Selection of which photographed trusses were used to estimate thickness of SFRM was based on clarity
of SFRM edges and whether a feature of known dimensions was present to provide a reference
measurement. Thus, only photographs where reference measurements could be performed were used.
The general approach to the analysis involved the estimation of distances based on the computed
reference length per pixel. The procedure is summarized as follows:
•
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A feature of known dimension (based on construction drawings) that could be used as reference
was located in the photograph. For example, the dimension of the bare vertical leg of a damper
saddle was a dimension that could be obtained from shop drawings.
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•

In the photograph, the length of the reference dimension was measured in pixels.

•

The scaling factor of length per pixel was computed by dividing the known dimension in inches
by the number of pixels. For example, if the vertical leg of the damper saddle was measured as
48.2 pixels in the photograph, and it is known that the actual size of the leg was 3.13 in., the
scaling factor would be 3.13 in./48.2 pixels = 0.065 in./pixel.

•

Only truss webs or struts (diagonal bar at end of truss) located near and in the same plane as the
reference object were selected for analysis. This selection was made to minimize error due to
perspective.

•

It was assumed that the fire-resistive material on web bars was applied evenly around the
perimeter of the bar. Based on this assumption, a “virtual” centerline along the length of the bar
was drawn in the photograph.

•

Lines were drawn perpendicular to the “virtual” centerline. The number of pixels along the lines
from the “virtual” centerline to the edge of the SFRM was determined from the cursor positions
indicated by the software. Measurements were made at regularly spaced intervals to avoid bias.
Figure 4-2 is an example of a series of measurements made on a strut.

•

Each measurement in pixels was multiplied by the scaling factor (in./pixel) to estimate the bar
radius plus SFRM thickness.

•

The radius of the bar was subtracted to provide the estimate of the SFRM thickness.

Figure 4–2. Example of measurement procedure used to estimate SFRM thickness from
photographs.
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For floors that had not been upgraded, it was observed that the estimated thickness of SFRM on the webs
of the main trusses tended to be greater than that on either the diagonal struts or on the webs of the
bridging trusses. Hence, estimates of SFRM thickness for non-upgraded floors were divided into three
groups:
•

Webs of main trusses,

•

Webs of bridging trusses, and

•

Diagonal strut at the exterior wall end of the truss.

It was not possible to estimate the thickness of the SFRM on any truss element except the round web bars.
Consequently, for the upgraded floors in WTC 1 that were included in the second group of photographs,
only estimates of the thickness on the web bars of the main trusses were made. Figure 4-3 (a) shows
normal probability plots of the SFRM thickness estimated from the photographs. It is seen that the points
for the “upgraded” main trusses follow a generally linear trend, which indicates that the estimated
thicknesses for the upgraded main trusses are approximately normally distributed. The estimated
thicknesses from the non-upgraded floors, however, do not follow linear trends on the normal probability
plot. Figure 4-3 (b) shows normal probability plots of the natural logarithms of the thicknesses. The
transformed values for the non-upgraded thermal protection now follow generally linear trends, which
means that a lognormal distribution is more appropriate for the non-upgraded floors. This reinforces the
observation noted in the previous section. Thus, there is strong evidence that the original SFRM
thickness on the floor trusses follows a log normal distribution.
The average, standard deviation, and coefficient of variation were computed for the total number of
measurements in each of these groups. The results are summarized as follows:

4.3

•

Main trusses before upgrade (85 measurements): Average thickness 0.6 in., standard deviation =
0.3 in., and coefficient of variation = 0.5; median = 0.55 in..

•

Bridging trusses before upgrade (52 measurements): Average thickness 0.4 in., standard deviation
= 0.25 in., and coefficient of variation = 0.6; median = 0.36 in..

•

Diagonal struts before upgrade (26 measurements): Average thickness 0.4 in., standard deviation
= 0.2 in., and coefficient of variation = 0.5; median = 0.38 in..

•

Main trusses after upgrade (52 measurements): Average thickness 1.7 in., standard deviation =
0.4 in., and coefficient of variation = 0.2; median = 1.80 in.

PORT AUTHORITY DATA ON UPGRADED SFRM ON TRUSSES

In the 1990s, the floor trusses of several floors were upgraded to a specified thickness of 1½ in. of fireresistive material as tenants vacated their space. According to the Port Authority (see Appendix A
Fig. A-59), 18 floors of WTC 1 and 13 floors of WTC 2 were upgraded. The Port Authority also stated
that: “The entire impact zone for Tower 1 (92-99) was upgraded with 1½" spray-on fireproofing. Only the
78th floor was upgraded with the 1½" spray-on fireproofing within the impact zone in Tower 2 (78-84).”
The Port Authority provided information from Construction Audit Reports regarding the characteristics of
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SFRM that was upgraded as of 2000 in the aircraft impacted regions of the WTC towers. The provided
test reports state that the material used for the upgrade was BLAZE-SHIELD II (see Appendix A
Fig. A-60).
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Figure 4–3. (a) Normal probability plot of estimated SFRM thickness based on
photographs, and (b) normal probability plot of natural logarithms of thickness.
Port Authority documents state that tests of upgraded SFRM were performed in accordance with ASTM E
605 for thickness and density (ASTM 1993) and in accordance with ASTM E 736 for adhesive/cohesive
strength (ASTM 1992). ASTM E 605 requires that thickness measurements be taken at “One bay per
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floor or one bay for each 10 000 ft2, whichever provides the greater number of tests.” In addition, it is
stated that: “Thickness determinations for the following structural elements shall be conducted in each
randomly selected bay: one selected area of metal deck, concrete slab, or wall section; one column; and
one beam (joist or truss).” For each preselected joist (or truss), the test method requires that one 12 in.
length be laid out and seven thickness measurements be taken at each end of the 12 in. length. The seven
measurements at each cross section are to be distributed as follows: two at the top chord, two at the web,
and three at the bottom chord.
Table 4-2 shows the test data provided by the Port Authority for the impact-affected floors. Shown are
the average thickness, bond strength, and density for each test area on a given floor. The specified
minimum requirements are 1½ in. for thickness, 150 psf for bond strength, and 15 lb/ft3 for density. The
reported average thickness for each test area, with few exceptions, is reported to be based on
measurements taken from the “bottom of truss” only. Note that some of the average thicknesses shown in
Table 4-2 equal or exceed 3.5 in. No photos were available of upgraded floors to show the appearance of
a truss with such high average thickness of SFRM. There is no record in the test reports of whether the
top chord and bridging trusses were protected in the upgraded floors.
In 2004, the Port Authority provided NIST reports of the individual measurements for many of the
average thicknesses shown in Table 4-2. With the individual measurements, it was possible to investigate
the variation of thickness at a cross section of a truss member and the variation in average thickness from
truss to truss. To permit such analyses, only those data having the same number of individual
measurements at each cross section were used. This resulted in 18 data sets for WTC 1 (including
floors 93, 95, 98, 99, and 100) and 14 data sets for WTC 2 (including floors 77, 78, 88, 89, and 92).
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Table 4–2. Summary of test reports for upgraded SFRM on floor trusses.

†

WTC
Tower

Floor
Number

1

79

Multiple tenant floor

1

80

Multiple tenant floor

1

81

1

Specific Location /Tenant

Date of
Report

Average SFRM
thickness (in.)

Adhesion/
Cohesion (lb/ft2)

Density
(lb/ft3)

11/24/99

2.4

333

16.6

Multiple tenant floor

10/24/96

2.7

270

19.0

81

Multiple tenant floor

7/16/99

2.3, 2.4, 3.0

352, 463, 315

17.4, 17.6, 17.4

1

83

Suite 8331

12/15/99

2.2

259

16.0

1

85

Multiple tenant floor

12/24/97

3.5, 2.9, 2.9

162, 180, 288

28.7, 23.7, 18.6

1

85

Multiple tenant floor

6/12/99

2.9

278

15.8

1

85

Multiple tenant floor
Suite 8563

8/16/99

2.8

259

16.4

1

86

Julien Studley Inc. (7000 ft2)

1

92

Full floor

4/2/97

3.0, 2.8, 2.8

360, 324, 360
†

20.3, 15.4, 18.0

1

93

Full floor

8/28/98

1.8, 2.0, 1.8, 2.2,
1.8, 1.9, 2.9

117 (153) , 207,
216, 234, 162,
180, 216

14.2, 16.6, 16.1,
18.4, 15.1, 17.4,
21.3

1

94

Full floor

12/27/96

4.3, 3.8, 4.3

486, 504, 288

21.2, 20.5, 20.1

1

95

Full floor

8/24/98

2.2, 2.4, 3.3

270, 306, 198

18.0, 20.1, 20.4

1

96

Full floor

10/22/98

3.0, 3.2, 3.2

486, 288, 324

20.5, 19.8, 19.9

1

97

Full floor

10/22/98

2.6, 2.2, 2.2

360, 468, 468

26.5, 20.0, 23.9

1

98

Full floor

11/19/98

2.9, 2.8, 2.5

407, 351, 518

31.3, 16.8, 19.6

1

99

Full floor

11/20/98

2.8, 2.2, 2.2

204, 222, 204

18.8, 16.6, 18.4

1

100

Full floor

11/20/98

2.8, 3.2, 3.4

278, 278, 333

16.4, 17.3, 19.9

1

102

Full floor

9/28/99

3.2, 3.2, 2.1

333, 333, 315

16.5, 16.9, 15.9

2

77

Full floor

6/9/98

2.7, 2.1, 2.6

351, 198, 297

19.4, 19.4, 17.2

2

78

Full floor

4/3/98

2.5, 2.8

288, 270

17.0, 18.1

2

88

Full floor

7/5/00

1.9, 2.4, 2.1

167, 333, 157

18, 16, 15

2

89

Full floor

5/5/99

2.8, 2.7, 3.0

370, 333, 270

22.4, 15.8, 15.3

2

92

Full floor

2/26/98

2.8, 3.0, 2.7

342, 360, 297

19.7, 21.1, 19.7

2

96

Full floor

2

97

Full floor

2

98

?

2

99

Half floor

7/28/97

2.1, 3.0

315, 252

19.5, 22.7

2

99

Half floor

4/3/98

1.8, 1.7

306, 270

21.9, 19.5

Repeated test
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An analysis of the individual measurements was carried out to determine the underlying distribution for
the measured thicknesses. Figure 4-4(a) is a dotplot of the individual measurements in WTC 1
(144 measurements) and in WTC 2 (112 measurements). It is observed that the central values and ranges
are similar for the two towers, and the two groups of measurements were combined into one group.
Figure 4-4 (b) is the histogram of the individual measurements, and Fig. 4-4 (c) is the corresponding
normal probability plot. A straight line fit to the normal probability plot shows a tendency of the points to
deviate from the line. Figure 4-4 (d) is a histogram of the natural logarithms of the individual thickness
values, and Fig. 4-4 (e) is the corresponding lognormal probability plot. A comparison of the probability
plots shows that natural logarithms fall closer to a straight line. Thus, it appears that the thickness of the
upgraded SFRM on the floor trusses is described by a lognormal distribution. This contradicts the
observation based on analysis of photographs from lower floors discussed in the previous section. The
overall average thickness of the 256 individual measurements is 2.5 in. with a standard deviation of
0.6 in. The median was also 2.5 in. Thus, the average thickness on the upgraded upper floors appears to
be greater than that estimated from photographs taken on upgraded lower floors.
As shown in Fig. 4-4, there were a number of points representing individual thicknesses of 3 ½ in. or
greater. As mentioned, there are no corroborating data, such as photographs, of such reported high
thicknesses. The probability distributions in Fig. 4-4 show, however, that the high thicknesses were
consistent with the remainder of the distributions. In any case, statistics were recomputed after removing
thicknesses of 3 ½ in. and greater (this amounted to 20 out 256 points). The resulting average thickness
was reduced to 2.4 in., and the standard deviation was reduced to 0.5 in. The median remained
unchanged. Thus it was concluded that the high reported thicknesses would not have a dramatic effect on
the overall statistics of the SFRM thickness in the upgraded floors.
The overall standard deviation of 0.6 in. includes two contributions: (1) the variation of thickness at the
cross section (within-truss variability), and (2) the variation of average thickness between trusses
(between-truss variability). Figure 4-5 shows these two components of the thickness variability for the
two towers. Figures 4-5 (a) and (c) show the within-truss variability, and Figs. 4–5 (b) and (d) show the
variation of average thickness of each truss. From analysis of variance, it was found that the within-truss
standard deviation is 0.4 in., and the between-truss standard deviation is also 0.4 in. The within-truss
standard deviation of 0.4 in. is similar to the standard deviation of the estimated individual thicknesses
obtained from analysis of the photographs of upgraded main trusses.
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Figure 4–4. (a) Dotplot of individual thickness measurements on floor trusses from Port
Authority Construction Audit Reports, (b) histogram of thickness measurements,
(c) normal probability plot of thickness measurements, (d) histogram of natural
logarithms of thickness measurements, and (e) normal probability plot of natural
logarithm of thickness measurements.
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Figure 4–5. SFRM thickness on floor trusses in upgraded portions of WTC towers: (a)
individual measurements in WTC 1, (b) average thickness in WTC 1, (c) individual
measurements in WTC 2, and (d) average thickness in WTC 2.
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COLUMN SFRM THICKNESS

NIST requested that the Port Authority provide available information on the thickness of fire-resistive
material for the exterior and interior columns of the WTC towers (see Appendix A Fig. A-62).
Specifically, the request included the following:
•

The fire-resistive material used and the thickness on the various plates comprising the exterior
columns and spandrels.

•

The fire-resistive material used and the thickness on core columns.

•

Confirmation that the wide flange column sections were protected with CAFCO BLAZESHIELD Type DC/F with specified thickness of 2 3/16 in. for sections smaller than 14WF228
and 1 3/16 in. for 14WF228 and larger.

•

Information on in-place SFRM thickness.

The Port Authority replied that, due to inaccessibility of exterior columns and core columns, there were
no recent records of SFRM thickness for these elements (see Appendix A Fig. A-62). The only available
measurements of SFRM thickness were for beams and columns accessible within elevator shafts. These
measurements were, however, for re-applied thermal insulation.
The most complete data set included measurements on beams and columns taken within shaft 10/11 in
WTC 1. These measurements were taken in April 1999 and included measurements from floor 1 to floor
45. The thicknesses were recorded to the nearest 1/8 in., with a few thicknesses recorded to the nearest
1/16 in. The columns included 10 to 18 replicate measurements, and the beams included 11 to 16
replicate measurements.
Figure 4-6 (a) shows the individual and average SFRM thickness on the core columns. Analysis of
variance indicated no statistically significant differences among the average values and all data were
pooled together. The average thickness for the columns is 0.82 in., the standard deviation is 0.20, and the
coefficient of variation is 0.24. The information from the Port Authority indicated that the “minimum
thickness required” for the columns was ½ in. As noted in Appendix A Fig. A-62, the required thickness
was based on calculations performed by LERA for re-applied thermal insulation (Monokote Type Z-106),
similar to what was discussed in Section 3.5.5. Figure 4-6 (b) is the normal probability plot of the
individual thickness measurements. Because most of the thicknesses were reported to the nearest 1/8 in.,
the points are staggered in steps instead of uniformly distributed. The plot, however, shows that the
points follow a linear trend, and it appears that the thickness of the reapplied SFRM on the core columns
could be described by a normal distribution. Figures 4-6 (c) and (d) shows the corresponding plots for the
thickness of SFRM reapplied to beams surrounding shaft 10/11 of WTC 1. The average thickness is 0.97
in., the standard deviation is 0.21 in. and the coefficient of variation is 0.21. The information from the
Port Authority indicated that the “minimum thickness required” for the thermal insulation reapplied to the
beams was 3/4 in.
The above data may not have a direct bearing on the outcome of the investigation because they deal with
lower stories. They do, however, provide some useful information on the variability of SFRM applied to
beams and columns. The variation in SFRM thickness for the beams and columns shown in Fig. 4-6 is
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lower than the variation observed in the floor trusses. This is not unexpected because the planar surfaces
of the beams and columns result in more uniform application of the sprayed fire-resistive material than for
the slender truss members. This results in reduced differences in the average thickness of SFRM on
different members and less variability within a member.
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Figure 4–6. Thickness of re-applied SFRM in elevator shaft 10/11 of WTC 1: (a) Individual
and average thickness for core columns, (b) normal probability plot of individual
measurements on columns, (c) individual and average thickness for core beams, and (d)
normal probability plot of individual measurements on beams.
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EFFECT OF SFRM GEOMETRY ON THERMAL RESPONSE

The SFRM thickness has a great effect on the thermal response of the structural elements for a given fire
condition. While others have considered the effect of thickness of SFRM, the effect of the variation of
thickness along the length of a member is not well known. A sensitivity study using finite element
modeling of heat transfer was conducted to investigate the sensitivity of steel temperature to the
variability in SFRM thickness.

5.1

EFFECTS OF THICKNESS VARIABILITY AND GAPS IN SFRM

The simplified model that was used is shown in Fig. 5-1. A 1 in. thick, 60 in. long steel plate (cyan color)
was coated with fire-resistive material (purple color) and subjected to the uniform radiative flux arising
from a 1,100 °C fire. As shown in Fig. 5-1 (b), the fire-resistive material is modeled with a layer of finite
elements (0.125 in. thick and 0.6 in. long) having the thermal properties of fire-resistive material (purple).
A parametric study was conducted with average thickness of fire-resistive material varying from 0 in. to
2 in. in increments of 1/4 in. The effect of variability in thickness was modeled by imposing a normal
probability distribution on the SFRM thickness along the length of the steel plate. The assumed standard
deviation varied from 0 in. (uniform thickness) to 1 in. A pseudo-random number generator was
employed to determine the thickness at each cross section based on the assumed average thickness and
standard deviation. The layer representing SFRM was taken to be twice the average thickness, and the
thickness of SFRM at any cross section was modeled by assigning a low heat capacity and a high thermal
conductivity to those elements that do not provide thermal protection. Figure 5-1 (c) shows an example
of variable thickness SFRM; in this case, the average thickness is 1 in. and the standard deviation is
3/8 in.
When the model in Fig. 5-1 is exposed to the thermal flux representing an 1,100 °C fire, the surface of the
insulation heats up quickly to the gas temperature (1,100 + 273 = 1,373 K). Numerical simulation was
performed over a 2 h period, and the steel temperature at five locations was recorded at 30 min, 60 min,
90 min, and 120 min of exposure. The temperature recording locations are 6 in. from each end and at
12 in. intervals, which are shown as numbers 1 to 5 in Fig. 5-1 (a). The initial temperature of the model is
300 K.
Figure 5-2 shows temperature contours (in K) through the fire-resistive material and steel at 60 min after
initial exposure for the model shown in Fig. 5-1 (a). The surface temperature of the fire-resistive material
is close to the gas temperature of 1,373 K, while the steel temperature is 311 K. If the SFRM were of
uniform thickness, the isotherms would be a series of lines parallel to the plate. It is seen that, when the
thickness is variable, the isotherms follow the shape of the SFRM surface contour. Thus, the temperature
history at any point in the steel depends on the local thickness of the fire-resistive material.
Figure 5-3 shows the steel temperature at the far sensor #1 (6 in. from the end) as a function of time for
various insulation thicknesses ranging from 0 in. to 2 in. (the thickness is indicated by the numbers on the
curves). For the case in Fig. 5-3 (a), the fire-resistive material is of uniform thickness, and for the cases in
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Fig. 5-3 (b), the thickness varies with a standard deviation of 1 in. The time to reach a temperature of
600 °C is used as a measure of relative performance. It is seen that the presence of high variability in
thickness has a detrimental effect of the protection provided by the fire-resistive material. For example,
for a uniform thickness of 0.5 in., it takes about 60 min for the steel at point #1 to reach 600 °C; but when
the standard deviation of the thickness is 1 in., the average thickness has to be 1.75 for the same level of
thermal protection.
(a)

1 in. thick steel

Thermal insulation
2 in.

1

2

3

4

5

2 in.

60 in.

(b)

(c)

Figure 5–1. Model used to study effects of SFRM thickness and variability of thickness
on steel temperature: (a) physical model used in analyses (points 1 to 5 are locations
where temperatures are monitored), (b) finite element mesh used to represent physical
model, and (c) finite element model to represent variable thickness of SFRM (purple) (the
elements in red represent material of high thermal conductivity).
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Figure 5–2. Temperature distribution after 1 h of exposure to gas temperature of
1,100 °C (1,373 K).
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(a)

(b)

Figure 5–3. Variation of steel temperature (at a point 6 in. from end of plate) with time for
different average thicknesses of fire-resistive material (shown as numbers on the
curves): (a) uniform thickness, and (b) variable thickness with standard deviation = 1 in.
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In addition to the effect of variation in thickness, it is important to understand the effect of missing SFRM
over a portion of a member. As an example, Fig. 5-4 shows missing SFRM from a diagonal of a bridging
truss of the WTC towers floor system. Note that this photograph is from a lower story and may not be
representative of conditions in the upper stories, especially following the upgrade of thermal insulation.
Figure 5-5 (a) shows an example of a numerical model with missing fire-resistive material. In this case,
there is 12 in. of missing SFRM on the steel plate, which is otherwise protected by 2 in. of uniform
thickness fire-resistive material. Figure 5-5 (b) shows the temperature contours (isotherms) at time 50
min. For comparison, Fig. 5-5 (c) shows isotherms at the same time in a plate with no gap in the fireresistive material. As expected, the bare steel at the missing fire-resistive material is at the gas
temperature, but more importantly the “gap” in SFRM leads to a “leakage” of heat into the interior steel.

Figure 5–4. Example of “gap” in fire-resistive material on diagonal member of a bridging
floor truss.
The combined effects of variation in thickness of the fire-resistive material and length of missing material
were examined by a factorial study with the following factors:
•

Average thickness of fire-resistive material varying from 0 in. to 2.0 in. in 1/4 in. increments;

•

Standard deviation of fire-resistive material thickness of 0 in., 0.25 in., 0.5 in., 0.75 in. and
1.0 in.; and

•

Length of missing fire-resistive material varying from 0 in. to 30 in., in 6 in. increments.
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Insulation
Gap

Steel

(a)

1

2

3

4

5

(b)

(c)

Figure 5–5. Effects of gap in fire-resistive material: (a) model of plate with SFRM having
2 in. uniform thickness and 12 in. gap, (b) isotherms (K) at time = 50 min with 12 in. gap,
and (c) isotherms without gap.
The results of the sensitivity study can be summarized in a series of plot matrices, which show the time
histories of the steel temperature for different combinations of gap length and variability in SFRM
thickness. For example, Fig. 5-6 shows the plot matrix for the temperature history at point #2 (18 in.
from the end of the plate). Each plot contains a series of curves representing different average thickness
of fire-resistive material, as in Fig. 5-3. Each column of plots represents a constant value of thickness
variability (standard deviation), and each row represents a constant gap length. The plot in the upper left
corner represents the case of uniform thickness of SFRM and no gap, which is the same plot as in
Fig. 5-3(a). (Note that for the case of uniform thickness and no gap, the steel temperature at any point in
a cross section is the same along the length of the plate, as shown in Fig. 5-5(c).) For gaps of 24 in. and
30 in., the temperature at point #2 rises rapidly because there is no SFRM on the plate at that location.
This explains the shapes of the curves in the two lower rows. In going from left to right in one of the top
four rows it is seen that as variability of thickness increases, the time histories shift upward, thereby
reducing the time to reach 600°C. This is the same observation as shown in Fig. 5-3. Moving from the
top to the bottom in any column shows the effects of increasing gap length. The effect of gap length
depends, of course, on where the steel temperature is measured. At a point within the portion of steel that
is bare, the temperature rises quickly. At points within the steel that are surrounded with fire-resistive
material, the gap provides a path for heat flow, as shown in Fig. 5-5 (b). As a result, points in the steel
within the vicinity of the missing SFRM will experience higher temperatures, as indicated by the rising
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trend of the curves in going downward from the top of a column in Fig. 5-6. The National Institute of
Standards and Technology (NIST) does not have sufficient information to determine the frequency of
occurrence of these gaps or their typical locations within the fire-affected floors. Therefore, gaps in
insulation were not considered in the thermal modeling.

Figure 5–6. Example of plot matrix from sensitivity study of the effects of missing SFRM
and variability of SFRM thickness on steel temperature. Each graph is a temperature
history of the steel at point #2 (see Fig. 5-5 for location) for different thicknesses of
SFRM.

5.2

EQUIVALENT THICKNESS

The sensitivity study summarized in Section 5.1 indicated that variation in the thickness of SFRM
reduced the “effective thickness” of the material. It would be impractical to attempt to account for the
variation in SFRM thickness in the thermal modeling by introducing variable thickness insulation
material in the finite-element models. As an alternative, it was decided to attempt to determine the
“equivalent uniform thickness” of fire-resistive material that would result in the same thermo-mechanical
response of a member as variable thickness thermal protection. An approach similar to the methodology
described in Section 5.1 was used to model a 1 in. diameter by 60 in. long bar with thermal insulation and
subjected to the heat flux arising from a 1,100 °C fire. The bar was subdivided into 0.6 in. long elements,
NIST NCSTAR 1-6A, WTC Investigation
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so that there were 100 elements along the length of the bar. The thermal history of the bar was calculated,
and that history was used to calculate the length change of the unrestrained bar under a tensile stress of
12,500 psi. The bar was assumed to be similar to the steel used in the floor trusses, and the temperature
dependence of the coefficient of thermal expansion and the modulus of elasticity were based on NIST
measurements.
The thermal insulation thickness in the models was based on the measurements summarized in Chapter 4
for the web bars of main trusses in the original condition and after the upgrade. Specifically, the
following target values were investigated:
•

Original: average thickness = 0.75 in., standard deviation = 0.3 in., lognormal distribution.

•

Upgrade: average thickness = 2.5 in., standard deviation = 0.6 in., lognormal distribution.

The variation of thermal insulation thickness along the length of the bar was established by using a
pseudo random number generator to select values from a lognormal distribution with central value and
dispersion consistent with the above average values and standard deviation. Three sets of random data
were generated for each condition.
When the randomly selected thicknesses of each element were applied to the bar, it resulted in sudden
changes in insulation thickness along the length of the bar. This resulted in a “rough” surface texture as
shown by the dotted thickness profile in Fig. 5-7 (a). It was felt that this rough texture (see also
Fig. 5-1 (c) might not be representative of actual conditions, so an alternative approach was to use 5-point
averaging to reduce the roughness of the insulation profile. The solid line in Fig. 5-7 (a) shows such a
“smooth” profile. The two profiles in Fig. 5-7 (a) have approximately the same average value and
standard deviation and have similar cumulative distribution of thermal protection thickness as shown in
Fig. 5-7 (b).
As stated, the calculated thermal histories of the bar elements were used to calculate the unrestrained
length change of the bar due to thermal expansion and an applied stress of 12,500 psi. For comparison,
the deformation of the bar with different but uniform thickness of thermal insulation was calculated. The
“equivalent thickness” was taken as the uniform thickness that resulted in similar deformation as under
the variable thickness conditions. Figure 5-7 (c) shows the results of these calculations for the original
SFRM thickness. The three continuous curves are the deformation-time relationships for uniform
thickness of 0.4 in., 0.5 in., and 0.6 in. The solid symbols represent the results for three cases with
“rough” texture, and the open symbols are for the “smooth” texture. The following values summarize the
six variable thickness profiles:
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•

Rough 1: average = 0.79 in., standard deviation = 0.29 in.

•

Rough 2: average = 0.77 in., standard deviation = 0.27 in.

•

Rough 3: average = 0.79 in., standard deviation = 0.31 in.
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Figure 5–7. (a) Randomly generated thickness profiles with average thickness of 0.75 in.
and standard deviation of 0.3 in., (b) cumulative element size, and (c) deformation of 1 in.
bar compared with deformation for uniform thickness of thermal insulation.
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•

Smooth 1: average = 0.79 in., standard deviation = 0.28 in.

•

Smooth 2: average = 0.78 in., standard deviation = 0.31 in.

•

Smooth 3: average = 0.78 in., standard deviation = 0.32 in.

Figure 5-7 (c) shows that the “rough” texture reduces the effectiveness of the insulation by a small
amount compared with the “smooth” texture. As noted above, it is believed that the “smooth” texture is
more representative of the actual conditions. On the basis of these analyses, it is concluded that SFRM
with an average thickness of 0.75 in. and a standard deviation of 0.3 in. provides protection equivalent to
0.6 in. of uniform thickness.
The results for the upgraded thermal protection are shown in Fig. 5-8. Only the “smooth” texture was
used, and the values for the three cases are as follows:
•

Case 1: average = 2.50 in., standard deviation = 0.71 in.

•

Case 2: average = 2.43 in., standard deviation = 0.51 in.

•

Case 3: average = 2.55 in., standard deviation = 0.63 in.

Figure 5-8 (a) shows the three profiles, and Fig. 5-8 (b) shows the normal probability plots of thickness
values. Because the three randomly generated profiles do not have the same averages and dispersions, the
responses show more scatter than in Fig. 5-7 (c). On the basis of these analyses, it is concluded that an
average SFRM thickness of 2.5 in. with a standard deviation of 0.6 in. is equivalent to 2.2 in. of uniform
thickness.

5.3

RECOMMENDED THICKNESS OF SFRM FOR THERMAL ANALYSES

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

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

•

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

•

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

•

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

•

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

•

Variation in thickness reduces the effectiveness of SFRM, and the equivalent uniform thickness is
less than the average thickness.
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Figure 5–8. (a) Randomly generated thickness profiles with average thickness of 2.5 in.
and standard deviation of 0.6 in., (b) normal probability plots of thickness values, and
(c) deformation of 1 in. bar compared with deformation for uniform thickness
of thermal insulation.
Based on the above findings, the following uniform thickness for the undamaged SFRM were determined
for use in calculating thermal response of the WTC towers under various fire scenarios:
•

Original SFRM thickness on floor trusses: 0.6 in.

•

Upgraded SFRM thickness on floor trusses: 2.2 in.

•

Thermal protection on other elements: the specified thickness.

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

Based on the information provided by the manufacturers, four sprayed fire-resistive materials have been
identified in WTC 1, 2, and 7: (1) CAFCO BLAZE-SHIELD Type DC/F, (2) CAFCO BLAZE-SHIELD
Type II, and (3) Monokote MK-5, (4) vermiculite aggregate plaster. Of the four SFRMs, only CAFCO
BLAZE-SHIELD Type II is sold currently in the U.S., and CAFCO BLAZE-SHIELD Type DC/F is sold
in Canada. Table 6-1 summarizes where these materials were used.
Table 6–1. Summary of SFRMs used in WTC.
Fire-Resistive Material
WTC 1

BLAZE-SHIELD DC/F

Locations
Interior Columns

Floor Systems

Yes

Yes

BLAZE-SHIELD II

Exterior Columns
Outside

Yes (Upgrade)

Vermiculite plaster
WTC 2

BLAZE-SHIELD DC/F

Inside
Yes

BLAZE-SHIELD II

Yes

Outside

Yes (Upgrade)

Vermiculite plaster
WTC 7

Monokote MK-5

Inside
Yes

Yes

Yes

Yes

CAFCO BLAZE-SHIELD Type DC/F is manufactured by Isolatek International (formerly U.S. Mineral
Products Co., Stanhope, New Jersey) and was used in the interior columns, floor systems, and the exterior
faces of the exterior columns of WTC 1 and WTC 2. CAFCO BLAZE-SHIELD Type II, also from
Isolatek, was used in subsequent upgrades of the passive fire protection to WTC 1 and 2 floor systems.
CAFCO BLAZE-SHIELD Type DC/F and Type II are portland cement based products in which mineral
fibers are the primary insulation materials. Monokote MK-5, a gypsum-based SFRM containing
vermiculite aggregate, was manufactured by W.R. Grace and Co. (Cambridge, Massachusetts) and used in
WTC 7. W.R. Grace stopped the production of Monokote MK-5 in the 1980s. Vermiculite aggregate
plaster, manufactured by W.R. Grace until the 1970s, was used on the interior faces of the exterior
columns of WTC 1 and WTC 2 (see Fig. 3–4).
No information on the thermophysical properties of vermiculite plaster has been located in the open
literature. During the construction of the WTC, the Monokote product was sometimes referred to as
sprayed vermiculite. See, for example, Appendix A Fig. A-17, where the description “Sprayed
(Cementitious) Vermiculite (Monokote)” is used. Discussions with a former W. R. Grace researcher
revealed that Monokote products, with a slightly higher density (20 to 25 pcf) than the conventional
sprayed material (minimum of 15 pcf), were referred to as vermiculite plasters. Based on this
information, the thermophysical properties of Monokote MK-5 will be taken to be representative of the
vermiculite plaster specified for the interior face of the exterior columns.
In addition to the SFRMs, the thermophysical properties of four types of gypsum boards were also
examined to provide technical support to other aspects of the WTC investigation. They were: (1)
NIST NCSTAR 1-6A, WTC Investigation
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Firecode Core Type X 5/8″ SHEETROCK gypsum panel, (2) Firecode C Core ½ in. SHEETROCK
gypsum panel, (3) Firecode C Core 5/8 in. SHEETROCK gypsum panel, and (4) 1 in. SHEETROCK
gypsum liner panel.

6.1

ASTM TEST METHODS FOR SFRMS

Since 1977, a number of ASTM test methods have been developed specifically for testing different
characteristics of SFRMs. These methods were developed mainly for characterizing mechanical and
physical properties. For completeness, these test methods are summarized in Table 6-2.
Table 6–2. Current ASTM test methods for SFRMs.
ASTM Designation

Summary of Test Method

ASTM E 605 − 93 (Reapproved 2000)
Test Method for Thickness and Density of Sprayed
Fire-Resistive Material (SFRM) Applied to Structural
Members

Density and thickness are determined using a thickness
gage, scales, steel rules, and templates

ASTM E 736 − 00
Test Method for Cohesion/Adhesion of Sprayed FireResistive Materials Applied to Structural Members

The cohesion/adhesion of SFRM to structural members
is determined using a metal or plastic cap with a hook
attached. The cap is attached to the SFRM with a
suitable adhesive. An increasing load, measured by a
scale, is applied manually until failure occurs.

ASTM E 759 − 92 (Reapproved 2000)
Test Method for Effect of Deflection on Sprayed FireResistive Material Applied to Structural Members

A cellular steel deck panel sprayed with SFRM is
subjected to bending by a vertical center load while
supported horizontally at its ends.

ASTM E 760 − 92 (Reapproved 2000)
Test Method for Effect of Impact on Bonding of
Sprayed Fire-Resistive Material Applied to Structural
Members

A cellular steel deck with a concrete topping sprayed
with SFRM is subjected to a leather bag drop impact
while supported horizontally at its ends.

ASTM E 761 − 92 (Reapproved 2000)
Test Method for Compressive Strength of Sprayed
Fire-Resistive Material Applied to Structural Members

The compressive strength of SFRM applied to a steel
sheet is determined by a compressive load normal to
the surface of the specimen.

ASTM E 859 − 93 (Reapproved 2000)
Test Method for Air Erosion of Sprayed Fire-Resistive
Materials (SFRMs) Applied to Structural Members

The SFRM is subjected to a tangential air stream for a
minimum of 24 h. Collection filters downstream from
the specimen are weighed at frequent intervals to
determine the amount of material removed from the
specimen.

ASTM E 937 – 93 (Reapproved 2000)
Test Method for Corrosion of Steel by Sprayed FireResistive Material (SFRM) Applied to Structural
Members

Replicate panels of bare, shop-coated, and galvanized
steel are sprayed with SFRM and subjected to room
temperature and humidity conditions and to 240 h of
conditioning in a chamber with temperature and
humidity control. Corrosion induced under these
conditions is determined by mass loss of the sheets as
related to sheets not so conditioned.
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Thermophysical Properties

REPORTED SFRM PROPERTIES

For comparison with measurements to be reported in this Chapter, the nominal physical and mechanical
characteristics taken from product literature (see Appendix A Fig. A-61)8 of the manufacturers of the
SFRMs are listed in Table 6-3.
Table 6–3. Properties from tests of SFRMs reported by manufacturers.
Characteristic

ASTM Method

SFRM
BLAZE-SHIELD
DC/F

BLAZE-SHIELD
II

Monokote MK 5

Cohesion/adhesion

E 736

300 psfa

360 psfa

320 psf

Deflection

E 759

No cracks or
delaminations

No cracks or
delaminations

No cracks or
delaminations

Bond impact

E 760

No cracks or
delaminations

No cracks or
delaminations

No cracks or
delaminations

Compressive
strength

E 761

830 psf

2380 psf

3110 psf

Air erosion
resistance

E 859

0.000 g/m2

0.000 g/m2

0.022 g/m2

Density

E 605

13 pcf

16 pcf

15 pcfb

Corrosion resistance

E 937

Does not promote
corrosion of steel

Does not promote
corrosion of steel

Not available

Thermal
conductivity

C 518

0.042 W/(m · K)
@ 24 °C

0.043 W/(m · K)
@ 24 °C

Not available

a. Based on laboratory tests under controlled conditions.
b. Based on information from former employee of W.R. Grace

6.3

MEASURED THERMOPHYSICAL PROPERTIES OF SFRMS

To provide thermophysical property data for modeling the fire-structure interaction of the towers, the
thermal conductivity, specific heat capacity, and density of each SFRM were determined as a function of
temperature up to 1200 °C (2190 °F). Since there are no ASTM test methods for characterizing the
thermophysical properties of SFRMs as a function of temperature, ASTM test methods developed for
other materials were used. Testing services were provided by Anter Laboratories, Inc., Pittsburgh,
Pennsylvania, through a competitive open procurement. Anter Laboratories is an ISO 9002 certified
company. Test results were presented to NIST in the form of a letter report with data and plots as
attachments.
6.3.1

Sample Preparation

Samples of CAFCO BLAZE-SHIELD DC/F and II were prepared by Isolatek, Inc. in Stanhope, New
Jersey, and samples of Monokote MK-5 were prepared by W.R. Grace and Co. in Cambridge,
Massachusetts, according to their respective application manuals. Since Monokote MK-5 is no longer on
8

In Fig. A-61, thermal conductivity is reported as an R-value per in. thickness. The inverse of this value is the thermal
conductivity. Thus a reported R value of 3.45 indicates a thermal conductivity of 0.29 Btu-in./(ft2 · °F · h) or 0.042 W/(m · K).
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the market, it was manufactured specially by W.R. Grace according to the original MK-5 formulation.
The samples were made from the same batch of raw materials, shipped to NIST for examination and
documentation, and sent to Anter Laboratories for testing. The samples were 9 in. long, 4.5 in. wide, and
3 in. thick. These dimensions were dictated by the test methods used. Three samples of each material
were sent for testing. Two of them were used for the thermal conductivity measurements, and the third
was used to prepare specimens for the other measurements involved. Figures 6-1, 6-2, and 6-3 show
photographs of samples of BLAZE-SHIELD DC/F, BLAZE-SHIELD II, and Monokote MK-5.

Source: NIST.

Figure 6–1. BLAZE-SHIELD DC/F sample used
for thermophysical property measurements.

Source: NIST.

Figure 6–2. BLAZE-SHIELD II sample used
for thermophysical property measurements.
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Source: NIST.

Figure 6–3. Monokote MK-5 sample used
for thermophysical property measurements.
6.3.2

Thermal Conductivity Measurements

The thermal conductivity measurements were performed according to ASTM C 1113 (ASTM 1999).
This test method is based on heating two specimens with a platinum wire placed between them. The thin
platinum wire serves not only as a heater, but also as a temperature sensor, since the variation of its
electrical resistance during the test is converted into variation of temperature. Thermal conductivity is
calculated based on the rate of temperature increase of the wire and power input.
Anter Laboratories reported that substantial shrinkage occurred during the measurements for the three
materials. The two MK-5 specimens shrunk, exposing the platinum wire positioned between them. For
this reason, no thermal conductivity measurement could be performed for this material at 1,200 °C.
Table 6-4 summarizes thermal conductivity as a function of temperature. The results are plotted in
Fig. 6-4, which also shows the results for BLAZE-SHIELD DC/F from Harmathy, which were obtained
using a variable-state method (Harmathy 1983). The results show similar trends of increased thermal
conductivity with increasing temperature; however, the Monokote MK-5 specimens had a different
behavior than CAFCO BLAZE-SHIELD Type DC/F and Type II at temperatures above 500 °C.
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Table 6–4. Measured thermal conductivity as a function of temperature.
Thermal Conductivity (W/(m · K))a
Temperature (°C)

BLAZE-SHIELD DC/F

BLAZE-SHIELD II

Monokote MK-5

25

0.0460

0.0534

0.0954

50

0.0687

0.0745

0.0926

100

0.0628

0.0921

0.1252

200

0.0810

0.0895

0.0919

300

0.1106

0.1057

0.1214

400

0.1286

0.1362

0.1352

500

0.1651

0.1689

0.1504

600

0.2142

0.2156

0.1622

800

0.3380

0.2763

0.1895

1000

0.5010

0.3708

0.2618

1200

0.5329

0.4081

–

a. SI units are used because this system was used to make the measurements. To convert to Btu-in./(h · ft2 · °F) divide by
0.1442279.
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Figure 6–4. Thermal conductivities of the three SFRMs as a function of temperature.
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Specific Heat Capacity Measurements

For the specific heat capacity measurements, the same instrument (Unitherm™ Model QL−3141) was
used with a slight modification. A thermocouple was added to the system and mounted on the specimen,
parallel with the platinum wire at a known distance from the wire. The test was performed in a similar
manner as the thermal conductivity measurements, but from the thermocouple output the thermal
diffusivity of the material was derived. Knowing the thermal conductivity, the thermal diffusivity, and
the density calculated from the thermal expansion results and the thermogravimetric analysis (see Section
6.3.4), the specific heat capacity of the material was calculated. Table 6-5 tabulates the measurements.
Figure 6-5 compares the present results for BLAZE-SHIELD DC/F with those from Harmathy, which
were obtained using a DuPont 910 differential scanning calorimeter with a heating rate of 5 °C/min
(Harmathy 1983). It is clear from the figure that the inherently indirect nature of the technique used by
Anter Laboratories precludes the direct measurements of specific heat capacity associated with chemical
reactions (peaks in the figure) when the SFRMs are subjected to heating.
Table 6–5. Calculated specific heat capacity of the three SFRMs.
Specific heat capacity (J/(kg K))a
Temperature (°C)

BLAZE-SHIELD DC/F

BLAZE-SHIELD II

Monokote MK-5

25

826.4

801.6

841.0

50

941.5

868.4

1045.8

100

723.9

708.4

1005.7

200

897.2

925.4

1205.5

300

1020.2

1084.7

1253.9

400

1070.6

1147.5

1302.9

500

1097.6

1255.3

1331.6

600

1189.7

1299.1

1400.8

800

1258.6

1369.6

1468.2

1000

1325.3

1411.3

1520.8

1200

1391.7

1461.3

–

a. SI units are used because this system was used to make the measurements. To convert to Btu /(lb · °F) divide by 4186.8.
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Figure 6–5. Comparison of BLAZE-SHIELD DC/F specific heat capacity measurements
from Harmathy (1983) with present results from Anter Laboratories.
To examine the chemical reactions associated with heating of SFRMs, samples were sent to
Thermophysical Properties Research Laboratory (TPRL) in West Lafayette, Indiana to perform
differential scanning calorimetry (DSC) because the DSC in the Building and Fire Research Laboratory at
NIST was not working at that time. The specimens for DSC were prepared by removing small pieces
from the bulk samples. The pieces were placed into small glass vials and sent to TPRL for analysis.
Specific heat capacity was measured in accordance with ASTM E 1269 (ASTM 2001) using a
Perkin-Elmer Model DSC-2 Differential Scanning Calorimeter with sapphire as the reference material.
The standard and SFRM specimens were subjected to the same heat flux as a blank and the differential
powers required to heat the specimen and the standard at the same rate were determined using the digital
data acquisition system. The specific heat capacity of the specimen was computed from the masses of the
sapphire standard and SFRM specimen, the differential power, and the known specific heat capacity of
sapphire. The data were displayed visually as the test progressed. All measured quantities were directly
traceable to NIST standards.
Differential thermal analysis (DTA), which is a "fingerprinting" technique that provides information of
the chemical reactions, phase transformations and structural changes that occur in a specimen during a
heat-up or a cool-down cycle, was used to locate the peaks and valleys during continuous heating to 600
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ºC at a rate of 10 ºC/min. Once the peak and valley regions were identified, the sensitive DSC was used
to examine these regions further at a heating rate of 5 ºC/min, first from room temperature to 350 ºC and
then from 300 ºC to 580 ºC. It was noted by TPRL, however, that the DSC results at temperatures greater
than 350 ºC were of questionable quality and problematic. Only the results (up to 350 ºC) are tabulated in
Appendix B Table B-1 and are displayed in Fig. 6-6, together with the results from Anter Laboratories for
comparison.
Figure 6-7 shows a comparison of specific heat capacity data for BLAZE-SHIELD DC/F from Harmathy
(1983) with the results from TPRL. For temperature up to 350 °C, both results exhibit two peaks
although their locations occur at different temperatures, and their magnitudes are different. In general, an
increase in the heating rate results in a shift of the peaks toward higher temperatures and in increases of
maxima or minima of peaks with narrowing peak widths. Both studies used the same heating rate of 5
°C/min, however, other procedural and operational factors could have affected the measurements. Since
milligram quantities of SFRM are used in DSC, assurance of specimen homogeneity and
representativeness of the bulk sample in the specimen holder is essential to the validity of the
measurements, especially for inhomogeneous materials like SFRMs. In addition, mass loss from the
specimen holder during heating could interfere with the measurements.

10000
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6000

4000

2000
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Figure 6–6. Comparison of specific heat capacity measurements from TPRL with results
from Anter Laboratories.
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Figure 6–7. Comparison of specific heat capacity measurements for BLAZE-SHIELD
DC/F from TPRL with the results from Harmathy (1983).
6.3.4

Density Measurements

Bulk densities of the SFRMs were not measured directly (except at room temperature) but were
calculated from thermal gravimetric analysis (TGA) and thermal expansion measurements. The TGA
tests were performed according to ASTM E 1131 (ASTM 1998) using an Orton Model ST-736 TGA.
The resulting mass changes are shown in Table 6-6. The thermal expansion measurements were
performed according to ASTM E 228 (ASTM 1995) using a Unitherm™ Model 1161 pushrod
dilatometer. Since the materials were not isotropic, separate measurements had to be performed for the X
and Z orientations. It was assumed that the X and Y directions had the same thermal expansion. The Z
direction was defined as the direction perpendicular to the fibrous strands in the samples. The specimens
were tested from room temperature to 1200 °C at a heating rate of 2 °C/min. All of the specimens shrunk
during the tests and in all cases lost contact with the pushrod at temperature about 1100 °C before
reaching the maximum test temperature. Table 6-7 shows the results of the thermal expansion
measurements.
From the thermal expansion measurements, the change in volume for each material was calculated at each
temperature. The density values were calculated from the results of the TGA and thermal expansion.
Table 6-8 summarizes the calculations, and Fig. 6-8 displays the results. The shrinkage of the material
and the specimen mass loss both contribute to the unrealistic variation in density at high temperatures.
Thus the density values are only valid up to 600 °C.
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Table 6–6. Mass loss of SFRMs with increasing temperature.
Mass Change (%)
Temperature (°C)

BLAZE-SHIELD DC/F

BLAZE-SHIELD II

Monokote MK-5

25

0.0

0.0

0.0

50

−0.2

−0.6

−0.5

100

−2.7

−3.9

−2.7

200

−5.1

−7.4

−15.0

300

−6.0

−8.7

−19.0

400

−6.7

−9.9

−22.0

500

−7.5

−11.0

−23.0

600

−8.6

−12.0

−24.0

800

−11.0

−16.0

−25.0

1000

−11.0

−16.0

−27.0

1200

−14.0

−20.0

−42.0

Table 6–7. Thermal expansion results of SFRMs.
Thermal Expansion (%)
Temperature (°C)

BLAZE-SHIELD DC/F

BLAZE-SHIELD II

Monokote MK-5

X and Y
Direction

Z direction

X and Y
Direction

Z direction

X and Y
Direction

Z direction

25

0.00

0.00

0.00

0.00

0.00

0.00

50

0.02

0.02

0.02

0.02

0.03

0.03

100

0.05

0.03

0.04

−0.04

0.08

0.09

200

0.10

−0.13

0.04

−0.36

−0.06

−0.13

300

0.17

−0.12

0.09

−0.48

−0.23

−0.23

400

0.23

−0.16

0.11

−0.63

−0.65

−0.92

500

0.19

−0.38

0.08

−0.98

−0.69

−0.97

600

0.06

−0.93

−0.07

−1.45

−0.69

−0.97

800

−10.95

−26.40

−12.56

−12.42

−1.22

−2.13

1000

−11.83

−27.86

−12.80

−13.63

−7.03

−8.32
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Table 6–8. Calculated densities of SFRMs.
Density (kg/m3)a
Temperature (°C)

BLAZE-SHIELD DC/F

BLAZE-SHIELD II

Monokote MK-5

25

236.8

313.7

292.4

50

236.1

311.5

290.5

100

230.1

301.3

283.8

200

224.6

291.3

249.1

300

222.1

287.2

238.5

400

220.3

283.7

233.2

500

219.0

281.5

230.5

600

218.2

280.5

227.5

800

361.1

393.4

229.6

1000

375.8

401.1

269.3

1200

432.1

436.7

369.4

a. To convert to pcf multiply by 0.062428.
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Figure 6–8. Bulk densities of the three SFRMs as a function of temperature.
6.3.5

Concluding Remarks

It should be noted that the thermal conductivity and bulk density depend on how the SFRM is sprayed or
applied; therefore, it is expected that the results will vary from sample to sample. In general, the thermal
conductivity of a porous material is a complex function of bulk density, porosity, and other material
properties (e.g., Stephenson and Mark 1961). Recent attempts to use existing predictive methods to
estimate thermal conductivities of porous media for SFRMs shows some promise, and alternative
approaches have also been proposed for future research.9

9

Bentz, D. P., Prasad, K. R. and Yang, J.C.. 2004. Towards a Methodology for the Characterization of Fire Protection Materials
with Respect to Thermal Performance Models. Fire and Materials (in review).
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THERMOPHYSICAL PROPERTIES OF GYPSUM PANELS

In this section, measurement results of the thermophysical properties of four gypsum materials will be
presented. Unless stated otherwise, measurements were performed by Thermophysical Properties
Research Laboratory Inc. (TPRL) in West Lafayette, Indiana. Four types of gypsum materials produced
by U.S. Gypsum Co. were examined. They were:
1. Firecode Core Type X 5/8 in. SHEETROCK gypsum panel,
2. Firecode C Core ½ in. SHEETROCK gypsum panel,
3. Firecode C Core 5/8 in. SHEETROCK gypsum panel, and
4. 1 in. SHEETROCK gypsum liner panel.
6.4.1

Samples

The gypsum materials were all commercially available and were purchased from a local building supply
store in Gaithersburg, Maryland. Samples were cut from the gypsum panel using a box cutter and then
sent to the testing laboratory.
6.4.2

Thermal Conductivity Measurements

Thermal conductivity was measured using the heated probe technique described in ASTM D 5334
(ASTM 2000h). The following description of the heated probe method is provided by TPRL:10
“In the heated probe method, which may be considered as a variant of the
line source method, the line source and temperature sensor are combined
in one small diameter probe. This probe is inserted into the sample and
the heater turned on for a preselected time interval. During this time
interval, the rate of heating of the probe is measured. This heating rate
quickly becomes semi-logarithmic and from this semi-logarithmic rate,
the thermal conductivity of the sample is calculated. The probe may be
inserted into powders, fluids, small holes drilled into rocks, biological
materials, etc. A variety of probe sizes, ranging from needle-shaped to
rods are available. The data is collected by the PC based digital data
acquisition system and the heating rate displayed visually. A semilogarithmic portion of the heating curve is chosen using the mouse and
the conductivity calculated based on this portion of the curve.”
The measurement results are summarized in Table 6-9, and the results are plotted in Fig. 6-9..

10

www.tpfrl.com/heatprb.html

70

NIST NCSTAR 1-6A, WTC Investigation

Draft for Public Comment

Thermophysical Properties

Table 6–9. Thermal conductivities of SHEETROCK gypsum materials.
Firecode Core Type X
5/8 in.

Firecode C Core ½ in.

Firecode C Core
5/8 in.

1 in. Liner Panel

(°C)

(W/(m K))a

(°C)

(W/(m K)

(°C)

(W/(m K)

(°C)

(W/(m K)

23

0.156

23

0.194

23

0.154

23

0.133

45

0.1533

47

0.184

56

0.148

48

0.135

100

0.1558

97

0.188

103

0.156

97

0.136

222

0.0963

200

0.100

230

0.090

200

0.093

296

0.0976

299

0.097

318

0.105

293

0.089

384

0.0987

406

0.106

428

0.113

413

0.107

482

0.1102

496

0.113

508

0.113

508

0.116

591

0.1276

603

0.121

609

0.131

598

0.134

a. To convert to Btu · in./(h · ft2 · °F) divide by 0.1442279.
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Figure 6–9. Thermal conductivities of the four gypsum materials as a function of
temperature.
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Figure 6-10 shows a comparison of the current thermal conductivity measurements with data from
Mehaffey et al. (1994) for Firecode Core Type X gypsum panel. The data from Mehaffey et al. were
obtained using a commercially available thermal conductivity meter. Both sets of data exhibit similar
trends, although, in general, the values from Mehaffey et al. are higher.
A comparison of the current thermal conductivity results with the data obtained from Harmathy (1983)
and Mehaffey et al. (1994) for Firecode C Core gypsum panel is shown in Fig. 6-11. The conductivities
from Harmathy (1983) are higher than those obtained from other studies. In general, the thermal
conductivity initially decreases and then increases with increasing temperature.
0.35

Firecode Core Type X
TPRL
from Mehaffey et al. (1994)

Thermal conductivity (W/m K)
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Figure 6–10. Comparison of the thermal conductivity measurements from TPRL with the
data from Mehaffey et al. (1994) for Firecode Core Type X gypsum panel.
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Figure 6–11. Comparison of the thermal conductivity measurements from TPRL with
other literature values for Firecode C Core gypsum panel.
6.4.3

Specific Heat Capacity Measurements

Specific heat capacities of the cores of the four gypsum panel samples were measured using a TA
Instruments DSC 2910 differential scanning calorimeter at NIST. Tests were conducted according to the
procedure described in ASTM E 1269 (2001). Specimens of approximately 8.4 mg ± 0.1 mg in mass
were held isothermally at 30 °C for 5 minutes. The temperatures were then increased at a rate of 20
°C/min to a maximum temperature of 600 °C, the operating limit of this instrument. The specimens were
held isothermally at 600 °C for an additional 5 minutes. Single scans of both an empty pan and a pan
containing standard reference material SRM 720 (sapphire or α-Al2O3) were conducted prior to testing
and used to determine calorimetric sensitivity. The apparent specific heat capacity was calculated
according to the formulas presented in the ASTM standard.
An additional modification to the ASTM test procedure was necessitated by the chemical nature of the
material comprising the cores of the boards. The dominant material in the cores is gypsum, a naturally
occurring mineral composed of calcium sulfate chemically bound to hydrated water (calcium sulfate
dihydrate or CaSO4·2H2O). As gypsum is heated, the hydrated water is liberated in two endothermic
chemical reactions. If the core materials were contained within sealed hermetic pans, out-gassing of the
liberated water would eventually increase the pressure beyond the accepted limits of the pans. Use of an
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open pan is undesirable, however, as the dehydration reactions also depend on the partial pressure of
water vapor in the gas surrounding the material. Aluminum hermetic pans with 50 µm diameter pinholes
in the lids were therefore used. The small diameter hole allowed pressure to dissipate from the pan,
maintaining structural integrity, but retained sufficient water vapor to resolve the two dehydration
processes. As the core of the gypsum panel is porous, having a porosity of approximately 0.3 (Blondeau
et al. 2003), it is further expected that the liberated water will remain locally in the form of vapor even as
pressure diffuses across the porous matrix. The procedure used should, therefore, provide a better
estimate of the response of gypsum panel cores to the rapid heating observed in fires.
Results are presented as apparent specific heat capacity of the material with respect to the initial mass of
the specimen. Clearly as the water is driven from the samples and bleeds through the pinhole, the mass of
the sample will decrease. Results of thermal gravimetric tests should also be used if the true specific heat
capacity of the material is desired. The data are presented in Tables B-2, B-3, B-4 and B-5 and are
plotted in Figs. B-1, B-2, B-3, and B-4 in the Appendix B. Peaks and valleys attributed to chemical
changes are labeled on each graph with the corresponding chemical reaction. Figure 6-12 is a plot of the
results for all four gypsum materials. It is seen that the four panels had similar specific heat capacities as a
function of temperature.
25000
Firecode Core Type X
Firecode C Core (1/2")
Firecode C Core (5/8")
1" Liner Panel

Cp (J/kg K)

20000

15000

10000

5000

0

0

100

200

300

400

500

600

700

Temperature (oC)
Figure 6–12. Comparison of specific heat capacities for the four gypsum materials.
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Density Measurements

TPRL used a Netzsch Model 409 Simultaneous Thermal Analyzer (STA) equipped with both high and
low temperature furnaces was used to determine mass changes as a function of temperature. The STA is
vacuum tight, allowing specimens to be tested in pure inert, reducing, or oxidizing atmospheres as well as
under vacuum. The unit can be operated in the differential scanning calorimetric (DSC) or
thermogravimetric analysis (TGA) mode.
A dual push-rod dilatometer (Theta Dilatronics II) was used to measure linear thermal expansion
following the procedure in ASTM E 228 (ATM 1995). The differential expansion between the gypsum
specimen and a known standard reference material was measured as a function of temperature. The
expansion of the specimen is computed from this differential expansion and the expansion of the standard.
The measurements are made under computer control and linear expansion is calculated at pre-selected
temperatures. Six standard reference materials for expansion were obtained from NIST and these include
materials with low, moderate, and large expansions. For the purposes of calibration and checkout, one
NIST standard was measured against another NIST standard.
Densities were calculated from the TGA results and linear thermal expansion measurements. Table 6-10
summarizes the calculated results, which are also plotted in Fig. 6-13. All four materials show the same
trend as a function of temperature. The variation of density with temperature is associated with the mass
loss and the change in volume of the gypsum material.
Table 6–10. Bulk densities of the four gypsum materials.
Density (kg/m3)a
Temperature
(°C)

Firecode Core
Type X ½ in.

Firecode C Core
½ in.

Firecode C Core
5/8 in.

1 in. Liner Panel

23

709

760

787

770

50

706

759

785

767

100

680

754

780

759

150

629

725

752

721

200

586

668

691

664

250

580

636

656

638

300

581

634

654

636

350

582

634

654

638

400

597

659

679

659

450

600

665

684

663

500

600

664

682

664

550

599

663

681

664

600

605

663

682

664

a. To convert to pcf multiply by 0.062428.
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Figure 6–13 Bulk densities of the four gypsum materials as a function of temperature.

76

NIST NCSTAR 1-6A, WTC Investigation

Chapter 7
ADHESIVE AND COHESIVE STRENGTH

In order to analyze the thermo-structural response of the WTC towers during the fires after aircraft
impacts, it was necessary to estimate the extent of dislodged thermal insulation on structural members.
Dislodgement could occur as a result of:
•

Direct impact by debris resulting from breakup of the aircraft and its contents and breakup of
structural elements, or

•

Inertial forces due to vibration of members excited by the impact events.

For a given level of vibration, the magnitude of the inertial forces acting on the insulation depends on the
density and thickness of the thermal insulation. The insulation would dislodge if the stresses resulting
from inertial forces exceed the strength of the insulation. The focus of the investigation reported in this
chapter was to determine tensile strength characteristics of the thermal insulation. Information on inplace measurements provide by the Port Authority are reviewed. The experimental approach used to
obtain additional information is presented along with test results. Finally, a simplified approach is
presented for estimating the accelerations required to dislodge the thermal insulation.

7.1

REPORTED IN-PLACE DENSITY AND BOND STRENGTH

As was mentioned in Section 4.3, the Port Authority provided data on in-place density and tensile
strength characteristics of the thermal insulation applied to the floor trusses during tenant alterations.
Figure A-60 shows an example of such test reports. The reports indicated that tests were done in
accordance with ASTM E 605 (density) and ASTM E 736 (cohesion/adhesion strength). As mentioned in
Chapter 4, CAFCO BLAZE-SHIELD II was used in the upgrade, and as noted previously in Table 6-3,
the manufacturer indicated that BLAZE-SHIELD II is about 20 % denser and has about 20 % higher
adhesive/cohesive strength compared with BLAZE-SHIELD DC/F.
According to ASTM E 605 (ASTM 2000a), density is determined by removing a rectangular portion of
the insulation after taking 12 thickness measurements to obtain the average thickness. The length and
width of the removed specimen are measured, and the volume is calculated. The equilibrium mass of the
specimen is determined, and density is calculated by diving the mass by the volume. The test reports
provided by the Port Authority provided no notes to indicate deviations from the standard procedure.
The technique described in ASTM E 736 (ASTM 2000b) is illustrated in Fig. 7-1. A bottle screw cap is
glued to the surface of the thermal insulation, and after the glue has cured, the cap is pulled. The force
required to pull off the cap is divide by the area of the cap, and reported as the “cohesive/adhesive
strength.” Failure is described as “cohesive” if it occurs within the insulation and is defined as “adhesive”
if it occurs at the interface with the substrate. Figure 7-2 shows an example of a cohesive failure.
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Tensile Load

Bottle screw cap

Adhesive

SFRM

Cohesive failure

Steel Substrate

Figure 7–1. Bond strength test using screw cap in accordance with ASTM E 736.

Source: NIST.

Figure 7–2. Cohesive failure of SFRM using ASTM E 736 test (dashed circle is
approximate location of cap before being pulled off.
Table 7-1 summarizes the density and strength data provided by the Port Authority (see also Table 4-2).
The results of the tests are labeled as “bond strength.” Test method ASTM E 736 calls for reporting the
failure mode, but the Port Authority test reports did not include information on the nature of the failure
associated with the reported strengths. The density values in Table 7-1 are plotted in Figs. 7-3 and the
bond strength values are plotted in Fig. 7-4. Analysis of the density values indicated no statistically
significant differences between the reported SFRM densities in the two towers. The overall average
density was 18.9 pcf with a standard deviation of 3.2 pcf, giving a coefficient of variation of 16 %.
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Table 7–1. Density and bond strength of SFRM on floor trusses reported by Port
Authority.
Tower

Floor
79

81

83

85

92

1
93

94

95

96
97

Bond
Density, pcf Strength, psf
16.6

333

19.0

270

17.4

Tower

Floor

Bond
Density, pcf Strength, psf
31.3

407

16.8

351

352

19.6

518

17.6

463

18.8

204

17.4

315

16.6

222

16.0

259

18.4

204

28.7

162

16.4

278

23.7

180

17.3

278

18.6

288

19.9

333

15.8

278

16.5

333

16.4

259

16.9

333

20.3

360

15.9

315

15.4

324

19.4

351

18.0

360

19.4

198

14.3

153

17.2

297

16.6

207

17.0

288

16.1

216

18.1

270

18.4

234

18.0

167

15.1

162

16.0

333

17.4

180

15.0

157

21.3

216

22.4

370

21.2

486

15.8

333

20.5

504

15.3

270

20.1

288

19.7

342

18.0

270

21.1

360

20.1

306

19.7

297

20.4

198

19.5

315

20.5

486

22.7

252

19.8

288

21.9

306

19.9

324

19.5

270

26.5

360
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Density, pcf
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Figure 7–3. In-place density of BLAZE-SHIELD Type II on floor trusses from Port
Authority test reports during the period 1997-1999.
600

Bond Strength, psf

500
400
300
200
WTC 1
WTC 2

100
0
75

80

85

90

95

100

105
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Figure 7–4. In-place bond strength of BLAZE-SHIELD Type II using ASTM E 736 from
Port Authority test reports during the period 1997-1999.
Analysis of the bond strength values indicated that there were statistically significant differences between
the average bond strengths for the different floors, but here was no statistically significant difference
between the average bond strengths for the two towers. The overall average bond strength was 302 psf,
with a standard deviation of 91 psf, giving a coefficient of variation of 30 %. This value is less than the
value of 360 psf indicated in Table 6-3, but the tabulated values is for tests under controlled conditions (
referred to as “tested performance” in the manufacturer’s literature) and is not representative of field
strengths. ISOLATEK product literature dated February 2002 refers to an average bond strength of 150
psf as “standard performance” and this same value is used in its guide specification for BLAZE-SHEILD
II. Thus the reported bond strengths shown in Fig. 7-4 are consistent with expectations.
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7.2

Adhesive and Cohesive Strength

SPECIMEN PREPARATION AND TEST PROCEDURES

While the in-place bond strength data of BLAZE-SHIELD II reported by the Port Authority appear to
indicate acceptable performance, results of ASTM E 736 tests do not provide sufficient information for
predicting whether insulation would be dislodged from structural members under various impact
conditions. The standard test does not provide unambiguous values of cohesive and adhesive strengths
and it does not provide tensile properties in a direction parallel to the surface, that is, in-plane cohesive
strength. As was mentioned in Section 6.3.4, because of the way a fibrous SFRM is installed, the
resulting material is not isotropic. Layers of fiber bundles are deposited parallel to the surface of the
substrate. It is expected that the strength perpendicular to the planes of the layers would be less than the
strength parallel to the layers. Thus a series of tests were conducted that would allow different strength
properties to be determined. In addition, it was decided to test BLAZE-SHIELD DC/F because the Port
Authority data did not include tests of this material.
7.2.1

Preparation of Test Plates

Test specimens were made by applying the SFRM to ¼ in. steel plates measuring 8 in. by 16 in. One half
of the plates were coated with Series 10 Tnemec Primer (99 red)11, which is the primer that was specified
for the exterior columns (see Appendix A Fig. A-63). Nominal SFRM thicknesses of ¾ in. and 1½ in.
were applied. Thickness was controlled by surrounding the steel plates with wood strips to form molds
of the desired depth. Figure 7-5 shows the application of BLAZE-SHIELD DC/F to the steel plates
positioned on the floor of the laboratory. Thickness was built up in several passes of the spray nozzle.
Gentle hand rubbing was used to reduce local high spots and produce reasonably uniform thicknesses.
The average thickness of SFRM for the ¾ in. plates was 0.85 in. with a standard deviation of 0.08 in. For
the 1½ in. plates, the average thickness was 1.62 in. with a standard deviation of 0.16 in. The plate
specimens were allowed to dry for over five months in the laboratory before testing. Companion
specimens were weighed periodically for loss of water and it was found that the 1½ in. thick specimen
reached equilibrium in about one month.
7.2.2

Test Methods

It was desired to determine adhesive strength, cohesive strength normal to the surface, and cohesive
strength parallel to the surface of the SFRM. Figure 7-6 is a schematic of the method used to measure the
first two properties. This approach is based on the standard pull-off test method used in concrete
technology to measure the bond strength of overlays applied to concrete substrates (ASTM 2004b). The
SFRM layer was cut carefully in two directions and a 3/8 in. by 2.7 in. by 2.7 in. aluminum plate was
glued to the surface. After the adhesive had cured, a tensile load was applied to the plate and the force
required to pull off the SFRM was measured. The advantages of this approach over the ASTM 736
technique are that the resisting area is easily determined and it offers the ability to measure both adhesive
and cohesive strengths.

11

Tnemec Company Inc., 6800 Corporate Drive, Kansas City, Missouri 64120-1372.
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Source: NIST.

Figure 7–5. Spraying steel plates with BLAZE-SHIELD DC/F.

Aluminum
Al Plate Plate

Adhesive
Adhesive

Saw cut

SFRM

Figure 7–6. Schematic of “pull-off’ test method used to measure cohesive and adhesive
strengths.
In using the method shown in Fig. 7-6, one does not know before hand what type of failure will occur,
that is, whether it will be adhesive failure at the SFRM/steel interface or cohesive failure in the bulk
SFRM. Failure occurs at the weakest link. It is possible, however, by a simple modification of the usual
procedure to measure both strengths in the same specimen. This is accomplished by bonding together the
failed specimen after the first test, and performing a second test on the repaired specimen. This approach
is illustrated in Fig. 7-7, where the schematics on the left represent the first test and those on the right
represent the re-test. Two cases are illustrated:
•

Case 1: The initial failure is an adhesive failure near the SFRM/steel interface, and after repairing
the specimen the second failure is a cohesive failure in the bulk SFRM.

•

Case 2: The initial failure is a cohesive failure in the bulk SFRM, and after specimen repair the
second failure is an adhesive failure near the SFRM/steel interface.

As will be seen, this approach works because adhesive and cohesive strengths are similar in magnitude.
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First Test

Re-Test

Case 1

Adhesive failure

Cohesive failure

Case 2

Cohesive failure

Adhesive failure
Failure plane

Adhesive

Figure 7–7. Technique used to measure both “adhesive” and “cohesive” strength in the
same specimen.
The cohesive strength parallel to the surface was determined on specimens obtained by carefully
removing the SFRM layer from the steel and preparing a prism that could be loaded as shown in Fig. 7-8.
The following section describes how the test specimens were prepared.
7.2.3

Preparation of Test Specimens

From each plate, three specimens were prepared for measuring both density and in-plane cohesive
strength, and two specimens were prepared for measuring adhesive strength and cohesive strength normal
to the surface. The first step was to cut the SFRM layer into five 2.7 in. wide strips. A fine-toothed saw
blade was used, and the sawing motion was done carefully so as to minimize damage to the SFRM (see
Fig. 7-9). The two outer strips and the middle strip were debonded from the steel plate by using a
sharpened putty knife. Care was taken to ensure that the two strips for adhesive/cohesive strength testing
were not disturbed (see Fig. 7-10).
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Aluminum plate
Adhesive

SFRM

Steel plate

Adhesive

Figure 7–8. Method to measure cohesive strength parallel to SFRM surface (in-plane
cohesive strength).

Source: NIST.

Figure 7–9. Cutting the SFRM layer into five strips.
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Source: NIST.

Figure 7–10. Five specimens obtained from single plate; top three specimens are
used for density and in-plane cohesive strength, bottom specimens are used
for adhesion/cohesion tests.
For the adhesive/cohesive strength tests, an aluminum plate was bonded to the top surface using a fast
curing, two-component urethane foam adhesive. Fixtures were used to ensure that the bonded plate was
parallel to the steel plate (see Fig. 7-11). After the adhesive had cured, the SFRM layer was cut as shown
in Fig. 7-12 so as to produce a prismatic test specimen. A hook was screwed into the aluminum plate and
a load was applied by hand using a 50-lb digital force gage (see Fig. 7-13). The force gage was able to
store the peak load attained during the test. During loading, the steel plate was placed on the floor and a
foot was placed at each end of the plate to provide resistance to the applied tensile load. The average
length and width of the failure area was measured and used to compute the adhesive or cohesive strength.
After the first test, the specimen was repaired with the same polyurethane adhesive and the test was
repeated as discussed in Section 7.2.2. Figure 7-14 shows two specimens after the first test. The
specimen on the left failed in the bulk material, thereby giving a measure of the cohesive strength normal
to the surface. The specimen on the right failed near the SFRM/steel interface, which is taken to be the
adhesive strength. Figure 7-15 shows the same two specimens after they had been repaired and subjected
to the second loading. Now the specimen on the right shows a crack in the bulk material, and the
specimen on the left shows separation near the SFRM/steel interface. Note that for the specimen on the
right, which had an adhesive failure during the first loading, the failed specimen was bonded to a bare
steel plate (not shown) for the second test to measure cohesive strength.
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Source: NIST.

Figure 7–11. Aluminum plate being bonded to the top surface of SFRM specimen; the
wooden fixture is used to maintain the correct alignment of the plate.

Source: NIST.

Figure 7–12. Preparing the SFRM specimen for adhesion/cohesion test.

86

NIST NCSTAR 1-6A, WTC Investigation

Draft for Public Comment

Adhesive and Cohesive Strength

Source: NIST.

Figure 7–13. Manual application of tensile load using digital force gage.

Original location of
test specimen with
“adhesive” failure

Source: NIST.

Figure 7–14. Results of first loading: specimen on left had a
cohesive failure in the bulk SFRM, specimen on right failed near the
SFRM/steel interface.
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Source: NIST.

Figure 7–15. Results of second tests after repair: specimen on left
had adhesive failure and specimen on right had cohesive failure.
The other three strips (see Fig. 7-10) were used for determining density and in-plane cohesive strength.
First, the top surfaces of the debonded strips were sanded on a belt sander to obtain prismatic specimens.
About 0.2 in. was removed from the ¾ in. plates and about 0.4 in. was removed from the 1½ in. plates.
The prisms were weighed and their average dimensions determined. The densities were obtained from
the masses and computed volumes. Each prism was then bonded to a steel plate with the polyurethane
adhesive. An aluminum plate was bonded to the other end of the specimen. After the adhesive had cured,
a tensile load was applied to the aluminum plate until the SFRM failed (see Fig. 7-16). The area of the
fracture plane was determined and the in-plane cohesive strength calculated from the recorded maximum
load.

Source: NIST.

Figure 7–16. SFRM specimen after measuring in-plane cohesive strength.
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7.3

Adhesive and Cohesive Strength

TEST RESULTS

Table 7-2 summarizes the properties that were measured and the types of SFRM plates that were tested.
It was assumed that the presence or absence of primer on the steel plates would not affect density or inplane cohesive strength. Thus only primed plates were used for these properties. The following sections
summarize the test results.
Table 7–2. Test matrix.
Property

¾ in. Nominal Thickness
With Primer

1½ in. Nominal Thickness

Bare Steel

With Primer

Density

X

X

In-plane cohesive strength

X

X

Adhesive/Cohesive (N)* strength

X

X

X

Bare Steel

X

*N indicates normal to surface of SFRM

7.3.1

Density

As mentioned in Section 7.2.3, density was determined by weighing prismatic specimens prepared by
sanding the irregular exposed surface of the SFRM. The specimens were about 5 months old when tested
and had attained equilibrium water contents. Five plates with primed steel were chosen at random for
each SFRM thickness. Table 7-3 lists the individual determinations, and Fig. 7-17 is a plot of the data.
The average density of the ¾ in. thick specimens is 27.2 pcf, with a standard deviation of 0.8 pcf; and for
the 1½ in. thick specimens the average density is 29.7 pcf with a standard deviation of 1.3 pcf. The
difference in average values for the two thicknesses was found to be statistically significant.
Table 7–3. Density of BLAZE-SHIELD DC/F specimens.
Nominal
Thickness Specimen

¾ in.

7-a
7-b
7-c
6-a
6-b
6-c
18-a
18-b
18-c
16-a
16-b
16-c
2-a
2-b
2-c

NIST NCSTAR 1-6A, WTC Investigation

Density, Nominal
pcf
Thickness Specimen
26.1
26.0
26.6
27.2
27.2
26.7
26.2
28.1
27.2
27.0
28.2
28.3
27.9
26.7
28.0

1½ in.

24-a
24-b
24-c
29-a
29-b
29-c
10-a
10-b
10-c
30-a
30-b
30-c
11-a
11-b
11-c

Density,
pcf
29.5
29.2
29.3
30.0
29.0
29.6
31.2
31.4
29.9
26.9
27.7
29.5
31.5
30.5
29.7
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32
31

Density, pcf

30
29

3/4 in.

1-1/2 in.

28
27
26
25
0

2

4

6

Specimen

8

10

12

Figure 7–17. Density of BLAZE-SHIELD DC/F specimens.
These measured densities are unexpectedly high compared with published values and the values reported
in Table 6-8, which indicates a room temperature density of 14.8 pcf. The 2001 IBCO Evaluation Service
report E-R 1244, refers to a minimum average density of 13 pcf for BLAZE-SHIELD DC/F
(ICBO 2001). The air-dry densities obtained in the NIST/UL fire endurance tests of floor truss
assemblies (NIST NCSTAR 1-6B)12 are shown in Fig. 7-18. Again, those densities are lower than
obtained in this study. The exact reason for the higher density in this study is not known, but possible
reasons include the following:

12

•

The use of forms, as apposed to only a piece of sheet metal (as in ASTM E 605), may have
provided confinement during spraying leading to more consolidation of the SFRM.

•

The smoothing of the top surface by sanding removed the less dense material. Recall that about
0.2 in. and 0.4 in. were removed from the ¾ in. and 1½ in. plates, respectively.

•

The hand screening that was done to remove local high spots may have resulted in additional
consolidation.

This reference is to one of the companion documents from this Investigation. A list of these documents appears in the Preface
to this report.
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26

Density pcf

24
22
20
18
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14

Test Asssembly

Figure 7–18. Air-dry density of BLAZE-SHIELD DC/F from NIST/UL floor truss fire
endurance tests (NIST NCSTAR 1-6B).
7.3.2

In-Plane Cohesive Strength

After completing the density determinations the prismatic specimens of SFRM were bonded to a bare
steel plate and an aluminum plate was bonded to the other end (see Fig. 7-8). The steel plate was placed
on the floor, and a tensile load was applied to the aluminum plate until the SFRM failed. The width and
thickness of the specimen adjacent to the failure plane was measured and the in-place cohesive strength
was calculated.
Table 7-4 lists the individual values on in-plane cohesive strength, and Fig. 7-19 is a plot of the results.
The average strength for the ¾ in. specimens is 1120 psf with a standard deviation of 390 psf. For the 1½
in. specimens the average is 1740 psf with a standard deviation of 540 psf. The difference in average
strength is statistically significant. The relative strengths are consistent with the differences in density for
the two thicknesses.
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Table 7–4. In-plane cohesive strength for BLAZE-SHIELD DC/F specimens.
Nominal
Thickness

Specimen

Cohesive
Strength,
psf

7-a
7-b
7-c
6-a
6-b
6-c
18-a
18-b
18-c
16-a
16-b
16-c
2-a
2-b
2-c

1095
1043
689
919
791
1512
1032
701
953
575
1500
1254
1065
1875
1773

¾ in.

Nominal
Thickness

Specimen

2279
1607
1687
1473
1986
3101
2006
1876
1304
1579
636
1630
1902
1226
1861

24-a
24-b
24-c
29-a
29-b
29-c
10-a
10-b
10-c
30-a
30-b
30-c
11-a
11-b
11-c

1½ in.

Cohesive
Strength,
psf

Cohesive Strength (Parallel), psf

3500
3000
2500

3/4 in.

1-1/2 in.

2000
1500
1000
500
0
0

2

4

6
Specimen

8

10

12

Figure 7–19. In-plane cohesive strength for BLAZE-SHIELD DC/F specimens.
7.3.3

Adhesive Strength

Adhesive failure is defined as failure near the SFRM/steel plate interface. In all cases where there was
measurable adhesive strength a thin layer of cement paste and mineral fibers remained on the steel plate
when the specimen separated. Figure 7-20 shows one of the ¾ in. specimens ( with primed steel) after
testing, and illustrates “adhesive” failure. The photo on the left is a magnified view of about a 0.4
diameter region and shows the thin layer of mineral fibers and paste. Note in the in the right photograph
that there are regions on the steel with no adhering paste, indicating essentially zero adhesive strength.
The locations of the specimens for the adhesion/cohesion tests were chosen based on the location of the
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regions with adhesive failure when the three strips used for density determination were removed. This is
illustrated in Fig. 7-20, where the specimen on the right was located toward the top of the plate and the
one on the left was located at the center.
The plan was to select five plates at random for each combination of SFRM thickness and condition of
steel plate (bare versus primed). It was found that for the 1½ in. plates with primed steel two of the first
three specimens had essentially zero bond strength because the SFRM strips were loose after cutting with
the saw. Figure 7-21 shows an example of a plate with essentially zero adhesion strength. At this point
in the testing, the remaining plates were examined by applying a small force by hand to the SFRM to
check whether there was any significant adhesion. Ten of the 15 plates had no adhesion. Plates 30 and 11
appeared to have some adhesion, so these were selected to complete the 5 replicate plates for this group.
≈ 0.4 in.

Source: NIST.

Figure 7–20. Example of “adhesive” failure of SFRM (original location of test specimens
are the gaps in the two strips); photo on left is magnified view of thin layer of paste and
fibers (the marks around the perimeter is red ink used to locate field of view).
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Source: NIST.

Figure 7–21. Example of lack of adhesion in 1½ in. SFRM on steel plate with primer.
There were no adhesion problems in the specimens made with bare steel. Figure 7-22 shows examples of
specimens with bare steel. The top photograph shows the appearance of a ¾ in. SFRM plate after
removal of the three strips to be used for density testing. The regions of the plates with bare steel are due
to the action of the putty knife used to debond the three strips. The lower photograph shows the
appearance after completion of the adhesion tests on a 1½ in. SFRM specimen, Again the bare spots are
due to scraping by the putty knife.
Table 7-5 shows the adhesive strength results and Fig. 7-23 is a plot of the data. Only four plates were
selected for the ¾ in. SFRM with bare steel and only three were selected for the 1½ in. SFRM with bare
steel. Table 7-6 summarizes the adhesive strength test results. As a point of reference, the manufacturer
of BLAZE-SHIELD DC/F indicates an adhesion/cohesion value under controlled conditions in
accordance with ASTM E 736 of 295 psf (see Appendix A Fig. A-61). In the ASTM standard procedure,
the SFRM is applied to a 12 in. square galvanized steel sheet (0.060 in. thick) at a thickness of ½ in. to 1
in. Note however, that in the ASTM test method, failure can be cohesive (in the bulk SFRM) as well as
combination of adhesive and cohesive failure.
It is clear that the condition of the steel has a significant effect on the SFRM adhesive strength.
Typically, manufacturers require that compatibility with primed steel be evaluated to ensure that proper
materials are used for adequate adhesion. For example, the following text is taken from the ICBO
evaluation of different BLAZE-SHIELD products (ICBO 2001):
“2.2.5 Primed or Painted Surfaces: CAFCO BLAZESHIELD materials
are permitted to cover primed or painted wide flange shapes, subject to
the following requirements:
1. Beam flange width is 12 inches (305 mm), maximum.
2. Column flange width is 16 inches (406 mm), maximum.
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3. Beam or column web depth is 16 inches (406 mm), maximum.
4. Bond tests of five specimens in accordance with ASTM E 736 are
used to verify the bond strength of the fire-protection material to a
painted or primed steel beam or column at the jobsite. Condition of
acceptance is that the average bond strength is 20 times the weight of
in-place fire-protection material but not less than 150 psf (7.2 kN/m2),
or the minimum average bond strength is 80 percent, with a minimum
individual bond strength of 50 percent of the bond strength of fireprotection material applied to bare, clean, 1/8 inch-thick (3.2 mm) steel
plate, whichever is greater. Where bond-strength values are less than
these minimums, CAFCO BOND-SEAL Type E.B.S. adhesive is
applied to the primed or painted surfaces, and the bond-strength tests
are repeated.”
The results of these tests show that BLAZE-SHIELD DC/F is not compatible, from an adhesion point of
view, with the Tnemec 99 Red Metal Primer used in this study and that was specified for the exterior
columns of the WTC towers..
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Original
Locations

Source: NIST.

Figure 7–22. Examples of good adhesion in specimens with unprimed
steel plates: (top) ¾ in. SFRM specimen before testing; (bottom)
1½ in. SFRM specimen after completion of tests.
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Table 7–5. Adhesive strength of BLAZE-SHIELD DC/F specimens.
Nominal
Thickness

Adhesive
Strength, Nominal
psf
Thickness
Specimen

Primer

Yes

¾ in.

No

7-1
7-2
6-1
6-2
18-1
18-2
16-1
16-2
2-1
2-2

175
234
197
267
276
164
257
246
5
32

4-1
4-2
5-1
5-2
6-1
6-2
7-1
7-2

382
423
488
493
365
552
425
472

Primer

Yes

1½ in.

No

Adhesive
Strength,
psf
Specimen
24-1
24-2
29-1
29-2
10-1
10-2
30-1a
30-2a
11-1a
11-2a

0
0
378
401
0
0
501
253
130
44

1-1
1-2
2-1
2-2
3-1
3-2

703
651
543
767
459
876

a. Not selected randomly.

Adhesive Strength, psf

1000
With Primer
No Primer

800

3/4 in.
600

400

1-1/2 in.

200

0
0

5

10

15

20

Specimen

Figure 7–23. Adhesive strength of BLAZE-SHIELD DC/F specimens for primed and
unprimed steel plates.
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Table 7–6. Summary of adhesive strength results.
Nominal
Thickness
¾ in.
1½ in.

Standard
Primer Average, psf Deviation, psf

Coefficient of
Variation, %

Yes

185

96

52

No

450

63

14

Yes

171

a

196

115

No

666

151

23

a. For selected specimens

7.3.4

Cohesive Strength Normal to Surface

As discussed in Section 7.2.3, the same specimens were tested twice (in some cases three times) so as to
determine the adhesive and cohesive strength normal to the surface. Figure 7-24 show examples of
cohesive failures in 1½ in. SFRM specimens. These specimens were subsequently repaired with the
polyurethane foam adhesive, and the adhesive strength was then determined. In general, cohesive failures
tended to occur close to the surface of the SFRM layer. This is logical because less compaction would be
expected near the surface and perhaps less hydration of cement due to drying.

Source: NIST.

Figure 7–24. Examples of cohesive failure in 1½ in. SFRM specimens.
To compare the results from the current test method, one of the ¾ in. plates with bare steel was also
subjected to an ASTM E 736 type test with round screw cap bonded to the top surface. First, a screw-cap
test was conducted at the center of the plate, and then three strips were cut as shown in top photo of Fig.
7-25. Another screw cap test was conducted on the right side of the plate, as shown in the bottom photo of
Fig. 7-25. Finally, two tests with the current procedure were done on the strip on the left side of the plate.
In the bottom photograph it is seen that the screw-cap pulled away in the bulk material near the top
surface.
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Source: NIST.

Figure 7–25. Comparative testing: current method versus
ASTM E 736 method: (top) locations of two screw cap tests;
(bottom) after completion of tests.
Table 7-7 shows the individual cohesive strengths normal to the surface and Fig. 7-26 is a plot of the data.
Table 7-8 summarizes the average strength and variability of test results.
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Table 7–7. Cohesive strength normal to surface for BLAZE-SHIELD DC/F specimens.
Nominal
Thickness

Primer

Cohesive
Specimen Strength psf Thickness

Yes

7-1
7-2
6-1
6-2
18-1
18-2
16-1
16-2
2-1
2-2

318
324
507
381
503
416
401
548
340
595

No

4-1
4-2
5-1
5-2
6-1
6-2
7-1
7-2
7-3
7-4

412
373
349
366
373
264
372
430
419 a
369 a

¾ in.

Primer

Cohesive
Specimen Strength psf

Yes

24-1
24-2
29-1
29-2
10-1
10-2
30-1
30-2
11-1
11-2

538
709
463
592
680
834
458
403
755
667

No

1-1
1-2
2-1a
2-2a
2-1b
2-2b
3-1a
3-2a
3-2a
3-2b

464
574
372
354
661
740
700
530
836
722

1½ in.

a. Using screw cap in accordance with ASTM E 736.

Cohesive Strength (Normal), psf

900
With Primer
No Primer
ASTM Cap

800
700
600
500
400
300

3/4 in.

1-1/2 in.

200
0

5

10

15

20

Specimen

Figure 7–26. Cohesive strength normal to surface for BLAZE-SHIELD DC/F specimens
for primed and unprimed steel plates.
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Table 7–8. Summary of cohesive strengths normal to surface.
Nominal
Thickness

Standard
Primer Average, psf Deviation, psf

¾ in.
1½ in.

Coefficient of
Variation, %

Yes

433

99

23

No

367

79

13

Yes

610

142

23

No

595

163

27

Analysis of the results indicated that there was no statistically significant effect due to the presence or
absence of primer. This is logical, because the condition of the steel surface is not expected to influence
the properties of the bulk SFRM. There was a statistically significant difference in the average strengths
for the two thicknesses, with the 1½ in. SFRM having higher strength. This difference is likely related to
the observed difference in density.
Examination of Fig. 7-26, shows that the two results using the screw caps resulted in values similar to
those obtained with the current test method. This agrees with the view that the ASTM E 736 procedure
probably provides a measure of cohesive strength.
7.3.5

Adhesive Strength Versus Cohesive Strength Normal to Surface

A comparison was made of the adhesive strength and cohesive strength normal to the surface. The
individual results previously shown in Fig. 7-23 and 7-26 are shown as “dotplots” in Fig. 7-27, and the
average values from Tables 7-6 and 7-8 are shown in Table 7-9. In Fig. 2-7, the circles indicate results
with bare steel plates, and the blue points (darker shade) indicate adhesive strength. For the specimens
with primed steel, the average cohesive strength was much greater than the average adhesive strength.
For the specimens made with bare steel, the difference between the averages for the two types of strength
was much smaller. Because of the high variability in individual test results, a formal analysis of variance
indicates that there is an 8 % probability that the difference could be the result of randomness. Generally,
if this probability is greater than 5 %, it can be concluded that the difference is not statistically significant.
Thus for the case of good adhesion, the test results do not contradict the assumption that the adhesive
strength and cohesive strength normal to the surface are equal. If this assumption is accepted, for the
¾ in. SFRM, the average of the adhesive and cohesive strengths is 409 psf, and for the 1½ in. SFRM, the
average is 622 psf.
From the measured strength properties, estimates were made of the local accelerations required to damage
or dislodge the SFRM, as described below.
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1000

1 1/2 in.

Strength, psf

800

3/4 in.

Adhesive-NP
Cohesive-NP
Adhesive-P
Cohesive-P

600
400
200
0

Figure 7–27. Comparison of adhesive strength with cohesive strength normal to surface
(P = primed steel, NP = bare steel).

Table 7–9. Comparison of average adhesive strength and average cohesive strength
normal to surface.

Primer
Yes
No

7.4

Nominal
Thickness, in.

Average
Adhesive
Strength, psf

Standard
Deviation, psf

Average
Cohesive
Strength, psf

Standard
Deviation, psf

¾ in.

185

96

433

99

1½ in.

171

196

610

142

¾ in.

450

63

367

79

1½ in.

666

151

595

163

SIMPLIFIED APPROACH TO PREDICT DISLODGING OF SFRM

This section presents a simplified approach for estimating the acceleration required to dislodge SFRM
from a structural element. When a member is subjected to an impact, it will undergo various modes of
vibration. The vibrations result in local cyclic accelerations. These accelerations are transferred to the
SFRM by forces applied at the interface between the steel and SFRM. Two limiting cases are considered:

102

•

Case 1 is a planar element with SFRM applied to one face of the element. This would be
representative of SFRM applied to large webs and flanges of beams and columns. In this case,
adhesive strength or cohesive strength normal to the surface would be the controlling SFRM
properties.

•

Case 2 is a slender bar encased with SFRM. This would be representative of SFRM applied to
elements of the floor trusses. In this case, in-plane tensile strength and bond strength are the
controlling SFRM properties.
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CASE 1: Planar Element
The simplified model considers the substrate and SFRM as rigid bodies. The SFRM would dislodge
when the inertial force exceeds the smaller of the adhesive bond strength or cohesive strength normal to
the surface. Figure 7-28, shows the free body of the thermal insulation being acted upon by its inertial
force and the adhesive force. The acceleration to dislodge the SFRM from the substrate is:

f
a= b
ρt

(2)

where:
fb = cohesive strength normal to surface or adhesive strength, whichever is smaller
t = thickness of SFRM
ρ = mass density of SFRM.
This equation shows that the acceleration to dislodge the SFRM from a planar surface is directly
proportional to the smaller of adhesive or cohesive strength (normal to surface) and inversely proportional
to the thickness and density.
To arrive at the ranges of accelerations that could be expected to dislodge SFRM from a planar surface,
the following plausible ranges of values were assumed:
•

SFRM thickness: 0.75 in and 2.25 in.;

•

SFRM density: 15 and 25 pcf13;

•

SFRM bond strength: 100 and 500 psf

Table 7-10 shows the resulting accelerations expressed as a multiple of g, which is the gravitational
acceleration. For the combination of low thickness, low density, and high bond strength, the required
acceleration is about 530 g. For the other extreme combination of high thickness, high density, and low
strength, the required acceleration is about 20 g. This simplified model thus gives an approximate range
of the amplitude of accelerations required to dislodge the SFRM from a planar surface, depending on the
actual values of the key parameters. For example, using the average values of in-place measurements for
CAFCO BLAZE-SHIELD II summarized in Section 7.1, for SFRM with a thickness of 2.5 in., a density
of 19 pcf, and an adhesive strength of 300 psf, the SFRM would dislodge from a planar surface at an
acceleration of about 80 g.

13

These numbers need to be converted to units of mass by dividing by the gravitational acceleration.
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Inertial Force Equilibrium

a

fb

F=ma

SFRM

fb A =ρ A t amax
amax = fb /(ρ t)

Substrate

t

A = cross-sectional area

Figure 7–28. Derivation of acceleration to dislodge SFRM from planar substrate.

Table 7–10. Acceleration required to dislodge SFRM from planar surface for different
values of density, thickness and bond strength (adhesive or cohesive).
Bond
Thickness,
Density, pcf Strength, psf
in.
Acceleration/g
15

100

0.75

107

15

100

2.25

32

15

500

0.75

533

15

500

2.25

160

25

100

0.75

64

25

100

2.25

19

25

500

0.75

320

25

500

2.25

96

19

300

2.5

76

Case 2: Encased Bar
The second case is representative of slender elements that would be surrounded by SFRM, such as the
chords and diagonals of the floor trusses. In this case, adhesive strength is of minor importance and the
in-plane cohesive strength is of major importance. Figure 7–29 shows the derivation for the relationship
between material strengths and acceleration to dislodge the SFRM from a round bar. The required
acceleration is as follows:

a=

4 f t (d 0 + (α − 1)d i )
(d 02 − d i2 ) ρ π

(3)

where:
ft = in-plane cohesive strength of SFRM
d0 = outside diameter of SFRM
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di = steel bar diameter
α = ratio of adhesive strength to in-plane cohesive strength of SFRM
ρ = density of SFRM
Inertial Force Equilibrium
( d 2 − d i2 )
Mass = m = π o

4
F = ft (d o − di ) + fb di
Let f b = α f t

ρ

( d 2 − d i2 )
F = f t ( d o + (α − 1) d i ) = π o
ρa
4
4 f ( d + (α − 1) d i )
a= t o
(d o2 − d i2 ) ρπ

a
ft
di

fb

do

SFRM

Figure 7–29. Derivation of acceleration to dislodge SFRM surrounding a round bar.
To arrive at the ranges of accelerations that could be expected to dislodge SFRM from a round bar, the
following ranges of values were assumed:
•

Bar diameter: 0.9 in. and 1.2 in;

•

Thickness [(d0 – di)/2]: 0.75 in and 2.5 in.;

•

Density: 15 and 25 pcf;

•

In-plane cohesive strength: 500 and 2000 psf; and

•

Strength ratio (α): 0 and 0.3.

Table 7-11 shows the results of using these limiting values in Eq. (3). The smallest required acceleration
is about 40g, which corresponds to a large bar having a thick layer of the higher density SFRM with low
strength. At the other extreme, the required acceleration is about 730g. For a 1.2 in. diameter bar with
2.5 in. thickness of SFRM and density of 19 pcf, the acceleration required to dislodge the SFRM would
vary from 55g to 230g, depending on the strength characteristics within the assumed ranges given above.
These simplified models are intended to provide insight into the important variables that affect the
magnitude of the disturbance (that is, acceleration) required to dislodge SFRM from different kinds of
structural members. These models do not consider the fact that the applied acceleration in an actual
structure subjected to impact would vary with time. Also these models apply to members not directly
impacted by debris. As discussed in NCSTAR 1-3C, there was photographic evidence to suggest that
thermal insulation was dislodged from exterior columns in regions not likely to have been impacted
directly by debris.
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Table 7–11. Acceleration required to dislodge SFRM from encased bar for different
values of bar diameter, SFRM thickness, SFRM in-plane cohesive strength,
and strength ratio (alpha).
Bar Diameter,
Outer
Cohesive
in
Diameter, in. Density, pcf Strength, psf
500
15
2000
2.4
500
25
2000
0.9
500
15
2000
5.9
500
25
2000
500
15
2000
2.7
500
25
2000
1.2
500
15
2000
6.2
500
25
2000
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Alpha

Acceleration/g

0

154

0.3

182

0

617

0.3

728

0

93

0.3

109

0

370

0.3

437

0

75

0.3

79

0

300

0.3

316

0

45

0.3

47

0

186

0.3

189

0

131

0.3

162

0

522

0.3

648

0

78

0.3

97

0

313

0.3

389

0

69

0.3

74

0

275

0.3

295

0

41

0.3

44

0

165

0.3

177
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SUMMARY

This report focused on the passive fire protection used in the WTC towers. Specifically it sought to
establish the likely characteristic of the sprayed fire-resistive materials applied to the structural system.
This information was required for calculating the thermal histories of structural members in a
conventional building fire and during the fires after aircraft impact.
To provide context, a brief review of code provisions related to structural fire protection wasprovided. An
effort was made to document key decisions and actions related to passive fire protection during the
design, construction, and subsequent occupancy of the towers. Copies of documents that support the
findings are provided in Appendix A.
The NIST investigation sought available information on the in-place condition of the SFRM in the WTC
towers. Some information was provided by the Port Authority in the form of thickness, density, and bond
strength measurements on floor trusses taken at various times during the 1990s. Additional information
was obtained from photographs of floor trusses provided to NIST. Analyses of the data indicated that
fire-resistive material thickness was variable, as would be expected for application to floor truss members
with small cross sections.
Results of simplified finite-element simulations of heat transfer under fire conditions showed that
variability in thickness of SFRM reduced the effectiveness of the insulation so that protection is less than
implied by the average thickness of the SFRM. A procedure was developed for estimating the equivalent
uniform thickness of the variable thickness SFRM.
Tests were done on samples of SFRMs to establish the temperature dependencies of key thermophysical
properties that were needed for calculating the thermal-structural response of the towers.
Tests were also done to establish basic tensile strength properties of SFRM, which are necessary to
estimate the extent of dislodgement due to aircraft impact. Photographic evidence, documented in
another phase of the investigations (see NCSTAR 1-3C), suggested that thermal insulation was dislodged
from visible portions of the exterior columns of WTC 1 and 2 that were not impacted directly by debris.

8.1

FINDINGS

The following are the key findings based on the information discussed in this report.
•

The reviewed documents appear to indicate that the initial design of the towers was based on the
1938 New York City Building Code and predicated on a Class 1A classification, which required a
4 h fire rating for columns and 3 h for the floor system. The WTC towers were classified
subsequently as Class 1B, as defined by the 1968 New York City Building Code. This required a
3 h fire rating for columns and 2 h for the floor system. A condition assessment conducted in
2000 reported that the WTC towers were classified as Class-1B—noncombustible, fire-protected,
retrofitted with sprinklers in accordance with Local Law 5/1973.
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•

The use of sprayed fire protection for floor trusses was innovative at the time of the design of the
WTC and not consistent with prevailing practice, which used enclosures of fire-resistive materials
to surround the floor trusses. Trial applications were performed to demonstrate that is was
feasible and practicable to use this fire protection method for the composite floor truss system.
Correspondence revealed that adhesion problems were encountered during application of the
SFRM to the exterior columns.

•

The 1968 New York City Building Code required testing of assemblies to establish that their fire
rating conformed to Code requirements. The manufacturer of the floor trusses, the Architect of
Record, and the Structural Engineer of Record recognized the need for such fire endurance testing
of the composite floor system. There were no records of a fire endurance test of the WTC floor
system.

•

Fire protection of the exterior columns was the responsibility of Alcoa, which sub-contracted the
work to Mario & Di Bono Plastering Co. The sprayed fire protection of the floor trusses and core
members was performed under a separate contract awarded to Mario & Di Bono. The project
specifications for sprayed fire protection of the interior portions of the towers did not specify the
type of material or thickness to be applied. Correspondence in 1969, from the construction
manager to Mario and Di Bono, stated that those portions of the floor system requiring thermal
protection were “to have a ½ in. covering of ‘Cafco.’” The product known as “Cafco” was
CAFCO BLAZE-SHIELD Type D supplied by U. S. Mineral Products Co., and was composed of
asbestos fibers with a portland cement binder. No evidence was available to provide the technical
basis for the value of ½ in. thickness indicated in the correspondence. Correspondence and other
documents indicated that economics was an important factor in the Port Authority’s decisions
related to passive fire protection.

•

Because of the asbestos fibers, the use of CAFCO BLAZE-SHIELD Type D, was discontinued in
1970 at the 38th floor of WTC 1. The existing thermal insulation was encapsulated with a coating
to contain the asbestos fibers. CAFCO BLAZE-SHIELD Type DC/F was used as its replacement.
This material contained mineral fibers instead of asbestos. Tests conducted by Underwriters
Laboratories in 1970 indicated that CAFCO BLAZE-SHIELD Type DC/F was “..as least as
good…” and “…may even be slightly better…” than CAFCO BLAZE-SHIELD Type D “…in
regard to fire resistance.”

•

In 1975, the Structural Engineer of Record reported that in March of 1975 he was made aware of
a fire endurance test of a floor assembly consisting of composite floor trusses with a normal
weight concrete slab on a corrugated steel deck. The trusses were protected with “Mono-Kote,”
which was described as a “cementitious spray-applied fireproofing.” The members of the trusses
were coated with 1½ in. of the insulation and the sheet metal deck had ½ in. The results of the
fire endurance test assigned a 3 h rating to the floor system. It is noted that this test was not
related in any way to the floor system in the WTC towers. The Structural Engineer of Record
used this test result “with many simplifying assumptions” to demonstrate that ½ in. of CAFCO
BLAZE-SHIELD would provide the same 3 h rating when applied to 1 in. web bars. The
calculations were said to be based on the differences in the room temperature thermal
conductivity of the two insulation materials, with the Mono-Kote product having about twice the
thermal conductivity of the CAFCO product. He noted: “however, that theoretical extrapolations
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of fire endurance tests must the viewed with caution.” He stated further that: “Without benefit of
a full-scale fire test we cannot establish a rating for the floor assembly.”
•

In 1975, the Structural Engineer of Record reported that certain elements of the floor system did
not require fire protection because those elements were not critical in supporting gravity loads.
These included the bridging trusses and the top chords in the one-way portion of the floor system.

•

Based on data provided by the Port Authority of insulation thickness on 16 trusses on each of
floors 23 and 24 of WTC 1, the average thickness of the original thermal insulation on the floor
trusses was estimated to be 0.75 in. with a standard deviation of 0.3 in. (coefficient of variation =
0.40). The reported average thicknesses ranged from 0.52 to 1.17 in.

•

In 1995, the Port Authority performed a study to establish the thickness of fire protection to be
applied to the floor trusses during major tenant renovations. On the basis of Design G805 listed
in the UL Fire Resistance Directory, the thickness to achieve a 2 h fire rating was estimated to be
1½ in. At the time of the WTC disaster, fire protection had been upgraded on floors affected by
the aircraft impact. According to information provided by the Port Authority, upgrading had
occurred on floors 92 through 100 and 102 of WTC 1 and on floors 77, 78, 88, 89, 92, 96 and 97
of WTC 2.

•

Based on analyses of insulation thickness data contained in Construction Audit Reports provided
by the Port Authority, the average thickness of the upgraded thermal insulation (CAFCO
BLAZE-SHEILD II) on the floor trusses was estimated to be 2.5 in. with a standard deviation of
0.6 in. (coefficient of variation = 0.24). The reported average thicknesses ranged from 1.7 in. to
4.3 in.

•

Based on finite-element simulations of a 1 in. round bar covered with SFRM having lognormal
distributions for thickness that were consistent with the average values and standard deviations
noted above, it was concluded that the original thermal protection on the floor trusses was
equivalent to a uniform thickness of 0.6 in. and that the upgraded insulation was equivalent to a
uniform thickness of 2.2 in.

•

No information is available on in-place conditions of the thermal protection on the exterior
columns and spandrel beams, and little information is available on the conditions of fire-resistive
material on core beams and columns. For thermal analyses of the towers, the thermal protection
on these elements was taken to have uniform thicknesses equal to the specified values. This
assumption is justified by the offsetting factors of measured average thicknesses tending to be
greater than specified thicknesses and the reduced effectiveness of a given average thickness of
SFRM due to thickness variability. These were ½ in. for beams and spandrels, 2 1/16 in. for
columns lighter than 14WF228, and 1 3/16 in. for columns heavier than 14WF228.

•

Data provided by the Port Authority on the thickness and density of the upgraded thermal
insulation for floor trusses indicated that the average thicknesses exceed the design thickness of
1½ in. and the bond strength measured according to ASTM E 736 exceeded 150 psf, which was
stated to be the “standard performance” of CAFCO BLAZE-SHIELD II.
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•

Results of NIST tests indicated that the thermal conductivity of SFRMs increased significantly at
higher temperatures.

•

Results of NIST tests indicated that the presence of primer paint caused significant reductions in
the adhesive strength of CAFCO BLAZE-SHIELD DC/F. Good adhesion was found with bare
steel, in which case there was not statistically significant difference between adhesive strength
and cohesive strength normal to the surface.

•

Results of NIST tests indicated that the in-plane cohesive strength of CAFCO BLAZE-SHIELD
DC/F was almost three times the cohesive strength normal to the surface.

•

The density of CAFCO BLAZE-SHIELD DC/F in the NIST tests for strength properties was
greater than the densities in the Port Authority reports or in the manufacturer’s catalogs. This
may have accounted for the higher strength values obtained by NIST compared with the
manufacturer’s published values.

•

Based on simplified models, the acceleration required to dislodge SFRM from planar surfaces
might range from 20 g to 530 g, depending on the in-place density, thickness and bond strength.
For density of 19 pcf, thickness of 2.5, and bond strength of 300 psf, which are representative of
the upgraded insulation on the floor trusses, an acceleration of about 40 g would dislodge the
SFRM from a planar surface. For a round bar encased in SFRM, the estimates are 40 g to 730 g,
depending on the bar diameter, insulation thickness, in-plane cohesive strength, and adhesive
strength. For a 1.2 in. diameter bar, with 2.5 in. thickness of insulation having a density of 19
pcf, the acceleration required to dislodge the SFRM was estimated to be between 55 g and 230 g,
depending on the strength characteristics of the SFRM. These models provide insight into the
factors that affect SFRM dislodgment due impact-induced vibration.
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Figure A–1. Port Authority letter instructing consultants to follow New York City Building
Code (3-P).
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Figure A–2. Port Authority letter instructing consultant to follow New York City Building
Code under development (3-P).
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Referenced Documents

Figure A–3. 1993 Memorandum of Understanding between Port Authority and New York
City Department of Buildings (113-P).
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Figure A–3 (Contd.). 1993 Memorandum of Understanding between Port Authority and
New York City Department of Buildings (113-P).
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Referenced Documents

Figure A–3 (Contd.). 1993 Memorandum of Understanding between Port Authority and
New York City Department of Buildings (113-P).
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Figure A–4. 1995 Supplement to Memorandum of Understanding between Port Authority
and New York City Department of Buildings (113-P).
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Referenced Documents

Figure A–4 (Contd.). 1995 Supplement to Memorandum of Understanding between Port
Authority and New York City Department of Buildings (113-P).
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Figure A–4(Contd.). 1995 Supplement to Memorandum of Understanding between Port
Authority and New York City Department of Buildings (113-P).
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Referenced Documents

Figure A–5. 1993 Memorandum of Understanding between Port Authority and the Fire
Department of New York City and 1995 amendment (160-P).
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Figure A–5 (Contd.). 1993 Memorandum of Understanding between Port Authority and
the Fire Department of New York City and 1995 amendment (160-P).
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Referenced Documents

Figure A–5 (Contd.). 1993 Memorandum of Understanding between Port Authority and
the Fire Department of New York City and 1995 amendment (160-P).
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Figure A–5 (Contd.). 1993 Memorandum of Understanding between Port Authority and
the Fire Department of New York City and 1995 amendment (160-P).
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Referenced Documents

Figure A–6. Letter from Port Authority to Tishman Realty & Construction Co. regarding
Occupancy Group for WTC towers (3-P).
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Figure A–6 (Contd.). Letter from Port Authority to Tishman Realty and Construction Co.
regarding Occupancy Group for WTC towers (3-P).
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Referenced Documents

Figure A–7. Port Authority memorandum indicating that WTC towers were classified as
Class 1B Construction (3-P).
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Figure A–7 (Contd.). Port Authority memorandum indicating that WTC towers were
classified as Class 1B Construction (3-P).
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Referenced Documents

Figure A–8. Letter from Emery Roth & Sons to Port Authority regarding specification for
sprayed thermal insulation (3-P).
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Figure A–9. Excerpt from 1999 code compliance evaluation indicating progress since a
similar 1997 evaluation (161-P).
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Referenced Documents

Figure A–10. Excerpt from 2000 property condition assessment of the WTC towers
indicating construction classification (7-P).
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Figure A–11. Excerpt from 1975 post-fire report prepared by Skilling, Helle, Christiansen,
Robertson (3-P).
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Referenced Documents

Figure A–12. Intra-office correspondence at Laclede Steel Co. regarding 1967
demonstration of sprayed application of thermal insulation to floor trusses (70-I).
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Figure A–12 (Contd.). Intra-office correspondence at Laclede Steel Co. regarding 1967
demonstration of sprayed application of thermal insulation to floor trusses (70-I).

136

NIST NCSTAR 1-6A, WTC Investigation

Draft for Public Comment

Referenced Documents

Figure A–13. Port Authority intra-office memorandum indicating demonstration of the
application of thermal insulation from U.S. Mineral Products Co. was completed in
August 1967 (176-ITK).
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Figure A–14. Agenda item for January 29, 1969 meeting of Committee on Construction
regarding modification to sprayed fire protection contract (120-ITK).
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Referenced Documents

Figure A–15. Excerpt from October 30, 1968 minutes of the Committee on Construction
regarding the sprayed fire protection contract (123-ITK).
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Figure A–16. Correspondence related to study of alternative thermal insulation materials
(432-P).
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Referenced Documents

Figure A–16 (Contd.). Correspondence related to study of alternative thermal insulation
materials (432-P).
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Figure A–16 (Contd.). Correspondence related to study of alternative thermal insulation
materials (432-P).
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Referenced Documents

Figure A–17. Thermal conductivity and heat transfer coefficients of candidate thermal
insulation materials for exterior columns (437-P).
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Figure A–18. Excerpts from Alcoa proposal for exterior wall of WTC (448-P).
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Referenced Documents

Figure A–18 (Contd.). Excerpts from Alcoa proposal for exterior wall of WTC (448-P).
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Figure A–19. Port Authority correspondence related to demonstration of application of
CAFCO BLAZE-SHIELD to mockup of exterior columns and spandrels (384-P).
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Referenced Documents

On Friday, December 10, 1965, a meeting was held in our office to discuss the
fireproofing requirements of the floor trusses. The meeting was attended by Messrs.
Solomon, ??????, Soffer, and Brewer. This letter confirms what was discussed at the
meeting.
Our present design concept, and the one we are continuing with, is based upon the use of
a maximum thickness of one inch sprayed-on fireproofing material around the individual
components of the floor trusses. This concept is based upon the original standards for the
project where in we would either meet the New York City code or Underwriter’s
requirements.
To date, the one inch thick material meets the 3 hour requirements of both the new code
and Underwriter’s using previously approved assemblies tested by the “load criteria” but
ignoring the more stringent time-temperature-rate-of-rise criteria which is an alternate
testing procedure not required by the new code or by Underwriter’s, and which we do not
consider necessary.

Figure A–20. Correspondence from Emery Roth & Sons to Port Authority related to
thickness of thermal insulation for floor trusses (text in box was typed by NIST since
copy of document is of poor quality) (3-P).

NIST NCSTAR 1-6A, WTC Investigation

147

Appendix A

Draft for Public Comment

th

This supplements my December 14 letter to you.
Although the one-inch thick sprayed fireproofing meets the 3 hour requirements of the
proposed building code and Underwriters, advance information form the manufacturers
indicates that if the truss were required to be fire-tested, the two inches of material would
be required for the light angle members. We are therefore revising our working drawings
to indicate a one-inch thickness of sprayed-on fireproofing around the top and bottom
chords of the trusses, and a two-inch thickness for all other members of the trusses.
By informational copy of this letter, all consultants are requested to review their designs
and drawings, and to make all necessary changes to meet his new criteria.

Figure A–21. Correspondence from Emery Roth & Sons. to Port Authority on thickness
of thermal insulation for floor trusses (text in box was typed by NIST since copy of
document is of poor quality) (3-P).
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Referenced Documents

Figure A–22. Correspondence from thermal insulation contractor to Tishman Realty &
Construction Co. related to insulation thickness (XX-ITK).
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Figure A–22 (Contd.). Correspondence from thermal insulation contractor to Tishman
Realty & Construction Co. related to insulation thickness (XX-ITK).
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Referenced Documents

Figure A–23. Correspondence from World Trade Center Department to the thermal
insulation contractor specifying the required insulation thickness (3-P).
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Figure A–24. Excerpt from 1966-67 U.S. Mineral Products Co. catalog for CAFCO BLAZESHIELD indicating thermal insulation thickness for various applications (3-P).
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Referenced Documents

Figure A–25. Note 11 from the “General Notes” page of the Alcoa drawings indicating
the thermal insulation thickness for the exterior columns and spandrels (116-LERA).
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Figure A–26. Letter from Emery Roth & Sons to Port Authority regarding the application
of thermal insulation to the bottom of the concrete floor slabs (3-P).
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Referenced Documents

Figure A–27. Correspondence indicating that use of CAFCO BLAZE-SHIELD Type D was
discontinued at the 38th floor of WTC 1 (229-ITK).
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Figure A–28. Port Authority memorandum summarizing the factors considered in
choosing CAFCO BLAZE-SHIELD Type DC/F as a replacement for the asbestos-fiber
containing Type D (185-ITK).
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Referenced Documents

Figure A–28 (Contd.). Port Authority memorandum summarizing the factors considered
in choosing CAFCO BLAZE-SHIELD Type DC/F as a replacement for the asbestos-fiber
containing Type D (185-ITK).
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Figure A–28 (Contd.). Port Authority memorandum summarizing the factors considered
in choosing CAFCO BLAZE-SHIELD Type DC/F as a replacement for the asbestos-fiber
containing Type D (185-ITK).
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Referenced Documents

Figure A—28 (Contd.). Port Authority memorandum summarizing the factors considered
in choosing CAFCO BLAZE-SHIELD Type DC/F as a replacement for the asbestos-fiber
containing Type D (185-ITK).
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Figure A–28 (Contd.). Port Authority memorandum summarizing the factors considered
in choosing CAFCO BLAZE-SHIELD Type DC/F as a replacement for the asbestos-fiber
containing Type D (185-ITK).
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Figure A–28 (Contd.). Port Authority memorandum summarizing the factors considered
in choosing CAFCO BLAZE-SHIELD Type DC/F as a replacement for the asbestos-fiber
containing Type D (185-ITK).
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Figure A–29. Correspondence indicating CAFCO BLAZE-SHIELD Type DC/F as a suitable
replacement for Type D (180-ITK).
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Referenced Documents

Figure A–30. Excerpts from 1975 post-fire report prepared by Skilling, Helle,
Christiansen, Robertson (3-P).
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Figure A–30 (Contd.). Excerpts from 1975 post-fire report prepared by Skilling, Helle,
Christiansen, Robertson (3-P).
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Figure A–30 (Contd.). Excerpts from 1975 post-fire report prepared by Skilling, Helle,
Christiansen, Robertson (3-P).
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Figure A–30 (Contd.). Excerpts from 1975 post-fire report prepared by Skilling, Helle,
Christiansen, Robertson (3-P).
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Referenced Documents

Figure A–30 (Contd.). Excerpts from 1975 post-fire report prepared by Skilling, Helle,
Christiansen, Robertson (3-P).

NIST NCSTAR 1-6A, WTC Investigation

167

Appendix A

Draft for Public Comment

Figure A–31. Response from Port Authority regarding the applied thermal insulation (XXI).
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Figure A–31 (Contd.). Response from Port Authority regarding the applied thermal
insulation.
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Figure A–31 (Contd.). Response from Port Authority regarding the applied thermal
insulation.
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Referenced Documents

Figure A–32. Correspondence indicating that thickness of thermal insulation was being
checked during construction (XX-ITK).
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Figure A–32 (Contd.). Correspondence indicating that thickness of thermal insulation
was being checked during construction (XX-ITK).
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Referenced Documents

Figure A–33. Example of “Sample Area Data Sheet” used to record condition of sprayed
thermal insulation (212 ITK).
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Figure A–33 (Contd.). Example of “Sample Area Data Sheet” used to record condition of
sprayed thermal insulation (212 ITK).
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Referenced Documents

Figure A–34. Results of 1995 study of thermal insulation for floor trusses during new
construction when tenants vacated spaces (3-P).
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Figure A–34 (Contd.). Results of 1995 study of thermal insulation for floor trusses during
new construction when tenants vacated spaces (3-P).
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Referenced Documents

Figure A–34 (Contd.). Results of 1995 study of thermal insulation for floor trusses during
new construction when tenants vacated spaces (3-P).
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Figure A–35. Underwriters Laboratories Design No. G805 used as the basis for Port
Authority determination of retrofit thermal insulation thickness for floor trusses (XX-I).
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Referenced Documents

Figure A–36. Port Authority 1999 guidelines for thermal insulation on floor trusses (3-P).
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Figure A–37. Excerpt from draft report on the assessment of thermal protection of steel
in WTC ((73-LERA).
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Referenced Documents

Fig A–38. Excerpt from 1998 specification related to SFRM for upgrade of public
corridors and bathrooms on 15th, 18th, and 22nd floors of WTC 2 (3-P).
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Fig A–39. Excerpt from 2001 specification related to SFRM for upgrade on 48th floor of
WTC 2 (3-P).
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Referenced Documents

Figure A–40. Excerpts from 2000 report on thermal protection of floor trusses (3-P).
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Figure A–40 (Contd.). Excerpts from 2000 report on thermal protection of floor trusses
(3-P).
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Referenced Documents

Figure A–41. Excerpt from 2000 report on condition assessment of the World Trade
Center (7-P).
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Figure A–42. Example of correspondence referring to fire endurance testing of coated
floor trusses (70-I).
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Referenced Documents

Figure A–43. Excerpts from 1975 post fire report indicating need for fire endurance
testing to establish a fire rating for the floor system (3-P).
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Figure A–43 (Contd.). Excerpts from 1975 post fire report indicating need for fire
endurance testing to establish a fire rating for the floor system (3-P).
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Figure A–44. Excerpt from 1975 post-fire report referring to fire endurance test of floor
truss system with sprayed thermal insulation (3-P).
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Figure A–45. Reports of 1970 fire endurance test of floor truss system with sprayed
thermal insulation (3-P).
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Figure A–45 (Contd.). Reports of 1970 fire endurance test of floor truss system with
sprayed thermal insulation (3-P).
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Figure A–45 (Contd.). Reports of 1970 fire endurance test of floor truss system with
sprayed thermal insulation (3-P).
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Figure A–45 (Contd.). Reports of 1970 fire endurance test of floor truss system with
sprayed thermal insulation (3-P).
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Figure A–45 (Contd.). Reports of 1970 fire endurance test of floor truss system with
sprayed thermal insulation (3-P).
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Figure A–45 (Contd.). Reports of 1970 fire endurance test of floor truss system with
sprayed thermal insulation (3-P).
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Figure A–46. Excerpt from 1975 post-fire report indicating interpretation of 1970 fire
endurance test of truss floor system with sprayed thermal insulation (3-P).
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Figure A–47. Excerpts from 1992 report on thermal insulation thickness for repair of
missing insulation (240-LERA).
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Figure A–47 (Contd.). Excerpts from 1992 report on thermal insulation thickness for
repair of missing insulation (240-LERA).
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Figure A–47 (Contd.). Excerpts from 1992 report on thermal insulation thickness for
repair of missing insulation (240-LERA).

NIST NCSTAR 1-6A, WTC Investigation

199

Appendix A

Draft for Public Comment

Figure A–47 (Contd.). Excerpts from 1992 report on thermal insulation thickness for
repair of missing insulation (240-LERA).
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Figure A–47 (Contd.). Excerpts from 1992 report on thermal insulation thickness for
repair of missing insulation (240-LERA).
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Figure A–47 (Contd.). Excerpts from 1992 report on thermal insulation thickness for
repair of missing insulation (240-LERA).
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Referenced Documents

Figure A–47 (Contd.). Excerpts from 1992 report on thermal insulation thickness for
repair of missing insulation (240-LERA).
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Figure A–47 (Contd.). Excerpts from 1992 report on thermal insulation thickness for
repair of missing insulation (240-LERA).
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Figure A–47 (Contd.). Excerpts from 1992 report on thermal insulation thickness for
repair of missing insulation (240-LERA).
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Figure A–47 (Contd.). Excerpts from 1992 report on thermal insulation thickness for
repair of missing insulation (240-LERA).
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Figure A–47 (Contd.). Excerpts from 1992 report on thermal insulation thickness for
repair of missing insulation (240-LERA).
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Figure A–48. Excerpt from 1994 design document related to reapplication of SFRM to
accessible members in elevators shafts of WTC 1 (XX-I).
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Figure A–49. Correspondence indicating that slack cables within elevator shafts
damaged the thermal insulation (XXX-ITK).
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Figure A–50. Correspondence indicating poor bond performance of sprayed thermal
insulation during vibration testing (51-ITK).
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Referenced Documents

Figure A–51. Correspondence indicating acceptable performance of CAFCO BLAZESHIELD when applied under adverse weather conditions (250-P).
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Figure A–52. Correspondence sent to New York City Department of Buildings in 1970
providing information on the performance of CAFCO BLAZE-SHIELD Type D (92-ITK).
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Referenced Documents

Figure A–53. Intra-office correspondence dealing with adhesion problems during
spraying of exterior columns in WTC 1 (248-ITK).
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Figure A–53 (Contd.). Intra-office correspondence dealing with adhesion problems
during spraying of exterior columns in WTC 1 (248-ITK).
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Referenced Documents

Figure A–54. Correspondence related to inadequate hardening of thermal insulation
applied to core columns (XX-I).
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Figure A–55. Correspondence related to dislodged thermal insulation within elevator
shafts of WTC 2 (XX-I).
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Referenced Documents

Figure A–56. Excerpts from 1993 structural integrity inspection report related to
condition of thermal protection on accessible columns (16-FEMA).
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Figure A–56 (Contd.). Excerpts from 1993 structural integrity inspection report related to
condition of thermal protection on accessible columns (16-FEMA).
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Figure A–56 (Contd.). Excerpts from 1993 structural integrity inspection report related to
condition of thermal protection on accessible columns (16-FEMA).
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Figure A–56 (Contd.). Excerpts from 1993 structural integrity inspection report related to
condition of thermal protection on accessible columns (16-FEMA).
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Figure A–57. Excerpts from 1995 structural integrity inspection report dealing with
accessible columns (17-FEMA).
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Figure A–57 (Contd.). Excerpts from 1995 structural integrity inspection report dealing
with accessible columns (17-FEMA).
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Figure A–57 (Contd.). Excerpts from 1995 structural integrity inspection report dealing
with accessible columns (17-FEMA).
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Figure A–57 (Contd.). Excerpts from 1995 structural integrity inspection report dealing
with accessible columns (17-FEMA).
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Figure A–58. Correspondence related to 1994 measurement of thermal insulation
thickness on floor trusses for 23rd and 24th floors in (3-P).
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Figure A–59. Port Authority correspondence indicating number of floors where thermal
insulation on floor trusses was upgraded to 1½ in. (73-LERA).
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Figure A–60. Example of test report on upgraded thermal insulation for floor trusses
(3-P).
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Figure A–60 (Contd.). Example of test report on upgraded thermal insulation for floor
trusses (3-P).

228

NIST NCSTAR 1-6A, WTC Investigation

Draft for Public Comment

Referenced Documents

Figure A–61. Excerpt from manufacturer’s product catalog showing properties of
BLAZE-SHIELD DC/F obtained from independent testing under controlled conditions
(Source: www.buildcore.com/c0cafco.htm).
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Figure A–62. Correspondence from Port Authority dealing with thermal insulation on
WTC columns (XX-I).
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Referenced Documents

Figure A–62 (Contd.). Correspondence from Port Authority dealing with thermal
insulation on WTC columns (XX-I).
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Figure A–63. Letter from Pacific Car and Foundry regarding painting specification and
excerpt from that specification.
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Referenced Documents

Figure A–63 (Contd.). Letter from Pacific Car and Foundry regarding painting
specification and excerpt from that specification.
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THERMOPHYSICAL PROPERTIES TEST DATA

Table B–1. Specific heat capacity results of the three SFRMs from TPRL DSC.
Specific heat capacity (J/kg K)
o

Temperature ( C)

BLAZE-SHIELD DC/F

BLAZE-SHIELD II

Monokote MK-5

35

--------

--------

1204

40

939

1009

1243

45

972

1047

1276

50

1004

1087

1302

55

1034

1134

1325

60

1064

1186

1355

65

1094

1237

1391

70

1130

1295

1423

75

1175

1355

1415

80

1227

1417

1348

85

1284

1479

1279

90

1369

1546

1253

95

1491

1623

1236

100

1663

1755

1183

105

1892

1945

1122

110

2187

2199

1100

115

2495

2528

1290

120

2740

2908

1851

125

2756

3298

3094

130

2074

3672

5117

135

1658

3293

7488

140

1785

2235

8589

145

2050

1937

6528

150

2062

2038

4713

155

1763

1934

5146

160

1536

1796

4459

165

1437

1700

1629

170

1375

1637

1244

175

1328

1587

1162

180

1289

1546

1152

185

1254

1506

1161

190

1220

1466

1174
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Specific heat capacity (J/kg K)
o

236

Temperature ( C)

BLAZE-SHIELD DC/F

BLAZE-SHIELD II

Monokote MK-5

195

1190

1414

1196

200

1167

1368

1226

205

1145

1320

1251

210

1125

1284

1266

215

1110

1248

1283

220

1094

1217

1309

225

1077

1183

1332

230

1063

1149

1364

235

1050

1112

1393

240

1035

1082

1428

245

1022

1053

1460

250

1006

1025

1492

255

991

996

1521

260

977

961

1544

265

965

926

1567

270

958

891

1590

275

956

857

1622

280

945

807

1636

285

936

765

1656

290

924

729

1669

295

911

701

1673

300

899

675

1665

305

888

649

1651

310

878

627

1625

315

876

613

1578

320

877

610

1512

325

880

620

1400

330

893

642

1245

335

911

682

1042

340

932

734

892

345

955

789

940

350

975

857

1042
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Thermophysical Data

Table B–2. Specific heat capacity of Firecode Core Type X 5/8 in. gypsum.
Temperature
(°C)

Cp (J/kg K)

Temperature
(°C)

Cp (J/kg K)

50

1248

192

3569

100

1416

196

5020

125

1608

200

8087

135

2155

202

9200

140

3118

204

9356

142

3890

206

8816

144

5210

208

7948

146

7428

210

6497

148

11148

212

4496

150

15341

214

2771

152

18490

216

2010

154

19671

218

1695

156

19648

220

1550

158

18822

225

1389

160

17476

250

1156

162

15728

300

1094

164

13734

350

1089

166

11553

400

1046

168

9436

415

890

170

7034

430

453

172

5107

445

506

174

3501

460

808

176

2768

475

966

178

2417

500

1104

180

2297

550

1192

184

2544

600

1245

188

2923
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25000

Firecode Core Type X
⎛1⎞
⎛ 3⎞
CaSO 4 ⋅ 2H 2 O → CaSO 4 ⋅ ⎜ ⎟ H 2 O + ⎜ ⎟ H 2 O
2
⎝ ⎠
⎝ 2⎠

Cp (J/kg K)

20000

15000

⎛1⎞
⎛1⎞
CaSO 4 ⋅ ⎜ ⎟ H 2 O → γ − CaSO 4 + ⎜ ⎟ H 2 O
⎝ 2⎠
⎝ 2⎠

10000

5000

0

γ − CaSO 4 → β − CaSO 4

0

100

200

300

400

500

600

700

Temperature (oC)
Figure B–1. Specific heat capacity of Firecode CoreType X 5/8 in. gypsum.
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Thermophysical Data

Table B–3. Specific heat capacity of Firecode C Core ½ in. gypsum.
Temperature
(°C)

Cp (J/kg K)

Temperature
(°C)

Cp (J/kg K)

50

1325

192

3693

100

1544

196

4957

125

1764

200

7730

135

2457

202

8774

140

3801

204

9088

142

4769

206

8644

144

6418

208

7693

146

8787

210

6364

148

12015

212

4487

150

15429

214

2888

152

17532

216

2090

154

18399

218

1828

156

18349

220

1672

158

17769

225

1495

160

16776

250

1278

162

15564

300

1185

164

13895

350

1188

166

12124

400

1159

168

10357

415

1015

170

8263

430

667

172

6180

445

642

174

4459

460

930

176

3383

475

1091

178

2768

500

1235

180

2545

550

1350

184

2632

600

1416

188

3006
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25000

Firecode C Core (1/2")
⎛1⎞
⎛ 3⎞
CaSO 4 ⋅ 2H 2 O → CaSO 4 ⋅ ⎜ ⎟ H 2 O + ⎜ ⎟ H 2 O
⎝ 2⎠
⎝ 2⎠

Cp (J/kg K)

20000

15000

⎛1⎞
⎛1⎞
CaSO 4 ⋅ ⎜ ⎟ H 2 O → γ − CaSO 4 + ⎜ ⎟ H 2 O
⎝ 2⎠
⎝ 2⎠
10000

5000

0

γ − CaSO 4 → β − CaSO 4

0

100

200

300

400

500

600

700

Temperature (oC)
Figure B–2. Specific heat capacity of Firecode C Core 1/2 in. gypsum.
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Thermophysical Data

Table B–4. Specific heat capacity of Firecode C Core (5/8”) gypsum.
Temperature
(°C)

Cp (J/kg K)

Temperature
(°C)

Cp (J/kg K)

50

1250

192

3624

100

1507

196

4886

125

1711

200

7769

135

2486

202

8848

140

3966

204

9102

142

5001

206

8727

144

6728

208

7705

146

9142

210

6210

148

12341

212

4342

150

15681

214

2775

152

17740

216

2052

154

18550

218

1770

156

18374

220

1621

158

17667

225

1451

160

16401

250

1233

162

14914

300

1148

164

13190

350

1168

166

11251

400

1130

168

9096

415

984

170

7108

430

568

172

5091

445

646

174

3658

460

930

176

2814

475

1084

178

2516

500

1232

180

2364

550

1347

184

2567

600

1432

188

2936
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25000

Firecode C Core (5/8")
⎛1⎞
⎛ 3⎞
CaSO 4 ⋅ 2H 2 O → CaSO 4 ⋅ ⎜ ⎟ H 2 O + ⎜ ⎟ H 2 O
⎝ 2⎠
⎝ 2⎠

Cp (J/kg K)

20000

15000

⎛1⎞
⎛1⎞
CaSO 4 ⋅ ⎜ ⎟ H 2 O → γ − CaSO 4 + ⎜ ⎟ H 2 O
⎝ 2⎠
⎝ 2⎠
10000

5000

γ − CaSO 4 → β − CaSO 4

0

0

100

200

300

400

500

600

700

Temperature (oC)
Figure B–3. Specific heat capacity of Firecode C Core 5/8 in. gypsum.
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Thermophysical Data

Table B–5. Specific heat capacity of 1 in. gypsum liner panel.
Temperature
(°C)

Cp (J/kg K)

Temperature
(°C)

Cp (J/kg K)

50

1192

192

3583

100

1495

196

4876

125

2293

200

7346

135

3766

202

8360

140

5548

204

8872

142

6987

206

8787

144

8876

208

8164

146

11092

210

6847

148

13303

212

5256

150

15076

214

3305

152

15999

216

2260

154

16160

218

1787

156

15787

220

1597

158

14949

225

1408

160

13925

250

1192

162

12577

300

1137

164

10840

350

1146

166

8755

400

1060

168

6481

415

822

170

4676

430

609

172

3296

445

794

174

2685

460

971

176

2369

475

1079

178

2252

500

1200

180

2288

550

1306

184

2577

600

1378

188

2959
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25000

1" Liner Panel
⎛1⎞
⎛ 3⎞
CaSO 4 ⋅ 2H 2 O → CaSO 4 ⋅ ⎜ ⎟ H 2 O + ⎜ ⎟ H 2 O
⎝ 2⎠
⎝ 2⎠

Cp (J/kg K)

20000

15000

⎛1⎞
⎛1⎞
CaSO 4 ⋅ ⎜ ⎟ H 2 O → γ − CaSO 4 + ⎜ ⎟ H 2 O
2
⎝ ⎠
⎝ 2⎠

10000

5000

0

γ − CaSO 4 → β − CaSO 4

0

100

200

300

400

500

600

700

Temperature (oC)
Figure B–4. Specific heat capacity of gypsum 1 in. liner panel.
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