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EXECUTIVE SUMMARY

This program' was conducted for The National Institute For Standards and Technology under
Contact Number NA1341-02-W-0686. Hughes Associates, Inc. performed this work with
assistance from Greenhorne & O’Mara, Inc. and Thornton-Tomasetti-Cutts, LLC. The study was
commissioned to analyze the needs and existing capabilities for full-scale fire resistance testing
of structural connections. The Scope of Work consisted of three separate tasks. The tasks were:

Task 1. Identification Of Building Collapse Incidents - The objective of this Task was to
conduct a survey of historical information on fire occurrences in multi-story (defined as four or
more stories) buildings, which resulted in full or partial structural collapse.

Task 2. Survey Of Fire Resistance Test Facilities - The objective of this Task was to perform a
survey of private and public facilities capable of testing the structural integrity of building
elements under fire conditions.

Task 3. Needs Assessment - The objective of this Task was to perform an assessment of the
need for additional testing and/or experimental facilities to allow the performance of structural
assemblies and fire resistance materials to be predicted under extreme fire conditions within
actual buildings; and if a need does exist, options for meeting those needs.

In Task 1, the search for this data was conducted using three principal sources: news databases,
published literature, and direct inquiries to key individuals and organizations. Even though the
task objective was to identify multi-story fire-induced collapses, other useful and pertinent
information on major multi-story fires without collapses, but with major structural damage was
obtained. The results of the world-wide survey indicated that a total of 22 fire-induced collapses
were identified spanning from 1970 to the present. The 2001 World Trade Center (WTC)
collapses accounted for four of these events. Seven major multi-story fire events were also
identified as having significant structural damage due to a fire, but did not exhibit collapse.
While this total number of fire events may appear low (average of one/year) these fire events are
high consequence events with respect to economic costs and potential for loss of life and/or
injuries.

In Task 2, the survey of the potential testing laboratories was conducted via questionnaires sent
to various laboratories, organizations, and individuals. The responses were collated and reported.
In general, the existing facilities can perform the standardized fire resistance tests which
generally limit the various test parameters with respect to testing individual building elements,
size of elements, fire exposure conditions, downward live loading, and measurements obtained.
The survey did identify that to some limited extent, some combinations of building elements may
be evaluated in the existing test furnaces but no one laboratory can provide all of the
combinations of size, capabilities, etc. Also, no facility readily exists that can provide full- or
real-scale tests of combinations of building elements or their connections and interactions.

Task 3, the needs assessment found that a more complete understanding of structural
performance of building elements when exposed to a fire is required. Structural fire protection
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has largely been ignored as a research area in the past 25 years and the WTC collapses have
renewed interest in this area of research. It is apparent that research into structural fire
protection performance will require unique test facilities to be developed. Specialized test
apparatus and instrumentation for large structural assemblies, for real-scale building elements
and their connections, and full- or real-scale combinations of elements will need to be
constructed. Specialized and enhanced instrumentation will also be needed.

DISCLAIMER

Certain companies and commercial products are identified in this report in order to specify
adequately the source of information or of equipment used. Such identification does not imply
endorsement or recommendation by the National Institute of Standards and Technology, nor
does it imply that this source or equipment or services is the best available for the purpose.
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1.0 INTRODUCTION

This study reported here was conducted for the National Institute of Standards and
Technology (NIST) under Contact Number NA1341-02-W-0686. Hughes Associates, Inc.
performed this work with assistance from Greenhorne & O’Mara, Inc. and Thornton-Tomasetti-
Cutts, LLC.

The study was commissioned to analyze the needs and existing capabilities for full-scale
fire resistance testing of structural connections.

The Scope of Work consisted of three separate tasks.
Task 1. Identification of Building Collapse Incidents

The objective of this Task was to conduct a survey of historical information on fire
occurrences in multi-story (defined as four or more stories) buildings, which resulted in
structural collapse. Either partial or total failure of the structural framing, members, and/or
connections was considered to have constituted a collapse.

Task 2.  Survey of Fire Resistance Test Facilities

The objective of this Task was to survey private and public facilities (for-profit, not-for-
profit; academic, local, state and federal government; military and civilian; domestic and
international) capable of testing structural integrity of building elements under fire conditions to
establish the current global research capabilities in structural fire protection.

Task 3. Needs Assessment
The objective of this Task was to perform an assessment of the need for additional testing

and/or experimental facilities to support the development of predictive structural fire protection
methods within actual buildings; and if a need does exist, options for meeting those needs.



2.0 TASK1: IDENTIFICATION OF BUILDING COLLAPSE INCIDENTS

2.1 Objective

The objective of this Task was to survey historical information on fire occurrences in
multi-story (defined as four or more stories) buildings, which resulted in structural collapse.
Either partial or total failure of the structural framing, members, and/or connections was
considered to have met the definition of “collapse.”

Information sought included:

Date and location of fire;

Type of building, its occupancy use, construction type, number of stories, etc.;
Cause and extent of the fire event;

Description of the structural collapse;

Additional information concerning the event, as available; and

Reference for the fire event information to include literature citations, etc.

2.2 Survey Scope and Methodology

The historical search for catastrophic multi-story fires included incidents dating back to
the 1950’s, or earlier, with emphasis on those which occurred in North America. In addition,
similar events that occurred throughout the world were also solicited and captured as available.
The search for this data was conducted using three principal sources: news databases, published
literature, and direct inquiries to key individuals and organizations. Even though the task
objective was to identify multi-story fire-induced collapses, other useful and pertinent
information on major multi-story fires without collapses was obtained during the normal course
of this survey process. For the sake of completeness, there is also a short presentation and
discussion of low-rise (less than 4 story buildings) fires with structural collapses.

2.2.1 News Sources

With the volume of information reported electronically concerning the collapse of the
World Trade Center (WTC), it was necessary to filter much of the web-based information to find
the additional cases. Standard Internet search engines did not yield many specific fires with
collapse. Consequently, news sources were consulted for their record of major fire events.
LexisNexis™, a powerful full text news database, provided the ability to search for occurrences
where both fire and collapse appeared in the same sentence. The keyword sfory was also
included to determine whether the case fit the desired multi-story profile. The WTC Towers
were removed from the search in news articles after September 11, 2001. Major world news
sources, as well as local US sources, were searched from 1997 to present, the primary time frame
included by electronic database sources.



The news sources that were searched included:
LexisNexis™ Academic Universe News Category Online

World News (various news sites outside U.S)
General News>Major Newspapers> 1997 to present

US News(various news sites in U.S.)
Midwest > 1997 to present
Northeast > 1997 to present
Southeast> 1997 to present
Western> 1997 to present

ABC News
www.abcnews.com

NBC News
www.msnbc.com

BBC News
http://news.bbc.co.uk /

NIOSH Firefighter Fatality Investigation Reports
http://www.cdc.gov/niosh/facerpts.html

California Occupational Health Surveillance and Evaluation Program
http://www.dhs.cahwnet.gov/ohb/OHSEP/FACE/97CA003.htm

US Fire Administration
http://www.usfa.FEMA.gov/dhtml/inside-usfa/nfdc-datal0.cfm

Interfire.org
http://www.interfire.org/res_file/pdf/Tr-061.pdf

NFPA
www.NFPA.org

The world search was divided into North/South America, Europe, Asia/Pacific, and
Middle East/Africa. The US was divided into Midwest, Northeast, Southeast, and West regions.

Commercial news websites did not provide much useful fire data. The one exception was
the BBC, from which two major fire-induced collapses were identified. Other news websites did
not have powerful search capabilities.



Data sources focused on firefighter and other fatalities were also searched for fire-
induced structural failures. The National Institute for Occupational Safety & Health (NIOSH)
Firefighter Fatality/Injury Investigation Reports online included some fire-induced structural
collapses. The US Fire Administration National Fire Incident Reporting System (NFIRS)
database was general in nature and did not indicate whether structural failures had occurred. It
was apparent that within the fire community’s reporting and tabulation of fire events and
fatalities, the occurrence of either partial or total collapse of a structure was not specifically
recorded or reported. This seriously limited our ability to understand the nature and extent of
fire-induced structural collapses.

2.2.2 Literature

The engineering literature database “Compendex” was searched using the keyword
collapse, but most documents covered only analytical simulation or modeling work. NIST’s
FireDoc database similarly did not provide any actual cases.

Many National Fire Protection Association (NFPA) reports and other available
publications were reviewed. The most pertinent survey references are given in Section 5.0.
There is no single, or central systematic repository of data on the fire-induced structural collapse,
either in the US or abroad.

2.2.3 Direct Inquiries

To supplement the broad and extensive news and literature searches, direct contacts were
made with individuals and organizations that were expected to have authoritative information on
historical fire-induced collapses. The list of domestic and international professional
organizations, companies, and/or governmental agencies contacted included:

ABS-EQE

American Concrete Institute (ACI)

American Institute of Steel Construction (AISC)
American Iron and Steel Institute (AISI)

American Society of Civil Engineers (ASCE)

Arbed Steel

British Constructional Steel Association (BCSA)
Canadian Institute of Steel Construction (CISC)
Construction Technology Laboratory (CTL)
Corus-British Steel

CTICM, France

Disaster Prevention Institute, Kyoto University, Japan
Factory Mutual Research Corporation (FMRC)
Institute for Business and Home Safety

International Association For Fire Safety Science (IAFSS)
Isolatek International

Mexican Institute of Steel Construction (IMCA)
National Fire Protection Association (NFPA)



National Institute for Fire and Research (Japan)
National Research Council of Canada (NRCC)
Nucor-Yamato Steel Corp.

Society for Fire Protection Engineers (SFPE)
Victoria University of Technology, Australia

In addition, a survey request for information was sent to several prominent engineers and
consulting firms.

Special acknowledgment for their contributions of pertinent papers, reports, and other
information in response to these direct requests is given to Dr. Rosario Ono, Institute for
Technological Research, Dr. Farid Alfawakhiri, American Institute of Steel Construction
(AISC), Mr. John Dowling, Corus-British Steel, Mr. Manny Herrera of Isolatek International,
and Mr. Robert Duval and Ms. Teresa Frydryk of NFPA.

23 Survey Results

The results of this study for fire-induced collapses of multi-story buildings are given in
Section 2.3.1. Section 2.3.1 includes a summary table and further discussion of these important
incidents. In Sections 2.3.2 and 2.3.3, ancillary information on fire damage and casualties is also
presented for major multi-story fires without collapses, and for low-rise building fires with
collapses. Section 2.3.4 discusses fires after major earthquakes and conclusions are given in
Section 2.4.

2.3.1 Multi-story Buildings with Fire-induced Collapses

Table 2.1 presents the summary findings of the survey for this category of fire incidents
in chronological order, starting with the most recent events (all tables found at the end of each
Section). A total of 22 fire-induced collapses were found. Table 2.1 contains the basic
highlights of the building fire and further explanations and descriptions of most of these
catastrophic events are included in this section.

The events related to the September 11, 2001 terrorist attacks on the World Trade Center
(WTC) complex in New York are the dominant fire and collapse events of this survey
(represented as 4 separate incidents). The Federal Emergency Management Agency (FEMA)
report (FEMA 403) published in May, 2002 is a notable reference that provides an overview of
each of the directly affected buildings (WTC 1, WTC 2, WTC 5, WTC 7). The FEMA report
also contains the structural, architectural, and fire resistance design characteristics of the various
WTC buildings and the nearby damaged structures. Even though the fires were the final
destructive force in the collapse of the WTC Towers, their pre-fire condition with extensive
structural and fire protection system damage due to the unprecedented impacts by the two large
commercial aircraft presented a unique hazard.

The 9-story WTC 5 building suffered extensive structural damage due to WTC 1 debris,
which subsequently led to partial collapses of 4 floors due to fires. Interior floor beam splices



between supporting column-tree stubs and beams were identified as the point of fire-induced
failure of these several floor bays.

Figure 2.1a shows the fires in the damaged WTC 1 and 2 Towers before collapse, while
Figure 2.1b shows the blaze in WTC 5. The representative fire damage in WTC 5 is given in
Figure 2.1c, while the aforementioned column tree connection and floor failures are pictured in
Figure 2.1d.

The full collapse of the 47-story steel-framed WTC 7 has been attributed to fire causes,
which occurred approximately eight hours after the collapse of WTC 1. The structural steel
framing and fire protection in WTC 7 were quite conventional, when the building was placed
into service in 1987. Perimeter steel moment frames, 2-story belt trusses, and an interior braced
core at the lower levels provided lateral resistance features. The floors were typical steel beams
with composite deck and concrete topping. The nature of the September 11™ fires and their
destructive structural effects are the subject of an ongoing investigation by National Institute of
Standards and Technology (NIST).

On September 11, 2001 the 5-story Pentagon building in Washington, DC, was struck by
an aircraft, resulting in extensive damage and fire (see Figure 2.2). The Pentagon was
constructed between 1941 and 1943 of hardened, cast-in-place reinforced concrete. News,
anecdotal and visual observations indicate that there were some partial structural collapses in the
Pentagon due to the ensuing fires approximately 30 minutes after the jet impact. An official
investigation of the incident is being prepared but has not yet been released. There is no other
publicly available information on the nature and progression of the structural damage in the
Pentagon resulting from to the jet crash and subsequent fire.

The remainder of this Section will focus on the less publicized, but still significant, fire-
induced collapses of multi-story buildings. Brief overviews of these incidents are provided to
supplement the Table 2.1 summary. The information on the following incidents was obtained
from news media reports, unless otherwise noted with particular citations or references. Longer
narratives are provided for the more significant events.
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Figure 2.1a Damaged and Burning WTC 1 (right) and WTC 2 (left) on Sept. 11, 2001

Roof

9th Floor
8th Floor
7th Floor
6th Floor

5th Floor

4th Floor

3rd Floor

AN

Figure 2.1b Fires in WTC 5



b,

Failed Column-Tree
Connections

Flgure 2.1d Partial Connectlon and Floor Fallures in WTC 5



The most recent incident reported was the destruction of the Santana Row, Building 7 in
San Jose, CA on August 19, 2002 (Chui, 2002; Gathright, et.al., 2002). This structure was a 5-
story wood frame retail and residential complex that was under construction. With incomplete
fire protection systems, the building was much more susceptible to fire spread and damage.
Witnesses state that the fire started on the roof, where construction work was underway. The
entire complex collapsed due to the fire.

Another recent fire-induced building collapse occurred in St. Petersburg, Russia on
June 3, 2002 (BBC News Online, 2002; Ottowa Citizen, 2002). This building was a 9-story
concrete apartment block that totally collapsed after about a one hour fire (See Figure 2.3). The
news services reported only 1 related casualty, with about 400 other residents safely evacuating
the burning building prior to collapse. It was reported that ongoing reconstruction work at this
site had accidentally ruptured a gas line, which ignited and fueled this fire.

A severe fire in the 21-story Jackson Street Apartment building in Hamilton, Ontario on
February 8, 2002 (Stephan, 2002) caused partial collapse of a floor/ceiling assembly. Fragments
of concrete, as well as lath and plaster, were reported to have injured several firefighters, but no
fatalities were reported.

On February 27, 2001, the 4-story Faces Nightclub and Memories Lounge Bar building
in Motherwell, Lanarkshire, UK experienced a total collapse after burning for approximately 2
hours (The Herald (Glasgow), 2001).



Figure 2.3 Collapse of Burning Apartment Block in St. Petersburg, Russia

A fire-initiated collapse of a 6-story reinforced concrete textile factory occurred in
Alexandria, Egypt on July 19, 2000 (Reuters News, 2000; BBC News, 2000). The fire started in
the storage room at the ground floor. Fire extinguishers were non-functional, and the fire spread
quickly before firefighters arrived. Approximately nine hours after the start of the fire, when the
blaze seemingly was under control and subsiding, the building suddenly collapsed, killing 27
people. Figure 2.4 shows a photograph of this collapse.

Figure 2. . Collapsed Textlle Factory in Alexandrla, Egypt

Between 1993 and 2000, six other fire-induced collapses were reported in the news media
(Table 2.1). The buildings were all four to eight story, mostly residential, buildings in the USA.
The "old" wood Vandergrift apartments in Pittsburgh, PA (Belser, 2000) totally collapsed on
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May 7 2000. The collapse was initiated by a back wall failure, causing several fatalities. On
February 9, 2000 in Newton, MA (Burke, 2000), a 4-story, brick commercial building collapsed
about one hour after the start of the fire, with the upper stories collapsing onto the floors below.
One casualty resulted, probably due to the fire itself. This building had been undergoing roof,
facade, and electrical renovations. The remaining incidents between 1993 and 2000 caused
partial structural collapses with no reported fatalities, such as the roof and/or floor collapses in
the Effingham Plaza Nursing Home in Portsmouth, VA on April 6, 1998 (Portsmouth Times,
1998), in the Coeur de Royale Condominium in Creve Coeur, MO on August 25, 1994 (Bell,
1994), and in the Central Square Apartments in Cambridge, MA on Oct. 4, 1993 (Tong, 1993).
Apartments in Bronx, New York experienced collapse of the entire rear of the building on April
5, 1994 (Onishi, 1994), killing three people.

On May 21, 1987, Sao Paulo experienced one of the biggest fires in Brazil, which
precipitated a substantial partial collapse of the central core of the CESP Building 2. This was a
21-story office building, headquarters of the Sao Paulo Power Company (CESP). Buildings 1
and 2 of this office complex were both constructed of reinforced concrete framing, with ribbed
slab floors. According to Berto and Tomina (1988), these two buildings had several unique
internal features and contents. Both buildings retained their original wood forms used for
pouring the concrete floor slabs. Low-height plywood partition walls were also installed in the
interiors. The ceiling in CESP 1 was made of plywood attached to the wood forms, while plaster
tiles covered the ceiling in Building 2. Both buildings had automatic fire detection and manual
fire alarms, but no automatic sprinkler system. Six footbridges connected these 2 buildings to
permit convenient pedestrian access at various levels across a separation distance of 9.5 m.

The CESP fire started on the fifth floor of Building 1 from electrical causes, and
progressed rapidly upward due to the combustible (wood) ceilings, the underlying formwork, and
lack of adequate compartmentalization. Due to the severity of the Building 1 fire and other
factors, it not only spread within this building, but also to the companion Building 2. The
subsequent fires in CESP 2 ignited simultaneously on several floors due to the high thermal
radiation from the original CESP 1 fire. In the presence of similar combustible partition walls
and wood floor formwork, the CESP 2 fire also spread quickly. Firefighting efforts in both
buildings were unsuccessful. Approximately two hours after the beginning of the fire in CESP 2,
its structural core area throughout the full building height collapsed. This collapse was attributed
to the thermal expansion of the horizontal concrete T-beams due to fire exposure. This led to the
fracture of the vertical framing elements and their connections in the middle of the building, and
the subsequent progressive loss of gravity load-carrying capacity (Figure 2.5). After the
Building 2 collapse, the fire in Building 1, which was burning out, then re-ignited in floors 1-4
due of the flaming debris pile on the lower levels from Building 2. It was reported that this
entire incident, from the original fire ignition in Building 1, spread to Building 2, the collapse of
CESP 2 core, and the final re-ignition and burning of the lower floors of Building 1 lasted a total
of about seven hours. The fire occurred in the evening and no casualties were reported.

11
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Figure 2.5 CESP 2 Core Collapse in Sao Paulo, Brazil

The Alexis Nihon Plaza fire in Montreal, Canada occurred on October 26, 1986 (Isner,
1986). The building was a 15-story steel-framed office building that was built atop a wide 5-
story concrete mall and parking garage. This complex included an adjacent 23-story office
building and a 32-story apartment building, all supported by this concrete plaza. The 15-story
office tower had conventional steel framing, consisting of steel beam and deck floors and steel
columns. The beams and floors had a 3-hour fire rating, while the columns had a 2.5-hour
rating. All building elements were insulated with spray-applied mineral fiber. There was no
automatic sprinkler system installed in the building. On October 26, 1986 a fire began on the
10™ floor, then spread to the 11™ and 12" floors, and later to the top floor. Approximately five
hours after the fire started, a section of the 11" floor collapsed onto the 10™ floor. The fire was
declared out the following morning. There were no fatalities or injuries.

Isner stated that the partial collapse involved the failure of the ends of several steel
girders supporting the 11" floor, as well as an entire 9.1 m by 12.2 m floor section. Isner
reported that these partial collapses resulted from weld fractures of clip angles that connected the
floor girders to the columns. It was noted that the steel girders and beams of the collapsed floor
section were virtually straight and un-deformed, suggesting that the structural members were not
exposed to excessively high fire temperatures or stresses.

As a postscript to this incident, Isner indicated that a smaller second fire occurred in this
same building almost one year later during its reconstruction. On November 16, 1987 a fire
occurred on the 9™ floor, which had received little damage during the initial fire. Firefighters
successfully extinguished this fire in approximately 45 minutes. Similar to the previous 1986

12



fire, several floor girders and beams in the area exposed to the fire collapsed locally, due to weld
fractures in the clip angle connections between the beams and columns. The steel members
themselves were again observed to be straight and undistorted.

Papaioannou (1986) documented two large department store fires in Athens, Greece in
1980. These suspected arson fires occurred on December 19, 1980. The Katrantzos Sport
Department Store was an 8-story reinforced concrete building. Its fire started at the 7" floor and
rapidly spread throughout the building, due to lack of vertical or horizontal compartmentalization
and the absence of an automatic sprinkler system. Collected evidence indicated that the fire
temperatures reached 1000 °C over the 2-3 hour fire duration, and the firefighters concentrated
on limiting fire spread to the adjacent buildings. Upon extinguishment of these fires, it was
discovered that a major part of the 5 th through 8™ floors had collapsed. Various other floor and
column failures throughout the Katrantzos Building were also observed, (see Figure 2.6). The
cause of these failures was considered to be restraint of the differential thermal expansion of the
structure that overloaded its specific elements or connections.

= . e y = % o
= = : as

ng in Athens after the 1980 Fire

Figure 2.6 Katrantzos Department Buildi

A partial roof and column collapse of the Military Personnel Record Center occurred on
July 12, 1973 (Sharry, et.al., 1974). This was a large 86 m by 222 m, 6-story office building
constructed of reinforced concrete. The building was located in Overland, MO and was built in
the late 1950’s. Sprinklers were present only on the first and second floors. The fire was
reported to have started on the 6™ floor. Due to the high fuel load of 21.7 million record files
stored on the 6™ floor, the fire burned out of control for 20 hours. The fire was finally
extinguished after 4 days. The roof collapse began after approximately 12 hours of fire
exposure, and involved 30% of the roof slab above the estimated point of fire origin.
Subsequently, most of the remaining freestanding columns on the 6" floor collapsed. Minimal
fire damage was experienced below the 6" floor. The collapse and damage were later attributed
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to the large horizontal expansion of the 18 cm thick, conventional concrete roof slab that was
supported by 41 cm reinforced square-tied columns. There were no expansion joints in the floors
or roof. Lateral roof displacements of almost 60 cm occurred in one corner. Figure 2.7 shows
the extent of the sixth floor horizontal deformation and damage to the concrete columns due to
thermal expansion of the roof. The damage to the columns appeared to be analogous to the
brittle column failures that have often occurred during earthquakes.

Figure 2.7 Large Lateral Deformations and Failure of Columns at Sixth Floor of Military
Personnel Records Center

Another fire collapse occurred at the historic Hotel Vendome in Boston, MA. Built in the
late 19™ century of masonry and cast iron, this 5-story building was being renovated when a fire
started at on June 17, 1972. After burning for almost 3 hours, all five floors ina 12 m by 13.7 m
section collapsed (See Figure 2.8). This incident and the subsequent investigation were
described in the NFPA Fire Journal,(January, 1973). Ongoing renovation work had caused
excessive stresses on the bearing wall under a cast iron column, which was apparently already on
the verge of overloading before the fire event.

The One New York Plaza fire occurred on August 5, 1970 (N.Y. Board of Fire
Underwriters, 1970) in a 50-story office building constructed of structural steel floor and column
framing with a reinforced concrete core. The steel beams and columns were fire protected. The
fire started on the 33" floor and lasted for about 5 hours. The resulting damage was restricted to
the 33" and 34" floors, wherein beams were visibly twisted and deflected. More significantly,
filler beams in several sections of these floors dropped onto their supporting girders due to the
fracture of the end connection bolts. These local connection failures were attributed to isolated
unprotected areas of the steel connections, either due to localized removal of the spray-applied
steel fireproofing materials to accommodate certain construction details, accidental
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Figure 2.8 Boston Vendome Hotel Collapse

localized fireproofing application omissions, or material fall-off. There were no further collapses
of the structural framing during this fire. These localized steel connection failures which
occurred in the fire at the One New York Plaza were somewhat similar to those that occurred in
the 1986 Alexis Nihon Plaza fire and in the 2001 WTC 5 fire.

In order to have been included in this incident tabulation, fire needed to have been judged
the proximate cause for the building collapse (partial or total). Hence, any collapses due
primarily to explosions, impacts, earthquakes, wind, and other construction or design factors
were beyond the scope of this survey, even if fires had developed during the course of these
events.

This survey was restricted only to building fires, so fires in such non-building structures
as tunnels, bridges, transmission towers, storage tanks, etc. were excluded. Given these
restrictions, the major damage and apparently incipient collapse conditions due to the August 27,
2000 fire in the Ostankino Tower in Moscow, Russia was omitted. This 539 m high Tower was
Europe’s tallest structure used for broadcasting and communications, but technically not a
building. It endured a 24 hour fire with four casualties. According to the news sources, much of
the prestressed concrete Tower’s steel tendons were compromised. Because of this structural
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damage, some have claimed that the Tower was on the verge of collapse during and immediately
after the fire.

Also, the aggregated building destruction and damage in Kuwait due to the 1990 Iraqi
occupation documented by Al-Mutairi and Al-Shaleh (1997) on was not included in this survey.
This paper was vague with respect to cause and effect documentation, and lacked specific data
on any individual buildings. Similarly, the recent incident on July 12, 2002 of a structural
collapse and fire of the 10-story storage facility owned by Quad/Graphics Inc. in Fond du Lac,
WI, USA was omitted from the survey results. There are major open questions whether a rack
system structural failure precipitated the subsequent collapse and fire, or vice versa. There is a
private engineering investigation of this event being conducted at this time.

It was equally difficult to evaluate the separate effects of the many fires in buildings that
are known to have occurred after major earthquakes. This subject is addressed later in Section
2.3.4.

In summary, a total of 22 cases from 1970-2002 are presented in Table 2.1, with 15 from
the US and two from Canada. The number of fire-induced collapse events can be categorized by
building construction material as follows:

° Concrete: 7
° Structural steel: 6
o Brick/masonry: 5
o Unknown: 2
° Wood: 2

Three of these events were from the 1970’s, three were from the 1980°s, four were from
the 1990’s, and twelve occurred in 2000 and beyond. This temporal distribution was skewed
towards more recent occurrences both due to the magnitude of the WTC collapses (4 collapse
events) and the enhanced availability of computerized news media data.

The collapse distribution by building story height was as follows:

. 4-8 stories 13
° 9-20 3
° 21 or more 6

Almost 60% of the cases occurred in the 4-8 story building height range, with the
remainder affecting much taller buildings. Six collapses occurred in buildings over 20 stories,
with three of these occurring at the World Trace Center complex (WTC 1,WTC 2 and WTC 7).

At least four of these fire-induced collapses occurred during construction or renovations,
when the usual architectural, structural and fire protection functions were incomplete or
temporarily disrupted. Partial collapses (14 events) were the most frequent occurrences, and the
three World Trade Center complete collapses dominated the full collapse event total of eight
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cases. Office and residential were the primary occupancy types in these 20 buildings, as would
be expected in multi-story construction. The occupancy distribution is as follows:

° Office: 9
) Residential: 8
° Commercial: 3
° Combined commercial/residential: 2

Among the general observations from this survey of fire-induced collapses of multi-story
buildings was that while they are relatively few in number, the consequences were significant,
and could have been even worse in terms of human fatalities and economic losses. The fire risk
appeared to be slightly higher during building construction and renovation work. Of the 17 fire
incidents in the US and Canada, only the Santana Row development collapse in San Jose, CA,
occurred outside the northeastern quadrant of North American (North and East of Missouri).

This data demonstrated that buildings of all types of construction and occupancies, in
North America, and abroad, are susceptible to fire-induced collapse, particularly older buildings.
The annual fire occurrences in the US, according to Hall, (2001), exceeded 10,000 in buildings
that were 7-stories or taller. Those that were undergoing repairs or renovations appeared to
further increase the fire and collapse risk. If the fire could not be quickly contained and
suppressed by sprinklers, firefighters, or other fire protection measures, it posed a serious life
safety hazard for any of the building occupants present. Continued fire spread can lead to a
partial or total collapse in a multi-story building, compounding occupant losses, as in some of the
cases described above.

Difficulties were encountered during this survey in readily identifying news, and other
credible sources of historical and technical information on the fire-induced collapses of
buildings. The potential data sources were fragmented, often incomplete, and sometimes
conflicting. This lack of data and information significantly hampered the development of a more
complete understanding of the magnitude and nature of fire-induced collapse. A centralized
reliable body of catalogued information on fire-induced building collapses is needed.

The building code and design objectives are to provide sufficient warning and egress time
during a fire emergency that would enable the building occupants to safely evacuate, even if
there was an eventual structural collapse. Just as for other natural hazards (wind or earthquake),
the time, location, and characteristics of the fire are critical in determining the human and
property losses. The total deaths reported for the events in Table 2.1 were over 3,000. Over
2,800 occurred in the recent 2001 collapses of WTC 1 and WTC 2.

A fire-induced collapse in a multi-story building can be classified as a low frequency,
high-consequence event. Modern society draws much attention to these and attempts to prevent
them, much as it does for earthquakes and windstorms. Given that there can be no guarantee that
a fire will not occur in a given building, or that it will be successfully contained and suppressed,
the fire resistance of the building structure must be duly assessed in its design in order to avoid
local and progressive collapses. Since several of these documented cases demonstrated various
member and structural connection failures, a better understanding of the response of various
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building connections to fire is needed. The effects of elevated temperatures on the strength of
connectors themselves and on their ductility, as well as how thermal expansion of adjacent
heated members affects the stress redistribution in a floor and framing sub-assemblage through
its connections, are important issues yet to be resolved. Connections are generally recognized as
the critical link in the collapse vulnerability of all structural framing systems, whether or not fire
is involved.

2.3.2 Selected High-Rise Building Fires Without Collapses, But With Major Structural
Damage

To complement the fire-induced collapse cases described previously, a summary of
selected major recent fires in high-rises that did not suffer collapse, but did incur significant
structural fire damage, are presented in Table 2.2. The significance of the selected 7 major fire
events in Table 2.2 was that even though there was no associated structural collapse, there was
significant fire damage and enormous property loss.

Hall tabulated several hundred high-rise structural fires from 1911-present with fatalities
in his 2001 NFPA report, using the NFPA high-rise definition of a building of 7 stories or more.
Table 2.3 (Hall, 2001) reported all high-rise fire occurrences in the US (by year) from 1985-1998
for four occupancy (property) classes: apartments, hotels and motels, hospitals and care facilities,
and offices. The annual fire occurrences in such high-rises ranged from 10,000 to 17,200 per
year, with annual civilian deaths between 23 and 110, annual civilian injuries between 554 to
950, and annual direct property damage between $24.9 million to $150.1 million. It would
appear that based on the direct property damage estimates, the majority of these fires were small
in nature. To include the fires from other high-rise property classes and in residences with
unreported heights, a multiplication factor of approximately 33% was suggested by Hall. This
increased the annual range of actual high-rise fire occurrences in the US from 10,000-17,200 to
13,330-22,900. If one were to further adjust this historical fire data for the difference in number
of stories between NFPA’s high-rise statistics and the NIST multi-story definition as being 4
stories or more (i.e., add 4-6 story buildings to the NFPA summary of 7-story and higher), the
number of incidents would be higher.

The 1980 MGM Grand Hotel fire in Las Vegas (Clark County Fire Department, 1981)
killed 84 people, injured another 679 people, and caused hundreds of millions of dollars worth of
property damage (Clark County Report). The First Interstate Bank (Klem, 1988) (4 floors
burned out) and One Meridian Plaza (Klem, 1991)(9 floors burned out) in the US, and the
Mercantile Credit Insurance Building and Broadgate fires in the UK (Newman, et al., 2000) are
notable examples of excellent overall structural integrity under adverse fire conditions. Some
casualties and major economic losses were still incurred in these steel-framed buildings.
Complete burnouts of several floors destroyed the interior contents and caused substantial and
permanent floor sagging and steel beam distortions, as would be expected after a long, severe
fire exposure. In the One Meridian Plaza fire, deflection of main support beams were recorded
as large as 46 cm, and one entire area of the 22™ floor had deformed by 1.2-1.5 m. (See Figure
2.9). All the buildings listed in Table 2.2, with the exception of One Meridian Plaza, were
repaired and returned to service. After extensive investigations and studies, One Meridian Plaza
was dismantled for economic reasons.
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Figure 2.9 One Meridian Plaza Interior Fire Damage

Sao Paulo, Brazil had two major high-rise fires in the 1970s. The 31-story Andraus
building fire on Feb. 21, 1972 resulted in 16 casualties, while the 25-story Joelma fire caused
189 deaths on Feb. 1, 1974. (Hall, 2001 and Willey, 1972.) Both of these office buildings were
constructed of reinforced concrete framing, and contained much of the same nonstructural wood
combustibles (floor forms, ceiling tiles, and floor covering) as was previously discussed for the
1987 CESP Building collapse in Sao Paulo. The fires caused severe spalling of large portions of
the exterior concrete walls, joists, and columns, exposing the reinforcing steel, due to the severe
fire temperatures. Nevertheless, both the Andraus and Joelma buildings remained standing
without any collapses. The building were subsequently repaired and returned to service.

Two major fire test programs have been conducted in the UK on full-scale, multi-story
and multi-bay structures exposed to fires, at the Building Research Establishment (BRE)
Laboratories in Cardington. The first series of tests was conducted on a representative 8-story
composite steel-framed office building in September, 1996, (Newman, et. al, 2000). Significant
fire damage occurred, as expected, but there were no progressive failures, even with unprotected
steel floors. Many other technical observations on the overall high temperature behavior of
entire steel structures, as opposed to just isolated individual elements of the structure, were also
made. During the summer of 2001, BRE performed another major fire test of a 7-story concrete
building (Bailey, 2001). Extensive spalling of the floors and significant lateral displacements of
the external columns were experienced, but again without failures, as the compressive slab
membrane action provided a secondary strength mechanism.

Both of these research programs strongly suggest that further work on the structural fire

response of the entire building framing should be conducted to develop a better understanding of
structural fire safety, both in steel and concrete construction.
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2.3.3 Low-Rise Buildings with Collapse

Fifty-nine low-rise (2-3 stories in height) building fires with structural collapse, shown in
Table 2.4, were found using a world wide newspaper search dating back five years. This number
of entries were assumed to be only a subset of the total number of actual occurrences in this
category based upon the limitations of the time frame of the search. As indicated low-rise, multi-
story incidents (2-3 stories) with some type of collapse occur frequently. Because of their
smaller size and occupancies, they had relatively less catastrophic outcomes per incident.

Of the 59 low-rise fires identified in Table 2.4, 49 occurred in North America (45 in the
US and 4 in Canada). The vast majority of the low-rise fire collapses were apartments and
residential dwellings constructed of wood or brick construction. Generally, three modes of
partial collapse were present: floor, wall, and roof. There were only 5-6 cases (or about 10% of
these 59 incidents) that led to a total collapse of the structure. Floor and roof collapse were the
most common types of partial failures. The information found in the news report was generally
provided by fire department personnel. Casualty data ranged from injuries to multiple deaths.
Some collapses caused the residents and firefighters to become remotely trapped, or instantly
buried. This survey focused on merely identifying these representative collapse incidents,
considering the large number of records reviewed and others that were available for low-rise
incidents.

2.3.4 Fires after Earthquakes

A fire by itself presents a serious emergency condition, but it can be further exacerbated
by another hazardous event(s), such as an earthquake, war, explosions or impact. It is well
recognized that a cluster of building fires occurs immediately after most major earthquakes in
urban areas. The post-earthquake fire losses can sometimes be comparable to those created by
the ground movement alone. Under these circumstances, there is an increased risk of fire
sources, reduced or strained firefighting capabilities, the presence of structural damage, and
damage to the buildings’ fire protection systems.

The 1906 San Francisco earthquake was the signature destructive event of the early 20™
century that first emphasized the urgent need for additional seismic structural design criteria for
buildings in the US. Likewise, the 1906 earthquake brought to light the danger of the many large
fires in the city that added numerous, undocumented, structural failures. Over 3000 individuals
died, and the earthquake and fires destroyed large areas of San Francisco. Post-earthquake fire
danger has long been acknowledged and has often been repeated.

For this reason, the following general data is provided on the fire effects after the more
recent strong earthquakes (Sugahara, 1997; NISTIR 6030, 1996; EQE website):

J October 17, 1989 Loma Prieta Earthquake

San Francisco experienced 22 structural fires and over 500 reported incidents
during the seven hours after the earthquake began. It appeared that all of these
affected low-rise buildings (with less than 4 stories), and mostly residential
buildings.
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January 17, 1994 Northridge, CA Earthquake

The Los Angeles Fire Department reported 476 fire incidents during almost a 20-
hour period following the earthquake, in contrast to a normal daily count of 50-
100 incidents. Other surrounding jurisdictions also reported large numbers of
post-earthquake fire calls on that day, including 300 from the Ventura County
Fire District, of which 20 were reported to be structural fires, 16 from Santa
Monica, and one from Burbank.

January 17, 1995 Kobe Earthquake

Approximately 100 fires started within minutes of the quake, primarily in the
densely populated, low-rise residential areas of Kobe, Japan. It was reported that
several large conflagrations had developed within 1 to 2 hours, with a total of 142
fires and numerous collapses and destruction of mostly low-rise,
residential/commercial buildings of simple wood construction. Figure 2.10a and
2.10b shows pictures of the many fires in Kobe and their vast destruction after the
1995 earthquake (EQE Website).

el

Figure 2.10a Post-earthquake Fires in Kobe, Japan on Jan. 17, 1995
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Figure 2.10b Burned Area in the Nagata Ward of Kobe

Available historical records do not clearly indicate any specific multi-story building
failures due to post-earthquake fires. This may be the result of a lack of disaster data and precise
accounting for the resultant building damage or collapses between the earthquake and fire
causes. Nevertheless, these types of fires pose a severe risk to all types of construction in their
potentially damaged post-earthquake state, both in terms of their reduced structural and fire
resistance. While past experience does not provide any direct evidence of such occurrences in
multi-story buildings, the possibility for this combined extreme hazard from both earthquake and
fire exposures does exist.

2.4 Conclusions

Fire-induced collapse poses a serious risk in low-rise and multi-story buildings, in terms
of life safety and property damage. The Great Chicago Fire of 1871 first exposed the enormity
and severity of the fire problem on the US. As demonstrated in this survey of the more modern
era, the fire-induced collapse hazard is present in all construction types and construction
materials, and in various occupancies.. High-rise buildings are particularly sensitive to these fire
risks, consistent with the general public concerns for large consequence incidents.

It is well known that the largest number of fires occurs in low-rise and residential
construction (Hall, 2001). However, more than 10,000 fires per year in the US have been
historically reported in high-rise buildings. While this survey confirms that relatively few of
these fires caused subsequent structural collapses in multi-story buildings , the consequences of
those fire-induced collapses can be enormous.  Fire damage to structural members in multi-
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story buildings can result in large deflections an order of magnitude greater than the elastic
defections normally contemplated for serviceability design.

A central repository of well-documented information on building collapses would be
highly desirable in order to more readily enable understand the nature and extent of fire-induced
collapses, and further engineering and construction advancements for the enhanced protection of
public safety.

Proper fire protection design in compliance with the current, building codes is one
obvious necessity to help preserve life safety. Besides adequate provisions for automatic
suppression systems, egress, compartmentalization, etc., the fire resistance of the structural frame
itself must be adequately provided. In order to minimize the possibility of fire-induced structural
collapse of significant proportions, additional structural and fire engineering advancements may
be warranted for use in multi-story buildings, and other critical facilities, where such collapses
would cause unacceptably large consequences. In particular, as emphasized in FEMA 403 and
reflected in this survey, more information should be developed with respect to the structural fire
performance of various structural framing and connections as part of entire systems in order to
assure overall integrity at elevated temperatures for the sake of enhanced public safety.
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Table 2.3 High-Rise Building Fire Experience Selected Property Classes, by Year 1985-98
Structure (Reproduced from Hall, 2001)

Table 1. High-Rise Building Fire Experience
Selected Property Classes, by Year
1985-98 Structure Fires (Continued)

E. Four Property Classes Combined

Direct Property
Civilian Civilian Damage

Year Fires Deaths* Injuries (in Millions)
1985 17,200 66* 665 $24.9
1986 15,000 37* 554 $41.5
1987 13,000 55 635 $36.2
1988 14,600 93 778 $102.3*
1989 14,800 110 798 $58.1*
1990 13,300 83 625 $48.3
1991 13,100 23 747 $150.1%*
1992 13,600 34%* 827 $75.4
1993 12,400 43 701* $60.8*
1994 11,300 51 950 $56.9
1995 10,000 55% 688 $44.5
1996 12,100 64* 790 $69.1
1997 11,400 33 560 $43.4
1998 10,000 37 680 $41.1

*In 1985, 1986, 1989, 1991, and 1992, there were 24 total office building fire deaths, all in buildings with
unreported height. Since high-rise buildings account for about one-eighth of all office fires, it was estimated that
high-rise office buildings had three deaths, allocated as one of the eight 1985 deaths; one of the eight 1986 deaths;
and one of the eight 1989, 1991 and 1992 deaths to high-rise buildings, choosing 1992 for the latter as four of the
eight deaths occurred in 1992. In 1995 and 1996, deaths in facilities that care for the sick were allocated based on
the high-rise share of fires. Property damage figures for apartments in 1991 are inflated by problems in handling the
Oakland wildfire in the estimates. Property damage figures for office buildings are underestimated due to problems
in handling some large-loss fires, such as a $50 million California fire in 1988, a $50 million Pennsylvania fire in
1989, the $325 million One Meridian Plaza fire in Pennsylvania in 1991, and the $230 million World Trade Center
incident in 1993, whose more than 1,000 injuries also are not properly reflected in national estimates.

Note: These are fires reported to U.S. municipal fire departments and so exclude fires reported only to Federal or
state agencies or industrial fire brigades. Fires are rounded to the nearest hundred, civilian deaths and injuries are
rounded to the nearest one and direct property damage is rounded to the nearest hundred thousand dollars. Property
damage has not been adjusted for inflation.

Source: National estimates based on NFIRS and NFPA survey.
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3.0 TASK2. FIRE RESISTANCE TESTING LABORATORY SURVEY
3.1 Objective

The objective of this task was to survey the private and public facilities (for-profit, not-
for-profit; academic, local, state and federal government; military and civilian; domestic and
international) capable of testing the structural integrity of building elements under fire
conditions. This survey was to determine their specific capabilities in this area and provide an
understanding of the global capabilities for fire resistance testing.

3.2 Survey Scope and Methodology

The survey was limited to laboratories or facilities that could perform fire resistance
testing. Fire resistance testing was defined as evaluating the structural integrity and/or the flame
or temperature transmission through structural building elements. Structural building elements
are defined as floors, roofs, ceilings, beams, columns, walls and their connections. Other test
capabilities on fire performances characteristics such as flame spread, heat release rate, ignition
resistance, smoke generation, etc. were not included in this survey.

The list of the test laboratories was developed based on personal knowledge, references
from several of the laboratories, listings from various standards organizations (e.g. American
Society for Testing and Materials (ASTM), International Standards Organization (ISO)) or
approval organizations (e.g., International Conference of Building Officials (ICBO), Asia Pacific
Laboratory Accreditation Cooperative (APLAC)). Table 3.1 provides a summary of the various
laboratories and other contacts that were surveyed.

Each of the laboratories or contacts was initially contacted via E-mail and provided a
questionnaire to complete and return. Follow-up contacts were performed as required.

The questionnaire was designed to provide a short yet complete description of the fire
resistance testing capabilities of the various organizations. In general, the questionnaire
requested information such as:

o Information on the location of the laboratory or facility
o Contact information
o Capability to test vertical building elements
@ What type
o Size of elements / apparatus
@ Exposure conditions
o Loading capabilities
o Capability to test horizontal building elements

0 What type

@ Size of elements / apparatus
e Exposure conditions

@ Loading capabilities
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° Information on restrictions for testing, i.e., for whom, environmental, etc.
. General pricing information
o Additional specialized facilities

An example of the questionnaire that was provided to the laboratories is provided in
Appendix A.

3.3 Survey Responses

The various responses were collected and tabulated. In some cases, the contact or
laboratory did not have existing fire resistance test facilities and thus they were eliminated from
further consideration. In some cases, the laboratory or facility responded that that they were
private facilities and did not accept outside testing and thus did not complete the form. Table 3.2
provides a summary of the responses received to date.

The responses from the laboratories that completed the questionnaire are summarized in
Tables 3.3, 3.4, 3.5, and 3.6. Table 3.3 provides basic contact information for each laboratory.
Tables 3.4 and 3.5 provide summaries of the test capabilities for vertical and horizontal elements,
respectively. Table 3.6 provides additional information concerning testing restrictions and
availability of other non-standard test capabilities. A copy of each of the completed
questionnaires is provided in Volume II of this report.

3.4  Discussion of Survey

Currently, fire resistance testing is primarily performed to evaluate materials, products or
assemblies with respect to their ability to maintain structural integrity or retard the passage of
flames, or heat when exposed to a specified fire condition. The time that the test article exhibits
this performance is known as its fire endurance or fire resistance rating. For example, a wall may
attain a fire resistance rating of 1-hour, 2-hour or greater. This fire resistance rating, expressed in
a time increment is typically specified in the building codes such that each structural building
element for a particular building is required to have a rating that can vary from 0-hours to 4-
hours or greater depending on the building requirements.

In order to attain a fire resistance rating, the material, product or assembly is evaluated
using existing standard fire resistance tests. The most common fire resistance standards
throughout the world are:

o ASTM E119 — “Standard Test Methods for Fire Tests of Building Construction
and Materials”

o NFPA 251 — “Standard Methods of Tests of Fire Endurance of Building
Construction and Materials”

. UL 263 — “Fire Tests of Building Construction and Materials”

. ISO 834 — “Fire Resistance Tests — Elements of Building Construction”

All of these tests are standardized fire resistance tests that have been used for many years.
In general, they use similar fire exposure conditions as measured and controlled by the air
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temperature within the furnace. For some specific applications, a “hydrocarbon pool fire”
exposure is also used. This test uses a heat flux to the test article as the exposure criteria but is
controlled using the air temperature in the furnace. Typical “hydrocarbon pool fire” test methods
followed in North America are:

o UL 1709 — “Rapid Rise Fire Tests of Protection Materials for Structural Steel”
. ASTM E 1529 — “Determining Effects of Large Hydrocarbon Pool Fires on
Structural Members and Assemblies”

Figure 3.1 provides a plot of the fire exposure conditions for ASTM E119 (North
America), ISO 834 (International) and the ‘“hydrocarbon pool fire”. All of the testing
laboratories reported that they could perform the standard fire exposures (ASTM and ISO).
Several of the laboratories can also perform fire exposures that are similar to the “hydrocarbon
pool fire” exposure or greater.

Over the years, the fire test methods have standardized many of test details such as sample
size, measurement of temperatures, loading, etc. As such, the majority of test laboratories have
designed and built their current fire resistance test furnaces to meet the standard test methods.

The responding laboratories have various sized vertical and horizontal furnaces that can be
used for fire resistance testing. In some cases, they also have small-scale furnaces that are used
for scoping/R&D testing even though they do not meet the requirements of the standard tests
with respect to the minimum size of the samples. In most of the laboratories, full-scale furnaces
that can evaluate the standard sample sizes are available.

The standard practice in fire resistance testing is to test each building element
individually. For example, roofs or floors are not tested in combination with walls or columns.
Thus, the roof assembly is tested as an individual element and the column or the wall is also
tested as an individual item. Connections between building elements are not necessarily
evaluated under the existing fire resistance test methods. In some cases, such as with floors, the
ends of beams may be restrained, but they are typically not exposed to the actual fire
environment.

Full-scale vertical furnaces can typically evaluate samples approximately 3 m high x 3 m
wide. The largest (ULC) can evaluate samples 4.6 m high x 4 m wide. Most vertical furnace are
shallow (e.g. 0.6 m deep or less) but several (OPL, LGU) have depths up to 1.2 m to 1.5 m.
Some of the test facilities can also provide expansion collars that will increase the depth of the
furnace as well as the size (height & width) of the test sample.

Full-scale horizontal furnaces can evaluate samples up to approximately 4 m long x 5.5 m
wide. The largest furnace (ULC) can accommodate a sample that is 10.5 m. long x 4 m. wide.
Generally, the depth of the full-scale furnaces is approximately 1.8 m. The largest furnace
described above, however, has a depth of 2.4 m. Most laboratories can build-up the sides of the
horizontal furnaces such that deeper or taller samples, such as columns, can be tested.
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Testing combinations of structural elements can be conducted, but one must be
careful with respect to the type and size of combinations. For example, it may be
possible to test a full-scale floor and a column together within some limits on the size, but
most laboratories cannot test a full-scale roof and wall combination. The horizontal
furnace at ULC may have this capability, since they can shut down parts of the furnace
and thus build a wall inside the furnace such that it will meet a floor. Also, OPL has a
medium scale furnace that can potentially expose a wall (3 m tall x 3.6 m wide) in
conjunction with a floor (3.6 m wide x 4.9 m long).

Loading of test assemblies is accomplished in various ways depending on the
orientation of the test sample. Most of the laboratories load walls using hydraulic jacks
such that the wall is in compression during the test. Columns are typically tested without
load, since most of the testing involves fire protection materials on the columns and thus
limiting temperatures are used rather than structural integrity. Several laboratories (NRC,
LGU, BRI) have the capability to test columns under load.

In horizontal testing, loading is typically limited to live loads placed on top of the
test assembly. The live loading is typically accomplished using water tanks or hydraulic
jacks. Loading with respect to tension, shear, etc. is not typically done. One test
laboratory (FPL) can perform tension loading in their small-scale horizontal furnace.

Generally, instrumentation in fire resistance testing is limited to:

Temperatures / heat flux of exposing fire

Temperatures on the test sample (interior and exterior)

Deflection of the test sample

Limited data on load history by some laboratories

Pressure in the furnace with respect to atmosphere near the sample
location

In some cases, research testing was conducted wherein load cells or strain gauges
were used, but this is very rare. Some of the laboratories have the capability to use these
devices but many experimental problems exist with their use. For example, at high
temperatures these devices will be destroyed.

Most of the responding laboratories will perform testing for clients and there are
few reported issues with respect to contracts and regulations. The largest concerns center
on testing of potentially hazardous materials, such as asbestos.

The cost to perform fire resistance testing varies considerably depending on the
type of assembly and its construction, instrumentation, loading, etc. In general, standard
wall tests are in the range of $5,000 to $8,000 (US) while floor tests can range from
$25,000 to $50,000 (US). Test scheduling is totally dependent upon the construction and
instrumentation requirements for the test. For example, a simple wall test without the
need for curing materials can be conducted within two weeks of receipt of materials



while tests that may involve materials such as concrete may require a minimum of four to
six months due to curing of the concrete.

Several laboratories have large, enclosed areas whereby specialized testing can be
conducted. While not totally defined, several laboratories, (UL, SWR, SP) have facilities
wherein a test structure can be constructed and potentially evaluated under real-scale fire
conditions. While the overall space exists, the exact nature of the capabilities would be
undefined until an actual proposed test is provided.

In summary, most of the responding laboratories have the capability to perform
the standard fire resistance tests with respect to size, type of exposure, loading, and
measurements. In some cases, laboratories can subject samples to a variety of fire
exposures and several fairly large furnaces exist that may be used to evaluate, within
some size limitations, connections or a combination of building elements. No single
laboratory stands out as having all combinations of facilities such as largest size,
capabilities of testing connections or combination of elements, loading, exposure
conditions, etc. In general, the large commercial laboratories (e.g., ULC, UL, OPL,
SWR, BRE, BRI, VTT) have greater than normal capabilities. The selection of a
particular laboratory would depend on the specific objective of the test program and the
test requirements. Real-scale size facilities and loading conditions and instrumentation
other than those used or specified in the standard test methods is not be readily available.
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Table 3.1 List of Laboratories/Contacts

Laboratory Country
Underwriters Laboratories, Inc USA
Underwriters Laboratories of Canada Canada
Southwest Research Institute USA
Intertek Testing — US & Canada USA/Canada
Armstrong World Industries USA
Factory Mutual Research Corporation USA
SGS/US Testing Laboratory — LA USA
Omega Point Laboratories USA
3M Company USA
Carboline USA
National Research Council Canada
US Forest Product Laboratory USA
Western Fire Center USA
US Gypsum — Research Facility USA
Guardian USA
NGL Testing Services USA
VTEC Labs USA
Commercial Testing USA
UC Berkley USA
Intertek — WI USA
DITUC Chile
IDIEM Chile
INTI Argentina
IPT Brazil
REDCO Belgium
Univ. of Ghent Belgium
SP Sweden
Danish Institute of Fire Technology Denmark
VTT Finland
SINTEF Norway
Institute for QC of Bldg Hungary
Lorient UK
BRE UK
Warrington UK
Warrington Australia
Lorient Australia
CSIRO Australia
Tianjin Fire Research Institute China
China Nat. Center for QC & Testing of Bldg China
Sichuan Fire Research Institute China
Architecture & Building Research Institute Taiwan
PSB/SISIR Singapore
SIRIM Malaysia
CTICM France
CSTB France
Building Res. Institute Japan
Res. Institute of Marine Engineering Japan
Gen Building Res. Corp Japan
Japan Testing Center for Building Const. Japan
Fire Research Institute Czech Republic
Univ. of Canterbury New Zealand
BRANZ New Zealand
BAM Germany
MPA — Materialprufungsamt Germany
TNO Holland
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Table 3.2 Summary of Responses

Laboratory Country Capabilities | Remarks
Underwriters Laboratories, Inc USA Yes
Underwriters Laboratories of Canada Canada Yes
Southwest Research Institute USA Yes
Armstrong World Industries USA Yes Private
Factory Mutual Research Corporation USA None
SGS/US Testing Laboratory — LA USA None
Omega Point Laboratories USA Yes
3M Compay USA Yes Private
Carboline USA Yes
National Research Council Canada Yes
US Forest Produst Laboratory USA Yes
US Gypsum — Research Facility USA Yes
Guardian USA Yes
NGL Testing Services USA Yes
Commercial Testing USA None
UC Berkley USA None
DITUC Chile Yes
IPT Brazil Yes
Univ. of Ghent Belgium Yes
VTT Finland Yes
BRE UK Yes
Warrington UK Yes
CSIRO Australia Yes
PSB/SISIR Singapore Yes
SIRIM Malaysia Yes
Building Res. Institute Japan Yes
Res. Institute of Marine Engineering Japan Yes
Gen Building Res. Corp Japan Yes
SP Swedish National Testing and Res. Institute Sweden Yes

Private = while some facilities exist, they did not wish to complete the form since they

only do in-house testing.
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