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ABSTRACT 

Earthquakes have the potential to cause significant damage to building structural 

and nonstructural systems. Once damaged, buildings become highly susceptible to post-

earthquake fire. Although considerable research has been undertaken with respect to the 

performance of structural systems, research aimed at understanding and quantifying the 

performance of nonstructural systems and post-earthquake fire performance of buildings 

has been severely lacking. To begin addressing this crucial gap in knowledge, an 

academe-industry collaborative was formed to conduct the project Full-Scale Structural 

and Nonstructural Building System Performance during Earthquakes & Post-Earthquake 

Fire, a $5 Million effort referred to as the building nonstructural components and systems 

(BNCS) project (http://bncs.ucsd.edu/index.html). This report details those aspects of the 

BNCS project related to the fire performance testing, including details of the third floor 

fire test compartments, post-motion test state of the third floor systems, outcomes of the 

blower door fan tests, fire test plan and fire test data. Preliminary observations, planned 

analyses, and future research recommendations are presented. Details on the seismic 

design of the test specimen, overall building layout, installed systems and contents, the 

seismic test program, including earthquake motions, sensors and instrumentation, and 

data from the motion tests, including on fire protection systems, are available in Chen et 

al. (2013) and Pantoli et al. (2013).  

 

 

 

 

 

 

 

 

 

http://bncs.ucsd.edu/index.html


ii 

 

ACKNOWLEDGEMENTS 

This project was a collaboration between four academic institutions (University of 

California, San Diego (UCSD), San Diego State University (SDSU), Howard University, 

and Worcester Polytechnic Institute (WPI)), four government or granting agencies (the 

National Science Foundation (NSF), the Englekirk Advisory Board, the Charles Pankow 

Foundation, and the California Seismic Safety Commission (CSSC)), over 30 industry 

partners and two oversight committees. A listing of industry project sponsors is provided 

below and may also be found on the project website: http://bncs.ucsd.edu/index.html.  

Funding was provided through the NSF National Earthquake Engineering 

Simulation Research (NEESR) program, under Dr. Joy Pauschke, program manager, 

through award CMMI-0936505. Support from this program is gratefully acknowledged. 

In addition, the technical support of NEES@UCSD staff, and consulting contributions 

from Robert Bachman, chair of the project's Engineering Regulatory Committee, are 

greatly appreciated.  

WPI would like to express their sincere gratitude to Tara Hutchinson of UCSD, 

the Principal Investigator for the overall BNCS project, for her tireless efforts to enable 

and manage the overall project, to all project Core Team members, to Arup, CSSC, Hilti, 

and the Society of Fire Protection Engineers (SFPE) Educational and Scientific 

Foundation for providing funding in support of the fire test program, to Elley 

Klausbruckner for facilitating the approvals process and engaging local fire suppression 

system sponsors, and to the UCSD Department of Environment, Health & Safety, under 

the leadership of Garry MacPherson, and the San Diego Fire Department and Fire 

Marshal Douglas Perry for necessary approvals and fire department participation.  

Opinions and findings of this study are those of the authors and do not necessarily 

reflect those of the sponsors, agencies or organizations involved. 

 

 

 

 

 

http://bncs.ucsd.edu/index.html


iii 

 

ACADMIC LEADERSHIP: 

Worcester Polytechnic Institute (wpi.edu) 

University of California, San Diego (ucsd.edu) 

San Diego State University (sdsu.edu) 

Howard University (howard.edu) 

 

FIRE TEST FACILITATORS: 

San Diego Fire Department (sandiego.gov/fire) 

University of California, San Diego Environment, Health & Safety (ehs.ucsd.edu) 

 

FIRE TEST SPONSORS: 

Arup (arup.com) 

Hilti Corporation (hilti.com) 

Klausbruckner & Associates, Inc. (klausbruckner.com) 

Lawrence Doors (lawrencedoors.com) 

Parsley Consulting (parsleyconsulting.com) 

Ruskin (ruskin.com) 

Schindler Elevators (schindler.com) 

Society of Fire Protection Engineers, Education and Scientific Foundation (sfpe.org) 

Sto Corp (stocorp.com) 

Western Fire Protection, Inc. (sandiegofireprotection.com) 

 

FEDERAL, STATE & OTHER MAJOR SPONSORS: 

California Seismic Safety Commission (seismic.ca.gov) 

Charles Pankow Foundation (pankowfoundation.org) 

Englekirk Advisory Board (jacobsschool.ucsd.edu/Englekirk/) 

Federal Emergency Management Agency (fema.dhs.org) 

National Science Foundation (nsf.org) 

Network for Earthquake Engineering Simulation (NEES.org) 

 

INDUSTRY SPONSORS: 

AGI Seismic Clamps (seismicclamps.com) 

Armstrong World Industries (armstrong.com) 

Arup (arup.com) 

Baltimore Aircoil Company (baltimoreaircoil.com) 

Besam Entrance Solutions (besam.com) 

Biamp Systems (biamp.com) 

Brandow & Johnston, Inc. (bjsce.com) 

CEMCO Steel (cemcosteel.com) 

Clark Pacific (clarkpacific.com) 

CSI Commercial Scaffolding (csiscaffolding.com) 

Delco Sales (delcosales.com) 

Delta Building Systems (baugridusa.com) 

Door & Access Systems Manufacturers Association – DASMA (dasma.com) 

Dynalectric (dynalectric.com) 

First United Doors (firstudt.com) 



iv 

 

FM Global (fmglobal.com) 

Headed Reinforcement Corp. (hrc-usa.com) 

Helmer Inc. (helmerinc.com) 

Hill-rom Company, Inc. (hill-rom.com) 

Humanscale (humanscale.com) 

IBM (ibm.com) 

MAQUET Medical Systems, USA (maquet.com) 

Lawrence Doors (lawrencedoors.com) 

Mason Industries (mason-ind.com) 

MMFX Technologies Corp. (mmfx.com) 

Modular Services Company (headwalls.com) 

Morley Builders (morleybuilders.com) 

OmegaFlex, Inc. (omegaflex.com) 

Pacific Coast Steel (pcs.com) 

Pacific Stair Corporation (pacificstair.com) 

Precast Concrete Institute (pci.org) 

QuakeHold (quakehold.com) 

Rauland-Borg Corporation (rauland.com) 

Regal Industries, Inc. (regalindustries.com) 

Responder Systems Corporation (responder.com) 

Ruskin (ruskin.com) 

Schindler Elevators (schindler.com) 

Schneider Electric (schneider-electric.com) 

Seismic Isolation Engineering, Inc. (siecorp.com) 

Southwest Regional Council of Carpenters (swcarpenters.org) 

Stanley Healthcare Solutions (StanleyInnerSpace.com) 

State Farm Insurance (statefarm.com) 

Sto Corp (stocorp.com) 

Sure-board (sureboard.com) 

Stryker (stryker.com) 

Tannoy/TC Group Americas (tannoy.com) 

Timely Frames (timelyframes.com) 

Technical Services Information Bureau (TSIB) (tsib.org) 

UCSD Surplus (surplus.ucsd.edu) 

University Mechanical & Engineering Contractors (umec.com) 

USG Building Systems (usg.com) 

Weir Minerals South America (weirminerals.com) 

Western Fire Protection, Inc. (sandiegofireprotection.com) 

Willis Construction Company, Inc. (pre-cast.org) 

 

ENGLEKIRK ADVISORY BOARD 

 

BOARD OF ADVISORS: 

Robert Englekirk, Chairman  

Englekirk Systems Development  

Baumann Engineering/Bautech, Inc. (bautech.com) 



v 

 

Carpenters/Contractors Cooperation Committee 

Delta Building Systems HK Ltd. 

Dywidag Systems International, USA (dsiamerica.com) 

Englekirk Institutional (englekirk.com) 

Englekirk Structural Engineers (englekirk.com) 

HILTI (hilti.com) 

KPFF Consulting Engineers (kpff.com) 

Morley Construction Company (morleybuilders.com) 

MMFX Technologies Corporation (mmfx.com) 

Pacific Stair Corporation (pacificstair.com) 

Stedman & Dyson Structural Engineers (sdse.com) 

Xinglian Steel Mesh (Shenzhen) Co., Ltd. 

 

EMERITUS BOARD MEMBERS: 

American Segmental Bridge Institute (asbi-assoc.org) 

Anderson Drilling (andersondrilling.com) 

Armstrong World Industries (armstrong.com) 

Brandow & Johnston Associates (bjsce.com) 

Burkett & Wong Engineers (burkett-wong.com) 

Charles Pankow Builders, Ltd. (pankow.com) 

Clark Pacific (clarkpacific.com) 

Douglas E. Barnhart, Inc.  

Dresden Framing Systems 

EsGil Corporation (esgil.com) 

FM Global (fmglobal.com) 

GEOCON, Inc. (geoconinc.com) 

Gordon Forward  

Highrise Concrete Systems, Inc. (highriseconcrete.com) 

Hope Engineering, Inc. (hopeengineering.com) 

John A. Martin & Associates (johnmartin.com) 

Josephson Werdowatz & Associates, Inc. (jwa-se.com) 

JVI, Inc. (jvi-inc.com) 

Mason Industries (mason-industries.com) 

Matt Construction Corporation (mattconstruction.com) 

Nabih Youssef & Associates (nyase.com) 

Oak Creek Energy Systems (oces.com) 

Occidental Petroleum Corporation (oxy.com) 

Pacific Southwest Structures (pswsi.com) 

PCL Construction Services (pcl.com) 

Portland Cement Association (cement.org) 

Precast/Prestressed Concrete Manufacturers Association of California (PCMAC) 

(precastconcrete.org)  

Ruskin (ruskin.com) 

Schuff Steel – Pacific Inc. (schuff.com/loc-pacific.php) 

Schindler Elevator Corporation (schindler.com) 

Simon Wong Engineering (simonwongeng.com) 



vi 

 

Simpson Manufacturing Co., Inc. (simpsonmfg.com) 

Smith-Emery Company (smithemery.com) 

State Farm Insurance (statefarm.com)  

Structural Engineering Association of Southern California (SEAOSC) (seaosc.org) 

Texas Industries  

The Eli & Edythe L. Broad Foundation (broadfoundation.org) 

Turner Construction Company (turnerconstruction.com) 

UCSD Design & Construction (fdc.ucsd.edu) 

Verco Manufacturing Co. (vercodeck.com) 

Weidlinger Associates, Inc. (wai.com) 

 



vii 

 

EXECUTIVE SUMMARY 

In April and May 2012, a series of landmark full-scale experiments were conducted on 

and within a 5-story reinforced concrete frame test specimen, with floor plates measuring 

6.6 meters by 11 meters (21.5 feet by 36 feet), which was erected on the nation’s largest 

outdoor shake table at the Englekirk Structural Engineering Center at the University of 

California, San Diego. Referred to as the building nonstructural components and systems 

(BNCS) project (http://bncs.ucsd.edu/index.html), the goal of this $5 Million academe-

industry-government collaborative was to investigate earthquake performance of 

nonstructural building systems and post-earthquake fire performance. 

 During the period 16 April - 15 May 2012, the test specimen was subjected to a 

total of 13 motion tests, seven with base isolation (BI) and six with a fixed base (FB) 

configuration. Seismic motions were selected from earthquake events occurring off the 

coast of California, in the central area of Alaska and the subduction zone of South 

America. These motions provided excitations with different frequency content 

distributions as well as varied strong motion durations and amplitudes. Seismic motions 

were designed and applied to the building to progressively increase the seismic demand 

on the structure and NCSs in both the BI and FB conditions. In addition, to compare the 

response and behavior of the structure and NCSs, the early (target) motions in the 

sequence of the BI and FB testing phases were similar. One maximum considered 

earthquake (MCE) motion and two serviceability level motions were obtained by 

spectrally matching to the ASCE 7-05 design spectrum achieved for a high seismic zone 

in Southern California (site class D). In addition a long duration motion from the 2007 

Peru earthquake was selected and amplitude scaled (50, 100, and 140%, the later applied 

only during the BI testing phase). It was desirable to minimize the peak inter-story drift 

ratio (PIDR) to less than approximately 0.5% while the test specimen was isolated at its 

base, to preserve the structure for the FB testing phase. The design event imposed during 

the FB testing phase was intended to achieve approximately 2-2.5% PIDR and 0.8g peak 

floor acceleration in the test structure. The achieved peak input acceleration range for the 

FB earthquake motions ranged from about 0.2 to 0.8g, while the pseudo-spectral 

acceleration at a period of 1 sec ranged from about 0.3 to 1.3g. To collect data on the 

http://bncs.ucsd.edu/index.html


viii 

 

earthquake performance of the structure, nonstructural components and systems, sensors 

were installed to collect drift and acceleration data. Cameras were used to record visual 

data relative to movement, cracking and related effects. Following each motion test, 

damage to structural and nonstructural components and systems were photographed and 

documented. Details on the seismic design of the test specimen, overall building layout, 

installed systems and contents, the seismic test program, including earthquake motions, 

sensors and instrumentation, and data from the motion tests, including for fire protection 

systems, are available in Ebrahimian et al., (2013), Chen et al. (2013) and Pantoli et al. 

(2013).  

Following the motion tests, blower door fan tests were conducted in 

compartments on the third floor, specifically to measure the effective leakage area which 

developed as a result of the various ground motion tests. The aim was to collect data on 

compartment integrity and motion-induced ventilation openings: factors which can have 

significant impacts on building fire conditions. Then, following the last motion test, six 

live fire tests were conducted within the earthquake-damaged specimen to evaluate 

various aspects of the fire performance of earthquake-damaged buildings. This report 

details the fire-related tests, including the blower door fan tests, live fire tests, 

instrumentation plan, test plan, data collected and preliminary findings.  

The primary focus of fire-related tests was the third floor, on which four 

compartments were configured for testing: the Large Burn Room (LBR), the Small Burn 

Room (SBR), the area around the Elevator Shaft (ES), and the Elevator Lobby (EL). The 

LBR and SBR construction was Type-X gypsum board on steel studs with doors and 

frames indicative of nominal 20-minute fire rated construction. Door closers and 

magnetic door holders were installed. The ceiling consisted of Type-X gypsum board on 

an Armstrong ceiling system, which could be configured for a nominal 60-minute fire 

resistance rating. Floor/ceiling slabs were of unprotected reinforced concrete construction. 

A balloon framing system was used for the exterior walls. The third floor was served by 

an elevator and a full-size steel stair system, and was equipped with various nonstructural 

components, including heating, ventilation and air-conditioning (HVAC) system 

ductwork with fire dampers, a charged wet sprinkler system and smoke detectors. 

Various firestops were installed within vertical and horizontal partitions, including 
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around pipe penetration openings, floor, wall and ceiling joints. In addition, a roll-down 

steel fire door was installed within the partition wall between the LBR and SBR.  

During the period 23-25 May 2012, two fire tests per day were conducted on the 

third floor: two in LBR, two in EL, and one each in SBR and ES. To control the fire size 

and duration, the liquid Heptane was burned in steel pans. The fire tests ranged in size 

from approximately 500kw to 2000kW, dependent on the compartment and ventilation 

characteristics, number of pans and amount of Heptane used. A primary consideration 

was to limit the potential for fire-induced structural failure. To collect temperature data 

inside and outside of the fire test compartments, thermocouples were placed in various 

locations depending on the objectives of each fire test. The primary focus areas were to 

obtain data on the thermal environment within the fire compartment and adjacent spaces, 

to assess fire and smoke spread between compartments as a result of seismic-induced 

compartmentation failure, and to assess the performance of the fire protection systems 

(firestop, dampers, sprinklers). Multiple video cameras were also installed throughout the 

building to collect visual data on smoke or fire spread and activation of the fire protection 

systems.  

      Although most of the data on the fire performance of the test specimen was 

limited to systems and configurations on the third floor, and the live fire tests were 

limited in number and scope, important data were collected and the following initial 

observations are made.  

General observations regarding earthquake performance of the specimen, which 

could have an impact on fire performance of a building, include: 

 Ceiling systems on Floor 1 showed progressive damage with increased ground 

motion intensity. The potential fire performance concern is loss of compartment 

integrity and spread of fire and smoke. (See Chen et al., 2013 and Pantoli et al., 2013 

for more details on these items.) 

 Contents indicative of residential and laboratory spaces on Floor 2, ranging from 

small items such as books, vases and a television set, to larger items such as 

bookshelves, storage shelves, and refrigeration units were displaced if not anchored. 

The potential fire performance concern is that most of the unanchored items were 

distributed on the floor, which would represent a distributed fuel load that is different 
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that might be anticipated for a non-earthquake-damaged building. (See Chen et al., 

2013 and Pantoli et al., 2013 for more details on these items.) 

 Some of the magnetic door holders installed on Floor 3 experienced damage during 

the motion tests. In one case, the magnetic bond was stronger than the fasteners used 

to connect the strike plate to the door, ripping the strike plate off the door. The 

potential fire performance concern here is that improperly operating doors might 

impede occupant egress and firefighter access.  

 Some of the doors installed on Floor 3 were not functioning properly after the motion 

tests. In some cases doors were not able to close completely because door frames 

were distorted and locks were damaged. The potential fire performance concern here 

is that smoke and fire could spread through a door, which was designed to be closed 

during fire, hindering occupant egress and safety. In another instance, a door on Floor 

3 was jammed closed during a ground motion tests, requiring tools to be used to pry 

the door open. The potential fire performance concerns here are that occupants can be 

hindered when trying to escape, placing them at risk, and the fire service can be 

hindered when undertaking rescue and firefighting operations.  

 In various locations within the test specimen, including around the elevator shaft on 

Floor 3 and within the stairwell on various levels, gypsum wallboard sections became 

detached during motion tests. The potential fire concerns are loss of compartment 

integrity and spread of fire and smoke, hindering occupants when trying to escape and 

placing them at risk, and hindering the fire service when undertaking rescue and 

firefighting operations. (See Chen et al., 2013 and Pantoli et al., 2013 for more details 

on these items.) 

 Following the largest ground motions, the stair became detached from the stair 

landing and handrails were broken at locations between Floors 2 and 4. The potential 

fire performance concerns here are that occupants can be hindered when trying to 

escape, placing them at risk, and the fire service can be hindered when undertaking 

rescue and firefighting operations. (See Chen et al., 2013 and Pantoli et al., 2013 for 

more details on these items.) 

 Following the largest ground motions, significant spalling occurred on various 

concrete beam-column connections on the lower floor, resulting in exposed steel 
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rebars, degrading the structural load-bearing capacity and fire performance of the 

connection and structural system. The potential fire performance concerns here are 

that occupants can be hindered when trying to escape, placing them at risk, the fire 

service can be hindered when undertaking rescue and firefighting operations, and the 

building could be at risk of localized collapse or worse. (See Chen et al., 2013 and 

Pantoli et al., 2013 for more details on these items.) 

 Following the largest ground motions, one intensive care unit breakout door was 

detached from the door frame on Floor 4. Since the door provides a smoke barrier, the 

potential fire performance concern here is that smoke could spread through the 

opening, and occupants, who may be required to be protected in place, might be put at 

risk. (See Chen et al., 2013 and Pantoli et al., 2013 for more details on these items.) 

 Following the largest ground motions, a rigid steel pipe, representative of a fuel gas 

supply line, failed at a connection. Such a failure could lead to release of fuel gas in a 

building, if other protective measures are not in place (e.g., shutoff valves). 

Corrugated stainless steel tubing (CSST), also representative of a fuel gas supply line, 

did not experience such a failure. (See Chen et al., 2013 and Pantoli et al., 2013 for 

more details on these items.) 

General observations regarding fire performance of the specimen, following the 

live fire tests, which could have an impact on fire performance of a building, include: 

 The automatic sprinkler system functioned well during ground motion tests and 

activated as expected during the fire tests on Floor 3. 

 All dynamic and truly static firestop systems installed on Floor 3 performed generally 

well during the motion tests and to the fire tests except, in earthquake conditions, 

some joints that would be static in normal operation were not static anymore and joint 

seals applied on such joints became separated by the ground motion. The potential 

fire performance concern is loss of compartment integrity and spread of fire and 

smoke. 

 The roll-down steel fire door was intentionally not subjected to significant in-plane 

drifts during the motion tests and resisted shaking perpendicular to the plane of the 

door effectively (no damage, see Chen et al., 2013 and Pantoli et al., 2013 for more 

details) and activated as expected during the fire tests. 
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 Smoke detectors activated as expected during the fire tests. 

 The fire dampers on Floor 3 performed generally well during the motion tests and fire 

tests. Two fire dampers closed completely following each motion test. The third 

damper’s blade rotation was prevented by a screw used for damper installation which, 

once adjusted, allowed the damper to close completely following the motion tests. 

The potential fire performance concern is lack of smoke control, allowing smoke to 

spread from one compartment to another.  

 The non-rated flexible duct melted and ruptured during some of the fire tests. The 

potential fire performance concern is lack of smoke control, allowing smoke to spread 

from one compartment to another. 

 Significant gaps opened in several joint areas on Floor 3, as well as between steel 

brackets and the balloon framing. The gap between the balloon framing and slab was 

up to 10 cm (4 inches) in places (see Chen et al., 2013 and Pantoli et al., 2013 for 

more details). The potential fire performance concern is loss of compartment integrity 

and spread of fire and smoke. Smoke leakage was observed during the fire tests in 

several locations. 

 The elevator was non-operable following the largest ground motion because the 

elevator doors and frames became distorted on several floors, with openings as large 

as 24 cm (9.4 inches) on the third floor. One potential fire performance concern is 

loss of compartment integrity and spread of fire and smoke, in this case allowing for 

vertical smoke (and fire) spread. The elevator shaft interior temperatures were greatly 

increased as smoke and hot gases from the EL1 and EL 2 fires were entrained into the 

shaft through the opening on Floor 3. An additional potential fire performance 

concern is the loss of elevators for occupant egress and for fire department rescue and 

suppression support operations.  

 A long vertical steel pipe went through thermal expansion under elevated 

temperatures during one fire test and the pipe shifted the firestop material that was 

applied on the vertical pipe penetration opening. The potential fire performance 

concern is lack of intended smoke control, allowing smoke to spread from one 

compartment to another. 
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 Depending on the test, flashover conditions were observed, even with relatively small 

fuel loads. In some cases the ventilation conditions played a significant role.  

 Fuel gas distribution systems, if damaged due to seismic motion, could result in 

additional fuel for post-earthquake fire, if not provided with additional safeguards 

(e.g., shutoff valves).  

 Although it was not possible to test actual windows during these tests, window 

openings were provided and tested in various conditions, including completely closed, 

partially closed and fully open. In tests where the windows were fully opened, flame 

extension was observed, smoke venting was observed, and the test fires were exposed 

to wind-driven conditions, which affected the combustion rate, smoke spread and 

flame angle direction during the fire tests. The potential fire performance concerns 

here are that loss of windows could facilitate floor-to-floor fire spread, and that wind-

driven conditions resulting from loss of windows could result in much different fire 

conditions that the building fire protection systems are designed for or the fire 

department might expect. This would place occupants and the fire service at risk.  

Again, although most of the data on the fire performance of the test specimen was 

limited to systems and configurations on the third floor, and the live fire tests were 

limited in number and scope, important data were collected and the following initial 

observations are made. Since very few full-scale post-earthquake fire tests have been 

conducted to date, more testing is warranted to investigate in more depth the above 

situations, to assess the performance of other building constructions, contents and 

configurations, and to fill the gap of knowledge on post-earthquake building fire 

conditions. Some additional observations for future testing include the following:  

 To better assess the potential for vertical fire spread and potential for and the 

effects of wind-driven fires, a variety of exterior glazing systems and window 

configurations should be tested.  

 Post-earthquake fire experiments should be performed on a myriad of 

construction types as the code requirements, construction material and style vary 

across different regions. Test specimens utilizing lightweight steel construction, 

lightweight engineered wood construction, steel framed construction and 

combinations of construction (framing, interior and façade) systems should be 
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tested. Multiple ceiling systems and components should be tested. Multiple 

door/frame systems, closers and hold-open devices should be tested.  

 To best mimic real life conditions, it is important to have fully operating building 

and fire protection systems, including a fully functioning HVAC system.  

 Measurements of the heat flux, flow velocity, temperature, pressure and visual 

records of smoke and fire spread should be collected directly during the fire tests. 

This will provide more data on building performance and can be helpful in 

simulation or performance.  

 Instead of a fuel pan, a gas burner system should be used which allows for 

controlling the fire size and for measuring the HRR. This will allow more flexible 

test schemes, and larger and longer fires, which can be stopped as needed if the 

potential for structural damage exists.  

 Any data acquisition, instrumentation and sensors should be powered separately 

from that of the test building as building electrical wires are prone to melting 

during the fire tests.  

 Two sets of tests should be conducted on the same building conditions at the pre- 

and post-earthquake damaged state. Where possible, laboratory pre- and post-

damage testing of representative configurations will help to yield additional data.  

 Tests should be repeated under the same testing environment for a more reliable 

set of test data. 

 Tests should be repeated under a range of test environments (e.g., relative 

humidity, temperature and wind speeds) for a broader data set. 

Details on the fire test program and data collected, including component data 

sheets, sensor and data acquisition details, and thermocouple data from each of the fire 

tests are provided in the report. 
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1 INTRODUCTION 

Earthquakes have the potential to cause significant damage to building structural and 

nonstructural systems. Once damaged, buildings become highly susceptible to post-

earthquake fire. Although considerable research has been undertaken with respect to the 

performance of structural systems, research aimed at understanding and quantifying the 

performance of nonstructural systems and post-earthquake fire performance of buildings 

has been severely lacking. To begin addressing this crucial gap in knowledge, an 

academe-industry collaborative was formed to conduct the project Full-Scale Structural 

and Nonstructural Building System Performance during Earthquakes & Post-Earthquake 

Fire, a $5 Million effort referred to as the building nonstructural components and systems 

(BNCS) project (http://bncs.ucsd.edu/index.html). The project is overviewed in 

Hutchinson et al. (2013).  

To facilitate the BNCS project, a 6.6m by 11m (21.5’ by 36’), 5-story, reinforced 

concrete frame test specimen, representative of a full-scale building, was erected on the 

nation’s largest outdoor shake table at the Englekirk Structural Engineering Center at the 

University of California, San Diego. The test specimen was equipped with various 

nonstructural components such as a fully functioning elevator, various ceiling systems, 

interior partition walls with doors, heating, ventilation and air-conditioning (HVAC) 

system components, and active and passive fire protection systems. The test specimen 

was also outfitted with various occupancy-specific contents, including two floors of 

medical facility components (Floors 4 and 5), computer servers (Floor 3), and residential 

and commercial storage components (Floor 2). The building design, construction, 

contents and layouts are detailed in Chen et al. (2013). To collect data on the earthquake 

performance of the structure, nonstructural components and systems, sensors were 

installed to collect drift and acceleration data. Cameras were used to record visual data 

relative to movement, cracking and related effects.  

The test specimen was subjected to a total of 13 motion tests, seven with base 

isolation and six with a fixed base configuration. Seismic motions were selected from 

earthquake events occurring off the coast of California, in the central area of Alaska and 

the subduction zone of South America. These motions provided excitations with different 

http://bncs.ucsd.edu/index.html
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frequency content distributions as well as varied strong motion durations and amplitudes. 

Seismic motions were designed and applied to the building to progressively increase the 

seismic demand on the structure and NCSs in both the BI and FB conditions. In addition, 

to compare the response and behavior of the structure and NCSs, the early (target) 

motions in the sequence of the BI and FB testing phases were similar. One maximum 

considered earthquake (MCE) motion and two serviceability level motions were obtained 

by spectrally matching to the ASCE 7-05 design spectrum achieved for a high seismic 

zone in Southern California (site class D). In addition a long duration motion from the 

2007 Peru earthquake was selected and amplitude scaled (50, 100, and 140%, the later 

applied only during the BI testing phase). It was desirable to minimize the peak inter-

story drift ratio (PIDR) to less than approximately 0.5% while the test specimen was 

isolated at its base, to preserve the structure for the FB testing phase. The design event 

imposed during the FB testing phase was intended to achieve approximately 2-2.5% 

PIDR and 0.8g peak floor acceleration in the test structure. The achieved peak input 

acceleration range for the FB earthquake motions ranged from about 0.2 to 0.8g, while 

the pseudo-spectral acceleration at a period of 1 sec ranged from about 0.3 to 1.3g. 

Details regarding the shake table, earthquake histories, test motions, and motion-related 

data collection, observations and preliminary outcomes are provided in Chen et al. (2013), 

Pantoli et al. (2013) and (Ebrahimian et al., 2013).  

After the final ground motion test, six in-situ heptane pan fire tests were 

conducted in four different compartments of the third floor. Heptane was used as the fuel 

source and limited in amount to maintain the burning duration to less than 15 minutes. 

Fires ranged in in size from approximately 500kw to 2000kW, dependent on 

compartment configuration, ventilation and test objectives. The fire size and duration of 

each test was limited as a precautionary measure to prevent structural damage under 

elevated temperatures. To collect fire performance data, thermocouples were placed in 

various locations depending on the objectives of each fire test, with the main focus areas 

being thermal environment in fire compartment, and fire and smoke spread between 

compartments as a result of seismic-induced compartmentation failure or diminished 

functionality of the fire protection systems. Multiple video cameras were installed 

throughout the building to collect visual data on smoke or fire spread and activation of 
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the fire protection systems. Smoke detectors were also installed to help track smoke 

spread throughout the building. 

This report details those aspects of the BNCS project related to the fire 

performance testing, including details of the third floor fire test compartments, post-

motion test state of the third floor systems, including outcomes of the blower door fan 

tests, fire test plan and fire test data. Preliminary observations, planned analyses, and 

future research recommendations are presented. Details on the seismic design of the test 

specimen, overall building layout, installed systems and contents, the seismic test 

program, including earthquake motions, sensors and instrumentation, and data from the 

motion tests, including on fire protection systems, are available in Chen et al. (2013),  

Ebrahimian et al., (2013) and Pantoli et al. (2013; 2013a).  
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2 BACKGROUND 

2.1 MOTIVATION FOR POST-EARTHQUAKE FIRE PERFORMANCE 

TESTS 

Earthquakes have the potential to damage structural and non-structural elements, 

including fire protection systems, and to induce multiple ignitions. The fact that the two 

largest peace-time urban conflagrations in history have been fires following earthquakes 

– 1906 San Francisco and 1923 Tokyo, the latter resulting in the great majority of the 

140,000 fatalities only substantiates how destructive post-earthquake fires can be (Usami, 

2006). More recently, investigation from the 1995 Kobe earthquake, which lasted 20-

seconds and measured 6.8 on the Richter Scale, induced 148 separate fires destroying 

6,513 buildings over a total land area of 624,671 m2 (0.24 sq mi) (NFPA, 1996), shown 

in Figure 2.1, revealed less than desirable fire protection systems performance (Sekizawa 

et al, 2003).  

 

 

Figure 2.1. Post-earthquake fire from 1995 Kobe earthquake 

 

Risk of fire in a building is greater than normal following an earthquake (Collier, 

2005). Ignitions have occurred during and after earthquakes due to motion-induced 

damage to a wide range of systems and equipment, including utilities (e.g., gas and 

electrical systems), building equipment (e.g., boilers or furnaces) and contents (e.g., 

electrical appliances and chemicals and other hazardous materials) (Zolfaghari, 2009). In 
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addition to increasing the risk of ignition, earthquake motions can lead to increased 

and/or redistributed fuel load, including release of flammable gasses and liquids if not 

adequately anchored to stored, or uncontained or broadly distributed combustible 

materials as a result of items shifting and falling. Such changes to fuel load and 

distribution can result in potentially unanticipated burning characteristics and larger fires 

due to increased fuel loading over a larger floor area.  

It is also known that earthquakes can leave a building less air-tight than normal 

due to a wide range of damage conditions, such as windows breakage, façade failures and 

door failures, resulting in potentially unanticipated ventilation conditions (i.e., ample 

oxygen supply for the fire) which can have a bearing on fire growth and spread (e.g., 

fuel-controlled fire, openings in compartment barriers resulting in smoke and flame 

spread beyond the room of origin, etc.). For example, investigation following the 1995 

Kobe earthquake found that damage to passive and active fire protection systems can 

adversely affect the fire spread rate beyond the room of origin and evacuation of the 

occupants (Sekizawa et al, 2003). Similarly, experimental results have shown that 

earthquakes can severely damage the integrity of fire resistant walls, significantly 

downgrading the expected fire resistance rating (Collier, 2005). 

In summary, while fire protection standards for buildings in earthquake prone areas 

have advanced in recent times, building and fire safety performance has not been well-

studied and post-earthquake fires remains a serious threat to life safety, property 

protection and mission continuity. Given the lack of systematic testing of post-earthquake 

fire performance, and considering the increased chances of ignition and fire spread 

following earthquakes, this experimental study was designed to better understand the 

building fire conditions following damage caused by earthquakes.  
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2.2 EXPERIMENTAL FACILITIES 

Full scale experiments on post-earthquake fires have rarely been executed to date, and in 

that, the BNCS project was truly unique. To exhibit real life conditions, a 22.9m (75’) 5-

story cast-in-place concrete building, designed assuming it was located in a high seismic 

zone in Southern California, was erected on the nation’s largest outdoor shake table at the 

Englekirk Structural Engineering Center at the University of California, San Diego. The 

large high performance outdoor shake table (LHPOST), shown in Figure 2.2, is 7.6m by 

12.2m, with the unloaded shake table able to reach peak acceleration of 4.2g and a peak 

velocity of 1.8m/s. The LHPOST is capable of accurately reproducing near-fault ground 

motion effects controlled by the peak table velocity parameter. 

 

 

Figure 2.2. UCSD NEES shake table 
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2.3 BUILDING DESIGN 

Each floor of the BNCS building, shown in Figure 2.3, had a plan dimension of 6.6m by 

11m (21.5’ by 36’), 0.2m (8”) cast-in-place slabs, floor to floor height of 4.3m (14’), 

deck to deck height of 4m (13’) and a ceiling height of 2.8m (9.2’). The building was 

designed to withstand up to 2.5% lateral inter-story drift ratio at a maximum peak floor 

acceleration of around 0.7g to 0.8g. See Chen et al. (2013) for details.  

 

 

Figure 2.3. BNCS building 

 

Equipped with moment resisting frames on the longitudinal sides of the building, 

the moment resisting beams had the same design capacities although each floor varied in 

detail. High strength steel frame beams with design strength of 120 ksi was used for both 

floors 2 and 3. Upturned hybrid frame beam with four post-tensioned tendons and ductile 

rod connectors, ductile connector frame beam with rod connectors, and concrete frame 

beam was used for floors 4, 5 and the roof respectively. 18” × 26” prefabricated hoop and 

transverse reinforced concrete columns with compressing strength of 5000 psi was used.  
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Walls of the first three floors were constructed by a balloon framing with vertical 

metal studs, gypsum boards and exterior insulation finishing system (EIFS). Except for 

locations hindered by openings such as doors and windows, the metal studs extended 

12.6 m (41.3’) high until the bottom of the fourth floor slab. Structural track was used to 

connect the stud framing to the structure with the bottom of the track being attached to 

the foundation using two shot pins. For the second and third floors, slabs contained 

outrigger clips with slotted holes to connect between each stud with the clips being 

connected to the concrete with embed power driven fasteners. For the fourth floor, metal 

studs were connected by slide clips on steel angle that was welded to the bottom of the 

slab with steel embeds. The gypsum boards were connected to the metal stud framing 

with #10 screws spaced 8” o.c.. Internal gypsum boards were fire-rated gypsum X panels 

5/8” thick. The EIFS made of a continuous waterproof barrier was applied on the gypsum 

boards.  

Two precast concrete cladding panels were installed on each side of the building 

for floors 4 and 5. Embeds were installed in the concrete slabs, beams and columns to 

connect the cladding panels. Figure 2.4 shows a concrete panel being installed on the 4
th

 

floor during the construction phase. 

 

 

Figure 2.4. Installation of concrete panel on the 4
th

 floor 
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A prefabricated stair assembly, shown in Figure 2.5 was installed at each floor of 

the building. Each floor consisted of lower and upper flights and an intermediate landing. 

The tread was 7” rise and 11” run with 12 treads completing one flight. The tread plates 

were fillet welded to the ASTM A36 plate stringers. Checker plate was supported by steel 

joists in the landings that were supported by ASTM A36 HSS landing posts. Fillet welds 

and T.C. bolts were used to connect the stair flight to the concrete slab and stair flight to 

landing respectively. 

 

 

Figure 2.5. Stair assembly 

 

A fully functioning elevator with 17.1m (56’) travel height at all floors was 

installed in the 2.64m by 2.1m (8.7’ by 6.9’) elevator hoistway as shown in Figure 2.6. 

The elevator components consisted of the cab, counterweight, guide rails and brackets, 

pit equipment and machine drive. In the cab, with dimensions of 1.92m by 1.7m by 

2.36m (6’-9 3/8” by 5’-6 7/8” by 7’-9”), extra weight equivalent to 40% of the full cab 
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capacity of 160kg (3500lbs) was placed throughout the entire seismic tests. The opening 

of the cab door was 2.1m by 1.1m (7’ by 3.5’). 

 

 

Figure 2.6. Elevator shaft and door 

 

To test a range of ceiling systems, multiple ceiling systems were installed per 

floor. The first floor ceiling systems were designed with Seismic design Category A (no 

seismic provisions, representative of the “typical East Coast” ceiling design system) and 

Seismic design Category C in the southwest and northeast room areas respectively. 

Design Category A ceiling was attached to the wall molding while design Category C 

ceiling was a free-floating system.  

The second floor ceiling systems were designed with Seismic design Category D, 

E and F systems. The southwest system was an attached system, fully code compliant, 

with lateral bracing whereas the northeast system was a floating ceiling system designed 

per the Seismic Rx recommendations, with lateral bracing.  

Drywall grid systems were tested on Floor 3, with the plan shown in Figure 2.7. 

The northeast ceiling suspension was allowed to move with clearances on the wide wall 

moldings above the drywall and lateral bracing with splay wires and compression posts. 

The southwest grid system and drywall of the ceiling system was tied of the structural 

walls or partitions being installed as a diaphragm. This allows for the seismic forces to 
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move through the suspension system and ceiling membrane to dissipate through the wall 

systems. A finished ceiling system of the northeast room space is shown in Figure 2.8. 

Floors 4 and 5 ceiling systems were designed to support large loads with a lot of 

interact with some of the medical equipment, loaded in the room areas, suspended from 

the ceiling. A drywall ceiling system was installed on Floor 5, only on the southwest 

room area. The penthouse over the top of the stairwell in the roof was utilized to install 

and test a hospital corridor ceiling system.  

 

 

Figure 2.7. Floor 3 ceiling system 
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Figure 2.8. Floor 3 finished ceiling system with vents and access panel 

 

A partial HVAC system was installed in Floor 3, with the design of the ductwork 

shown in Figure 2.9. The HVAC ducts are connected vertically to the ducts installed on 

the fourth floor slab in front of the elevator door. The supply and return runs were located 

above the plenum space in the elevator lobby. Although there was no fan, different parts 

were assembled together to form a comprehensive HVAC subsystem. The connections 

between the parts of the ducts were firestopped with fire caulk. The HVAC ducts running 

through the elevator shaft corridor and stairway landing were exposed as those spaces did 

not consist of any ceiling systems. A portion of the actual HVAC system is shown in 

Figure 2.10. 
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Figure 2.9. HVAC layout 

 

 

Figure 2.10. Part of the actual HVAC system 
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2.4 BUILDING CONTENTS 

The first floor of the building had electrical conduit and some medical equipment. Access 

inside the building was allowed through this floor by going up the ladder on either the 

north or south sides of the building as shown in Figure 2.11. 

 

 

Figure 2.11. Building entrance on the 1
st
 floor 

  

The second floor consisted of spaces which mimicked a living room and a 

chemical laboratory space. The living room space included TV sets, kitchen table with 

glasses and plates, computers and shelves, and the laboratory space included equipment, 

shelving and storage units. Figure 2.12 shows the living room space setup on the 2
nd

 floor. 

 

 

Figure 2.12. Floor 2 living room setup 
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The third floor included computer servers and empty room spaces. All fire tests 

were conducted on the third floor, and more detail about the floor is provided in Section 3. 

Figure 2.13 shows the server setup. 

 

 

Figure 2.13. Floor 3 server room 

 

The fourth floor was set up as a hospital intensive-care unit (ICU) with patient 

beds, breakout doors and medical equipment. Figure 2.14 shows the intensive-care unit. 
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Figure 2.14. Floor 4 ICU patient beds 

 

 The fifth floor was set up as a hospital operating room with patient beds, breakout 

doors and medical equipment. Figure 2.15 shows the surgical suite setup. 

 

 

Figure 2.15. Floor 5 surgical suite 

 

A cooling tower was installed on the roof and various pipe systems ran vertically 

through the building. Figure 2.16 shows the cooling tower. 
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Figure 2.16. Cooling tower in the roof 

 

2.5 TESTING OVERVIEW 

A total of 13 seismic tests were conducted from April 16, 2012 to May 15, 2012. The 

tests were run in two configurations; 7 motions for the base isolation configuration and 6 

motions in the fixed base configuration. The base isolators, shown in Figure 2.17, were 

removed to set up the fixed base configuration.  

 

 

Figure 2.17. Base isolators 

 

The seismic demand on the building was increased with each test motion. The seismic 

test motions were based on 6 actual earthquake ground motions, ranging in intensity from 

6.7 on the Richer Scale, representative of motions from the 1994 Northridge earthquake, 
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to 7.9 on the Richter Scale, representative of motions from the 2002 Denali earthquake. 

The seismic motions for the base isolation configuration and fixed based configuration 

are shown in Table 2.1 and Table 2.2 respectively. 

 

Table 2.1. Base isolation configuration seismic test motions 

Date Name Seismic Motion Richter Scale 

April 16, 

2012 

BI-1: CNP 100% 
Canoga Park 1994 Northridge 

Earthquake (@100%) 
6.7 

BI-2: LAC 100% 
LA City Terrace 1994 Northridge 

Earthquake (@100%) 
6.7 

April 17, 

2012 

BI-3: LAC 100% 
LA City Terrace 1994 Northridge 

Earthquake (@100%) 
6.7 

BI-4: SP 100% 
San Pedro 2010 Maule (Chile) 

Earthquake (@100%) 
8.8 

April 26, 

2012 
BI-5: ICA 50% 

2007 Pisco (Peru) Earthquake 

(@50%) 
8.0 

 

April 27, 

2012 

BI-6: ICA 100% 
2007 Pisco (Peru) Earthquake 

(@100%) 
8.0 

BI-6 ICA 140% 
2007 Pisco (Peru) Earthquake 

(@140%) 
8.0 
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Table 2.2. Fixed base configuration seismic test motions 

Date Name Seismic Motion Richter Scale 

May 7, 

2012 
FB-1: CNP 100% 

Canoga Park 1994 Northridge 

Earthquake (@100%) 
6.7 

May 9, 

2012 

FB-2: LAC 100% 
LA City Terrace 1994 Northridge 

Earthquake (@100%) 
6.7 

FB-3: ICA 50% 
2007 Pisco (Peru) Earthquake 

(@50%) 
8.0 

May 11, 

2012 
FB-4: ICA 100% 

2007 Pisco (Peru) Earthquake 

(@100%) 
8.0 

May 15, 

2012 

FB-5: DEN 67% 
TAPS Pump Station #9 2002 

Denali Earthquake (@67%) 
7.9 

FB-6: DEN 100% 
TAPS Pump Station #9 2002 

Denali Earthquake (@100%) 
7.9 

 

 The conditions of both structural and nonstructural components were documented 

prior to and following all earthquake motion tests so that any visible changes, such as 

cracking, displacement of any components, etc. could be recognized following the 

earthquake motion tests. In particular, visual checkups were primarily focused on 

components that could affect building fire conditions such as displacement of 

combustible items or fuels, damage to doors, stairs and elevator that could hinder egress, 

formation of openings or leaks that could affect the compartment integrity. Besides the 

visual inspection of compartmentation, a blower dower fan test was conducted in the 

room spaces of the third floor to quantify the leakage area.  

After the completion of all earthquake motion tests, a series of six fire tests were 

conducted on the third floor (servers were taken out of the building for the fire tests) with 

the building in the damage state. These fire tests consisted of heptane pan fires ranging in 

size (heat release rate, HRR) from approximately 500kW to 2000kW. Since the HRR of 

the pool fire could not be directly measured at the BNCS test site, the HRR of a 

representative fire was pre-measured in the fire laboratory at WPI. While re-radiation 

from the flame, walls and gas layer influence the mass burning rate, approximate 
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amounts of initial fuel were calculated for specific test HRR and burning durations. 

Thermocouples were installed to obtain gas and surface temperatures at various locations 

to check for compartment integrity and functionality of fire systems, as well as to provide 

data for future simulations. Cameras were installed at multiple locations to capture the 

live fire tests, activation of fire systems and smoke spread.  

The following chapters provide details regarding the compartments on Floor 3 (floor 

of fire testing), data which were collected, and preliminary analysis and findings of the 

performance of active and passive fire protection systems. Issues related to the building 

fire conditions and performance will be discussed and preliminary recommendations for 

fire protection engineers tasked with the job of performing fire protection analysis for 

earthquake-prone buildings will be outlined.     
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3 DETAILS OF FIRE TEST FLOOR (THIRD FLOOR) 

3.1 OVERVIEW OF FLOOR 3 

All six live fire tests were conducted on the third floor. Tests were conducted in four 

different locations, designated as the Large Burn Room (LBR), Small Burn Room (SBR), 

area behind the Elevator Shaft (ES) and the Elevator Lobby (EL). Figure 3.1 shows these 

spaces.  

 

 

Figure 3.1. Top view of 3rd floor 
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The third floor was also outfit with a partial HVAC system, an elevator and a stairway. 

Figure 3.2 shows the location of the HVAC ductwork and vents. 

 

 

Figure 3.2. Floor 3 vent locations 

 

Photographs of the elevator door in the lobby, Floor 3 stair landing, LBR and SBR areas 

separated by the partition wall, and EL corridor area are shown in Figure 3.3, Figure 3.4, 

Figure 3.5 and Figure 3.6 respectively. 

 

 

Figure 3.3. Elevator door and lobby of Floor 3 
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Figure 3.4. Stair and stair landing of Floor 3 

 

 

Figure 3.5. LBR and SBR area 
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Figure 3.6. EL corridor area 
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3.2 FIRE PROTECTION SYSTEMS 

 Automatic Fire Sprinkler System 3.2.1

All five floors of the BNCS building were protected with a wet-type automatic fire 

sprinkler system (sprinkler system) which was designed by Ken Wagoner of Parsley 

Consulting. The intent was to provide, within the limitations of the test specimen, a fully 

operational sprinkler system designed in accordance with recognized codes and standards 

(e.g., California Building Code (CBC), National Fire Protection Association (NFPA) 

Standards, etc.) and utilizing appropriately listed and approved product (e.g., 

Underwriters Laboratories, Inc. or FMGlobal listings or approvals). The intent was also 

to have a ‘charged’ system (water in the pipes) to have realistic loading. The aim was to 

obtain seismic performance and fire performance data.  

Because of the nature of the tests and test facility (LHPOST), steps were taken to 

limit the total amount of water in the system during testing so as to minimize any 

potential damage to the shake table, instrumentation and data acquisition systems and to 

limit water run off on the site should any system component rupture or become damaged 

during the seismic tests. During testing, each floor was charged with 57 liters (15 gallons) 

of water, for a system total of 284 liters (75 gallons). The hose valve of the sprinkler 

system was disconnected from the water supply after the system was charged.  

Risers and control valves were installed on the west wall of the elevator shaft for 

each floor. All sprinkler pipes were installed 30cm (12”) below the deck of the floor 

above and exposed in areas with no ceiling. There were variances in the sprinkler pipe 

design layout and sprinkler system components per floor to test performance of the 

various systems under seismic loads and to comply with different occupancies mimicked 

in the experimental building. The variances in components included different types of 

pipe materials, drops, bracings and sprinkler heads. Also, after the sprinkler system was 

installed, additional sand weights were attached on pipes in various locations of the 

building to test how pipes with larger diameters, and thus increased loads, would have 

performed under seismic motions. Details are provided below.  
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 Floor 1 Sprinkler System 3.2.1.1

For the first floor, steel Schedule 10, 3.8cm (1 ½”) pipe was used as the main line pipe 

material with grooved fittings while steel Schedule 40, 2.5cm (1”) pipe was used as the 

branch line material with threaded cast iron fittings. A total of seven sprinkler heads were 

installed throughout the floor with four of them being quick response pendent sprinklers 

and three of them being quick response upright sprinkler head. Both sprinkler head types 

had a 1.3cm (½”) orifice and a K-factor of 5.6. The activation temperatures were 68C 

(155F) and 79C (175F) for quick response pendent and quick response upright 

respectively. The sprinkler head specifications and sprinkler system layout plan for Floor 

1 is shown in Figure 3.7. 

  

 

Figure 3.7. Floor 1 sprinkler system design layout and specifications 

 

1A 1B 

1C 1D 
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As noted above, since realistic pipe loading was desired, additional sand weights 

were added in some locations. The orange cylinders in Figure 3.7 indicate the locations 

where additional sand weight was attached on the sprinkler pipe. The red circle indicates 

the specific sprinkler head where a seismic drop was installed. For the rest of the 

sprinkler heads, rigid drops were installed. The blue triangles in Figure 3.7 indicate 

locations where seismic bracing was applied on the sprinkler pipes on the first floor. 

Seismic bracing consisted of Mason Industries’ Seismic Solid Brace Strut Anchor (SSBS) 

12 with 1.3cm (1/2”) Hilti KB-TZ anchor bolts with an assembly rating of 5.6 kN (1250 

lbs) in capacity, as is described in detail in Chen et al. (2013).  

Figure 3.8 shows the riser, drain pipe and control assembly of the first floor, 

which was located on the west side of the elevator shaft as indicated in Figure 3.7. The 

control assembly consisted of test and drain valves, a pressure gauge and a waterflow 

switch. The riser and drain pipes both had seismic bracing installed on the west wall of 

the shaft. The sprinkler system was charged with about 221kPa (32 psi) of pressure as 

shown on the pressure gauge. The detailed specifications of the control assembly are 

shown in Figure 3.9.  
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Figure 3.8. Floor 1 control assembly 
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Figure 3.9. Floor 1 control assembly detailed drawing (looking north) 
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Two Mason Industries’ SSBS-12’s were applied on the first floor main feed pipe 

as shown in Figure 3.10. The braces were installed against the west wall of the elevator 

shaft. This was the only place a seismic brace was used on the first floor.  

 

 

Figure 3.10. Seismic bracing on Floor 1 main feed 

 

Three sand weights were attached to the first floor branch line pipe that ran 

through the elevator lobby area as shown in Figure 3.11. All weights were attached on the 

same east-west direction in this area. The location of these sand weights can be seen on 

Figure 3.7. 

 

 

Figure 3.11. Sand weight on Floor 1 sprinkler pipe in the EL area 
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Two sand weights were also applied on the first floor sprinkler pipe in the room 

area as shown in Figure 3.12. One weight was applied on the east-west direction while 

the other was applied on the north-south direction. The location of these sand weight 

locations can be seen on Figure 3.7. 

 

 

Figure 3.12. Sand weight on Floor 1 sprinkler pipe in the room area 

 

A flexible drop was installed on 1A sprinkler head in the EL area as shown in 

Figure 3.13. The location of this sprinkler head can be seen on Figure 3.7. All other 

sprinkler heads were non-flexible drops.  

 

 

Figure 3.13. Flexible drop on Floor 1 EL sprinkler head 
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 Floor 2 Sprinkler System 3.2.1.2

For the second floor, CPVC piping was used throughout. Pipes of 3.8cm (1 ½”) and 

2.5cm (1”) diameter were used for the main line and branch lines respectively, with 

solvent weld fittings. Two quick response pendent sprinkler heads, two quick response 

upright sprinkler heads and two residential concealed pendent sprinkler heads were 

installed. Both the quick response pendent and upright sprinkler heads had a 1.3cm (½”) 

orifice and a K-factor of 5.6. The residential concealed pendent sprinkler heads had a 

1.1cm (7/16”) orifice and a K-factor of 4.9. The activation temperatures were 68C (155F) 

for quick response pendent, 79C (175F) for quick response upright and 71C (160F) for 

residential concealed pendent. The sprinkler head specifications and sprinkler system 

layout plan for Floor 1 is shown in Figure 3.14. 

 

 

Figure 3.14. Floor 2 sprinkler system design layout and specifications 

2A 
2B 

2C 2D 
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The blue triangles in Figure 3.14 indicate locations where Mason Industries’ 

SSBS-12’s with 1.3cm (1/2”) Hilti KB-TZ anchor bolts with an assembly rating of 5.6 

kN (1250 lbs) in capacity, were applied on the sprinkler pipes on the second floor. There 

were no added sand weights on the pipe or any flexible drops on Floor 2.  

Figure 3.15 shows the riser, drain pipe and control assembly of the second floor, 

located on the west side of the elevator shaft as indicated in Figure 3.14. The control 

assembly components consisted of test and drain valves and a pressure gauge. The 

sprinkler system was charged with about 221kPa (32 psi) of pressure as shown on the 

pressure gauge. The detailed specifications of the control assembly are shown below in 

Figure 3.16.  

 

 

Figure 3.15. Floor 2 control assembly 
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Figure 3.16. Floors 2, 3 and 4 control assembly detailed drawing (looking north) 

 

The drain pipe and riser on the fourth floor had clamps near the slab penetrations 

as shown in Figure 3.17. The clamps were installed above the penetration of the second 

floor slab. 

 

 

Figure 3.17. Clamps on bottom of Floor 2 drain pipe and riser 
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Two Mason Industries’ SSBS-12’s were applied on top of the second floor main 

feed pipe as shown in Figure 3.18. The braces were installed against the west wall of the 

elevator shaft.  

 

 

Figure 3.18. Seismic bracing on Floor 2 main feed 

 

A seismic brace was also installed on the second floor sprinkler branch line in the 

EL area as shown in Figure 3.19. The brace was installed against the third floor slab. The 

location of the bracing can be seen on Figure 3.14. 

 

 

Figure 3.19. Seismic bracing on Floor 2 EL area sprinkler pipe 
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 Floor 3 Sprinkler System 3.2.1.3

On the third floor, steel Schedule 10, 3.8cm (1 ½”) pipe with grooved fittings was used 

for the main line while steel Schedule 40, 2.5cm (1”) pipe with threaded cast iron fittings 

was used for the branch lines. A total of seven sprinkler heads were installed throughout 

the floor with four quick response pendent sprinkler heads and three quick response 

upright sprinkler heads. Both sprinkler head types had a 1.3cm (½”) orifice and a K-

factor of 5.6. The activation temperatures were 68C (155F) and 79C (175F) for quick 

response pendent and quick response upright respectively. The sprinkler head 

specifications and sprinkler system layout plan for Floor 1 is shown below in Figure 3.20. 

 

 

Figure 3.20. Floor 3 sprinkler system design layout and specifications 
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The red circles in Figure 3.20 indicate the specific sprinkler head where a flexible 

drop was installed for the third floor. For the rest of the sprinkler heads, rigid drops were 

installed. The blue triangles in Figure 3.20 indicate locations where Mason Industries’ 

SSBS-12’s with 1.3cm (1/2”) Hilti KB-TZ anchor bolts with an assembly rating of 5.6 

kN (1250 lbs) in capacity, were applied on the sprinkler pipes on Floor 3.  

Figure 3.21 shows the riser, drain pipe and control assembly for the third floor, 

located on the west side of the elevator shaft as indicated in Figure 3.20. The control 

assembly components consisted of test and drain valves and a pressure gauge. The 

sprinkler system was charged with about 172kPa (25psi) of pressure as shown on the 

pressure gauge in Figure 3.21. The detailed specifications of the control assembly can be 

seen in Figure 3.16. 

 

 

Figure 3.21. Floor 3 control assembly 
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The drain pipe and riser on the fourth floor had clamps near the slab penetrations 

as shown in Figure 3.22. The clamps were installed above the penetration firestop. 

 

 

Figure 3.22. Clamps on bottom of Floor 3 drain pipe and riser 

 

Two Mason Industries’ SSBS-12’s were applied on top of the third floor main 

feed pipe as shown in Figure 3.23. The braces were installed against the west wall of the 

elevator shaft. 

  

 

Figure 3.23. Seismic bracing on Floor 3 main feed 
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A seismic brace was also installed on the third floor sprinkler branch line in the 

EL area as shown in Figure 3.24. The brace was installed against the third floor slab. The 

location of the bracing can be seen on Figure 3.20. 

 

 

Figure 3.24. Seismic bracing on Floor 3 EL area sprinkler pipe 

 

A flexible drop was installed on the 3A sprinkler head in the EL area as shown in 

Figure 3.25. The location of this sprinkler head can be seen on Figure 3.20. The eastern 

sprinkler head in the EL also had a flexible drop.  

 

 

Figure 3.25. Flexible drop on Floor 3 EL 3A sprinkler head 
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A flexible drop was installed on the 3C sprinkler head in the LBR area as shown 

in Figure 3.26. The location of this sprinkler head can be seen on Figure 3.20. The 

sprinkler head 3D in the SBR area also had a flexible drop. All other sprinkler heads had 

rigid drops. 

 

 

Figure 3.26. Flexible drop on Floor 3 3C LBR sprinkler head 
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 Floor 4 Sprinkler System 3.2.1.4

For the fourth floor, steel Schedule 10, 3.8cm (1 ½”) pipe with grooved fittings was used 

for the main line while steel Schedule 40, 2.5cm (1”) pipe with threaded cast iron fittings 

was used for the branch lines. A total of six sprinkler heads were installed throughout the 

floor, with three quick response pendent sprinkler heads and three quick response upright 

sprinkler heads. Both sprinkler head types had a 1.3cm (½”) orifice and a K-factor of 5.6. 

The activation temperatures were 68C (155F) and 79C (175F) for quick response pendent 

and quick response upright respectively. The sprinkler head specifications and sprinkler 

system layout plan for Floor 4 is shown in Figure 3.27. 

 

 

Figure 3.27. Floor 4 sprinkler system design layout and specifications 
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The orange cylinders in Figure 3.27 indicate the locations where additional sand 

weight was attached on the fourth floor sprinkler pipe. The red circles indicate the 

specific sprinkler head where a flexible drop was installed. The blue triangles indicate 

locations where Mason Industries’ SSBS-12 with 1.3cm (1/2”) Hilti KB-TZ anchor bolts 

with an assembly rating of 5.6 kN (1250 lbs) in capacity, was applied on the sprinkler 

pipes on Floor 4.  

Figure 3.28 shows the riser, drain pipe and control assembly of the fourth floor, 

located on the west side of the elevator shaft as indicated in Figure 3.27. The control 

assembly components consisted of test and drain valves and a pressure gauge. The 

sprinkler system was charged with about 110kPa (16 psi) of pressure as shown on the 

pressure gauge. The detailed specifications of the control assembly can be seen in Figure 

3.16.  

 

 

Figure 3.28. Floor 4 control assembly 
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The drain pipe and riser on the fourth floor had clamps near the slab penetrations 

as shown in Figure 3.29. The clamps were installed above the penetration firestop. 

 

 

Figure 3.29. Clamps on bottom of Floor 4 drain pipe and riser 

 

Two Mason Industries’ SSBS-12’s were applied on top of the fourth floor main 

feed pipe as shown in Figure 3.30. The braces were installed against the west wall of the 

elevator shaft.  

 

 

Figure 3.30. Seismic bracing on Floor 4 main feed 
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A Mason Industries’ SSBS-12 was also installed on the fourth floor sprinkler 

branch line pipe in the EL area as shown in Figure 3.31. The brace was installed against 

the fifth floor slab. The location of the bracing can be seen on Figure 3.27. 

 

 

Figure 3.31. Seismic bracing and sand weight on Floor 4 sprinkler pipe in the 

eastern room area 

 

Two sand weights were attached on the eastern portion of the branch line running 

through the room area towards sprinkler head 4C and an additional weight on the arm-

over sprinkler pipe as shown in Figure 3.31. The branch line pipe weights were attached 

on the same east-west direction and the sand weight on the arm-over sprinkler pipe was 

attached on the north-south direction. The location of these sand weights can be seen on 

Figure 3.27. 
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Two sand weights were attached on the western portion of the branch line pipe 

running through the room area towards sprinkler head 3C and an additional weight on the 

arm-over sprinkler pipe as shown in Figure 3.32. The sand weights on the branch line 

pipe were attached on the same east-west direction and the sand weight on the arm-over 

sprinkler pipe was attached on the north-south direction. The location of these sand 

weights can be seen on Figure 3.27. 

 

 

Figure 3.32. Sand weight on Floor 4 sprinkler pipe in the western room area 
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Three sand weights were attached to the branch line pipe running through the 

elevator lobby area as shown in Figure 3.33. The sand weights on the branch line pipe 

were attached on the same east-west direction. The location of these sand weights can be 

seen on Figure 3.27. 

 

 

Figure 3.33. Sand weight on Floor 4 sprinkler pipe in the EL area 

 

A flexible drop was installed on the 4A sprinkler head in the EL area as shown in 

Figure 3.34. The location of this sprinkler head can be seen on Figure 3.27.  

 

 

Figure 3.34. Flexible drop on Floor 4 4A sprinkler head 
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A flexible drop was installed on the sprinkler head 4C in the room area as shown 

in Figure 3.35. The location of this sprinkler head can be seen on Figure 3.27. Rigid 

drops were installed on all other sprinkler heads. 

 

 

Figure 3.35. Flexible drop on Floor 4 4C sprinkler head 
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 Floor 5 Sprinkler System 3.2.1.5

For the fifth floor, steel Schedule 10, 3.8cm (1 ½”) pipe with grooved fittings was used 

for the main line while steel Schedule 40, 2.5cm (1”) pipe with threaded cast iron fittings 

was used for the branch lines. A total of 7 sprinkler heads were installed throughout the 

floor, with 4 quick response pendent sprinkler heads and 3 quick response upright 

sprinkler heads. Both sprinkler head types had a 1.3cm (½”) orifice and a K-factor of 5.6. 

The activation temperatures were 68C (155F) and 79C (175F) for quick response pendent 

and quick response upright respectively. The sprinkler head specifications and sprinkler 

system layout plan for Floor 5 is shown in Figure 3.36. 

 

 

Figure 3.36. Floor 5 sprinkler system design layout and specifications 

 

5A 

5B 5C 5D 
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The blue triangles in Figure 3.36 indicate locations where Mason Industries’ 

SSBS-12 with 1.3cm (1/2”) Hilti KB-TZ anchor bolts with an assembly rating of 5.6 kN 

(1250 lbs) in capacity, was applied on the sprinkler pipes on Floor 5. There were no 

added sand weights on the pipe or any flexible drops on the 5
th

 floor.  

Figure 3.37 shows the riser, drain pipe and control assembly of the first floor, 

which was located on the west side of the elevator shaft as indicated in Figure 3.36. The 

control assembly consisted of test and drain valves, a pressure gauge and a waterflow 

switch. The riser and drain pipes both had seismic bracing installed on the west wall of 

the shaft. The sprinkler system was charged with about 138kPa (20psi) of pressure as 

shown on the pressure gauge. The detailed specifications of the control assembly are 

shown below in Figure 3.38.  

 

 

Figure 3.37. Floor 5 control assembly 
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Figure 3.38. Floors 5 control assembly detailed drawing (looking north) 
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The drain pipe and riser on the fourth floor had clamps near the slab penetrations 

as shown in Figure 3.39. The clamps were installed above the fifth floor slab penetration. 

 

 

Figure 3.39. Clamps on bottom of Floor 5 riser and drain pipe 

 

Two Mason Industries’ SSBS-12’s were applied on top of the fifth floor main 

feed pipe as shown in Figure 3.40. The braces were installed against the west wall of the 

elevator shaft.  

 

 

Figure 3.40. Seismic bracing on Floor 5 main feed pipe 
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A Mason Industries’ SSBS-12 was also installed on the fifth floor sprinkler 

branch line pipe in the EL area as shown in Figure 3.41. The brace was installed against 

the roof. The location of the bracing can be seen on Figure 3.36. 

 

 

Figure 3.41. Seismic bracing on Floor 5 branchline pipe running across the room 

area 
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 Firestops 3.2.2

Firestop sealants and devices were installed in all vertical and horizontal pipe, cable, wire 

and HVAC penetration openings on the third floor. Additionally, firestop sealants were 

used to seal wall and floor assembly joints throughout the building. Some of the joint 

seals were installed in accordance with tested and listed designs, such as for top-of-wall 

joints that are stuffed with compressed mineral wool and then sealed. Some other joints, 

such as some wall to wall joints, were simply caulked using the firestop sealants in a 

manner for which tested and listed designs do not exist. As such, there would be no 

expectation of maintaining the fire or smoke resistance of the caulked joint, as this would 

not be a normally used application in any building where joint movement would be 

expected. For the penetrations that were firestopped using sealants (as opposed to using 

pre-formed devices), various firestop components of intumescent, non-intumescent and 

mineral fiber wool were applied, as dictated by previously fire-tested and listed firestop 

designs from the Underwriters Laboratories (UL) Fire Resistance Directory. Most of the 

vertical penetration firestops were installed on the north and west wall of the elevator 

shaft. Most horizontal penetration firestops were installed in the corridor areas where 

pipe, cable, wire and HVAC penetrated through the large burn room and elevator lobby 

area. Figure 3.42 shows the penetration firestop locations across the 3
rd

 floor and Table 

3.1 lists the details of each penetration opening. Data sheets on the firestop materials and 

systems can be found in Appendix A.2. 
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Figure 3.42. Floor 3 firestop locations 
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Table 3.1. Floor 3 firestop information 

Number Location 
Opening 

Size 
Penetration/Gap 

Penetration 

Size 

Firestop 

Product 

3.1 Ceiling Gap HOW-Joint  CFS-SP WB 

3.2 Floor 8" Steel pipe insulated 4.5" + 2" CP 604 

3.3 Floor 8" Copper pipe insulated 2" + 2" FS-ONE 

3.4 Floor 4" Steel pipe 2" CP 660 

3.5 Floor 6" Steel pipe 3" CP 660 

3.6 Wall 0.5" Gap 0.5" CP 606 

3.7 Wall 10" x 4" Steel pipe insulated 1" + 2" CP 660 both 

3.8 Wall 2" Steel pipe 2" CP 653 

3.9 Ceiling Gap HOW-Joint 0.5" CP 606 

3.10 Ceiling Gap HOW-Joint 0.5" CP 606 

3.11 Ceiling 42 x 24" Duct  CFS-BL 

3.12 Wall 11 x 11" Duct 3.19 10 x 10" CP 660 

3.13 Wall 2" Steel pipe 3.20 2" CP 653 

3.14 Wall 1" Cable 0.5" CP 606 

3.15 Wall 2" Steel pipe 1" CP 660 

3.16 Wall 2" Steel pipe 2" CP 653 

3.17 Wall 1" Cable 0.5" CP 606 

3.18 Wall 2" Steel pipe 1" CP 660 

3.19 Wall 11 x 11" Duct 3.12 10 x 10" CP 660 

3.20 Wall 25 x 8 Cable tray 20 x 6 CFS-BL 

3.21 Wall 25 x 8 Cable tray 20 x 6 CP 660 

3.22 Wall 11 x 11" Duct 3.12 10 x 10" FS-ONE 

3.23 Wall 0.5" Joint 0.5" CP 606 

3.24 Wall 4" Steel pipe 3" CP 653 

3.25 Ceiling 0.5" HOW-Joint 0.5" CFS-SP WB 

3.26 Ceiling 0.5" HOW-Joint 0.5" CFS-SP WB 

3.27 Wall 2" Steel pipe 2" CP 653 

3.28 Wall 1" Cable 0.5" CP 606 

3.29 Ceiling Gap HOW-Joint 0.5" CFS-SP WB 

3.30 Wall 3" + 2" Steel pipe 0.5" FS-ONE 

3.31 Wall 3" Steel pipe 1" FS-ONE 

3.32 Floor 3"  2" CFS-DID 

3.33 Floor 6"  4.5" CFS-DID 

3.34 Floor 5"  4" CFS-DID 

3.35 Floor 5" Steel pipe 4" FS-ONE 

3.36 Floor 3" Steel pipe 1.5" FS-ONE 

3.37 Floor 3" Cable 1.5" CP 680 

3.38 Floor 4"  4" CFS-DID 

3.39 Floor 5"  4" CFS-DID 

3.40 Floor 2"  2" CP 680 

3.41 Wall 1.5" Wall joint 1.5" CFS-SP WB 
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3.42 Ceiling 
Steel 

Beam 
Steel beam  CFP-S WB 

 

Figure 3.43 shows firestop 3.1 was applied on the gap between the wall and 4
th

 floor slab 

joint in the stair landing area. 

 

 

Figure 3.43. Floor 3 landing wall-slab gap firestop 

 

# Firestop Intumescent 
Base 

Materials 

Opening 

Size 

Penetration 

Gap Size 

3.1 

CFS-SP 

WB 

Firestop 

Joint 

Spray 

  

N/A 

 

Concrete, 

Masonry, 

Gypsum, 

Steel, 

Aluminum, 

Glass 

Gap HOW-Joint  

3.1 
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Figure 3.44 shows firestops 3.2, 3.3, 3.4 and 3.5 which were applied on the Floor 

3 slab vertical pipe penetrations on the west of the elevator shaft.  

 

 

Figure 3.44. Floor 3 west side of shaft penetration firestops 

 

# Firestop Intumescent 
Base 

Materials 

Opening 

Size 

Penetration 

Gap Size 

3.2 

CP 604 Self-

Leveling 

Firestop 

Sealant 

  

No 
Concrete, 

Masonry 
8" 

Steel pipe 

insulated 
4.5" + 2" 

3.3 

FS-One 

Intumescent 

Firestop 

Sealant 

 

Expansion at 

121C (250F) 

Concrete, 

Brick, 

Metal, 

Wood 

8" 

Copper 

pipe 

insulated 

2" + 2" 

3.4 
CP660 

Expanding 

Fire Seal 

 

Yes 

Concrete, 

Masonry, 

Drywall, 

Brick 

4" Steel pipe 2" 

3.5 6" Steel pipe 3" 

3.2 

3.3 

3.4 

3.5 
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Figure 3.45 shows firestops 3.6, 3.7 and 3.8 that were installed on the wall 

penetration openings between the west side of shaft and elevator lobby.  

 

 

Figure 3.45. Floor 3 firestops between west side of shaft and EL (EL view) 

 

# Firestop Intumescent 
Base 

Materials 

Opening 

Size 

Penetration 

Gap Size 

3.6 

CP 606 

Flexible 

Firestop 

Sealant 

 

N/A 

Concrete, 

Masonry, 

Drywall, 

Steel 

0.5" Gap 0.5" 

3.7 

CP 660 

Expanding 

Fire Seal 

 

Yes 

Concrete, 

Masonry, 

Drywall, 

Brick 

10" x 4" 
Steel pipe 

insulated 
1" + 2" 

3.8 

CP 653 

Speed 

Sleeve 

 

Expansion at 

160C (320F) 
N/A 2" Steel pipe 2" 

3.6 
3.7 

3.8 
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Figure 3.46 shows firestop 3.9 was applied between the EL north wall and the 4
th

 

floor slab joint. 

 

 

Figure 3.46. Floor 3 above shaft door above the EL ceiling 

 

# Firestop Intumescent 
Base 

Materials 

Opening 

Size 

Penetration 

Gap Size 

3.9 

CFS-SP WB 

Firestop Joint 

Spray 

  

N/A 

 

Concrete, 

Masonry, 

Gypsum, 

Steel, 

Aluminum, 

Glass 

Gap HOW-Joint 0.5" 
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Figure 3.47 shows firestop 3.10 was applied between the EL east wall and the 4
th

 

floor slab joint. 

 

 

Figure 3.47. Above ceiling, east wall of EL 

 

# Firestop Intumescent 
Base 

Materials 

Opening 

Size 

Penetration 

Gap Size 

3.10 

CP 606 

Flexible 

Firestop 

Sealant 

 

N/A 

Concrete, 

Masonry, 

Drywall, 

Steel 

Gap HOW-Joint 0.5" 

 

3.10 
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Figure 3.48 shows firestop 3.11 was applied on the 4
th

 floor slab above the ceiling 

of the elevator lobby for vertical vent penetrations. 

 

 

Figure 3.48. Floor 3 vertical firestop for vent penetration above ceiling of EL (EL 

view) 

 

# Firestop Intumescent 
Base 

Materials 

Opening 

Size 

Penetration 

Gap Size 

3.11 

CFS-BL 

Firestop 

Block 

 

Expansion at 

200C (392F) 

Concrete, 

Concrete 

(porous), 

Masonry, 

Drywall 

42 x 24" Duct N/A 

 

 

 

3.11 
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` Figure 3.49 shows firestops 3.13 and 3.18 were applied on the horizontal pipe 

penetrations on above the EL ceiling on the east wall of the EL.  

 

 

Figure 3.49. Pipe penetrations above the EL ceiling east wall 

 

# Firestop Intumescent 
Base 

Materials 

Opening 

Size 

Penetration 

Gap Size 

3.13 

CP 653 

Speed 

Sleeve 

 

Expansion at 

160C (320F) 

Masonry, 

Concrete 
2" Steel pipe 2" 

3.18 

CP 660 

Expanding 

Fire Seal 

 

Yes 

Concrete, 

Masonry, 

Drywall, 

Brick 

2" Steel pipe 1" 

3.13 

3.18 
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Figure 3.50 shows firestops 3.14, 3.15, 3.16 (3.27) and 3.17 were applied in 

various penetrations around the northeast corner of the EL above the ceiling.  

 

 

Figure 3.50. Floor 3 north east corner of EL above ceiling 

 

  

3.16 (3.27) 3.14 

3.17 
3.15 
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# Firestop Intumescent 
Base 

Materials 

Opening 

Size 

Penetration 

Gap Size 

3.14 

CP 606 

Flexible 

Firestop 

Sealant 

 

N/A 

Concrete, 

Masonry, 

Drywall, 

Steel 

1" Cable 0.5" 

3.15 

CP 660 

Expanding 

Fire Seal 

 

Yes 

Concrete, 

Masonry, 

Drywall, 

Brick 

2" Steel pipe 1" 

3.16 

(3.27) 

CP 653 

Speed 

Sleeve 

 

Expansion at 

160C (320F) 

Masonry, 

Concrete 
2" Steel pipe 2" 

3.17 

CP 606 

Flexible 

Firestop 

Sealant 

 

N/A 

Concrete, 

Masonry, 

Drywall, 

Steel 

1" Cable 0.5" 
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Figure 3.51 shows firestops 3.20, 3.21 and 3.22 were applied on the penetrations 

between the LBR and the corridor. Firestop 3.12 (3.19) was applied on the duct 

penetration between the corridor and the EL. Firestop 3.23 was applied on the wall-to-

wall joint.  

 

 

Figure 3.51. Floor 3 corridor firestop 

 

  

3.12 (3.19) 



CHAPTER 3 DETAILS OF FIRE TEST FLOOR (THIRD FLOOR) 

 

66 

 

# Firestop Intumescent 
Base 

Materials 

Opening 

Size 

Penetration 

Gap Size 

3.12 

(3.19) 

CP 660 

Expanding Fire 

Seal 

 

Yes 

Concrete, 

Masonry, 

Drywall, 

Brick 

11 x 11" Duct 10 x 10" 

3.11 

CFS-BL 

Firestop Block 

 

Expansion at 

200C (392F) 

Concrete, 

Concrete 

(porous), 

Masonry, 

Drywall 

25 x 8 
Cable 

tray 
20 x 6 

3.21 

CP 660 

Expanding Fire 

Seal 

  

Yes 

Concrete, 

Masonry, 

Drywall, 

Brick 

25 x 8 
Cable 

tray 
20 x 6 

3.22 

FS-One 

Intumescent 

Firestop 

Sealant 

 

Expansion at 

121C (250F) 

Concrete, 

Brick, 

Metal, 

Wood 

11 x 11" 
Duct 

3.12 
10 x 10" 

3.23 

CP 606 

Flexible 

Firestop 

Sealant 

 

N/A 

Concrete, 

Masonry, 

Drywall, 

Steel 

0.5" Joint 0.5" 
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Figure 3.52 shows firestop 3.24 was installed on the pipe penetration between the 

corridor and the LBR. Firestop 3.25 was installed on the east corridor wall and 4
th

 floor 

slab joint. 

 

 

Figure 3.52. Floor 3 corridor and LBR pipe penetration 

 

# Firestop Intumescent Base Materials 
Opening 

Size 

Penetration 

Gap Size 

3.24 

CP 653 

Speed 

Sleeve 

 

Expansion at 

160C (320F) 

Masonry, 

Concrete 
4" 

Steel 

pipe 
3" 

3.25 

CFS-SP WB 

Firestop 

Joint Spray 

  

N/A 

Concrete, 

Masonry, 

Gypsum, 

Steel, 

Aluminum, 

Glass 

0.5" 
HOW-

Joint 
0.5" 

 

3.24 
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Figure 3.53 shows firestop 3.26 was applied on the LBR west wall and 4
th

 floor 

slab joint. 

 

 

Figure 3.53. LBR west wall and 4th floor slab joint 

 

# Firestop Intumescent Base Materials 
Opening 

Size 

Penetration 

Gap Size 

3.26 

CFS-SP 

WB 

Firestop 

Joint 

Spray 

  

N/A 

 

Concrete, 

Masonry, 

Gypsum, 

Steel, 

Aluminum, 

Glass 

0.5" HOW-Joint 0.5" 
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  Figure 3.54 shows firestop 3.28 was applied in on the cable penetration between 

the LBR and the staircase. 

 

 

Figure 3.54. LBR above ceiling on the W wall 

 

# Firestop Intumescent 
Base 

Materials 

Opening 

Size 

Penetration 

Gap Size 

3.28 

CP 606 Flexible 

Firestop Sealant 

 

N/A 

Concrete, 

Masonry, 

Drywall, Steel 

1" Cable 0.5" 

 

3.28 
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Figure 3.55 shows firestop 3.29 was applied on the LBR south wall and the 4
th

 

floor joint. 

 

 

Figure 3.55. LBR S wall and 4th floor joint 

 

# Firestop Intumescent Base Materials 
Opening 

Size 

Penetration 

Gap Size 

3.29 

CFS-SP 

WB 

Firestop 

Joint 

Spray 

  

N/A 

Concrete, 

Masonry, 

Gypsum, 

Steel, 

Aluminum, 

Glass 

Gap HOW-Joint 0.5" 
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Figure 3.56 shows firestop 3.30 was applied on both pipe penetrations on the 

south wall of the SBR. 

 

 

Figure 3.56. Floor 3 south wall of SBR 

 

# Firestop Intumescent 
Base 

Materials 

Opening 

Size 

Penetration 

Gap Size 

3.30 

FS-One 

Intumescent 

Firestop Sealant 

 

Expansion at 

121C (250F) 

Concrete, 

Brick, Metal, 

Wood 

3" + 2" 
Steel 

pipe 
0.5" 

 

3.30 
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Figure 3.57 shows firestop 3.31 was applied on the pipe penetration on the south 

wall of the SBR. 

 

 

Figure 3.57. South wall of SBR above ceiling 

 

# Firestop Intumescent 
Base 

Materials 

Opening 

Size 

Penetration 

Gap Size 

3.31 

FS-One 

Intumescent 

Firestop Sealant 

 

Expansion at 

121C (250F) 

Concrete, 

Brick, 

Metal, 

Wood 

3" 
Steel 

pipe 
1" 

 

3.31 
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Figure  shows firestops 3.32 through 3.39 were installed on the vertical pipe 

penetrations on the north side of the elevator shaft.  

 

 

Figure 3.58. Floor 3 north wall of elevator shaft area 

 

 

  

3.32 

3.33 

3.34 

3.35 
3.36 

3.37 
3.38 
3.39 
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# Firestop Intumescent Base Materials 
Opening 

Size 

Penetration 

Gap Size 

3.32 
CFS-DID 

Firestop 

Drop-In 

Device 

 

Expansion at 

180C (356F) 

 

Flat Pour 

Concrete, 

Concrete over 

metal deck, pre-

cast 

3"  2" 

3.33 6"  4.5" 

3.34 5"  4" 

3.35 
FS-One 

Intumescent 

Firestop 

Sealant 

 

Expansion at 

121C (250F) 

Concrete, Brick, 

Metal, Wood 

5" 
Steel 

Pipe 
4" 

3.36 3" 
Steel 

pipe 
1.5" 

3.37 

CP 680 Cast 

in Firestop 

Device 

 

Expansion at 

200C (392F) 
Concrete 3" Cable 1.5" 

3.38 
CFS-DID 

Firestop 

Drop-In 

Device 

 

Expansion at 

180C (356F) 

Flat Pour 

Concrete, 

Concrete over 

metal deck, pre-

cast 

4"  4" 

3.39 5"  4" 
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Figure 3.59 shows firestop 3.41 was applied between the north wall of the 

building and the column joint. Firestop 3.42 was applied on the steel right below the 4
th

 

floor slab.  

 

 

Figure 3.59. Floor 3 column in the north wall of ES area 

 

# Firestop Intumescent Base Materials 
Opening 

Size 

Penetration 

Gap Size 

3.41 

CFS-SP WB 

Firestop 

Joint Spray 

  

N/A 

Concrete, 

Masonry, 

Gypsum, 

Steel, 

Aluminum, 

Glass 

1.5" 
Wall 

joint 
1.5" 

3.42 

CFP-S WB 

Steel Spray 

 

N/A 

 
N/A 

steel 

beam 

steel 

beam 
 

3
.4

2
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 Fire Door 3.2.3

A Lawrence rolling steel fire door was installed in the partition wall between the LBR 

and SBR. The front of the door was installed facing the LBR space. The fire door was 

0.9m (3’) wide and 2.1m (7’) high. The brackets on either sides of the hood were 0.3m by 

0.3m (12” by 12”). The fire door was a chain operated door with the chain shown on the 

left side of the door in Figure 3.60. The fusible link, with an activation temperature of 

74C (165F), was located above the hood between the cable attached to the partition wall 

and the hood. The fusible link was 2.56m (8.4’) above the 3
rd

 floor slab and 0.24m 

(0.79ft) below the ceiling that was 2.8m (9.2’) high. At the activation temperature, the 

fusible link will melt and initiate the door’s automatic closing system. Hence, once the 

fire door is thermally activated via the fusible link, the curtain will automatically close at 

a governed speed of approximately 0.3m (12”) per second. Figure 3.60 and Figure 3.61 

show the door at open and closed positions respectively. 

  

 

Figure 3.60. Front side of fire door (LBR view) 

Fusible Link 
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Figure 3.61. Front and back of fire door when rolled down 

 

Figure 3.61 shows the fire door at a closed state from both the front and back 

sides. Crush plates were used on the back side of the wall to support the door weight due 

to the lighter than normal steel stud framing at each jamb.  
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 Fire Damper 3.2.4

Three Ruskin FSD60LP dampers, shown in Figure 3.62, were installed in each of the two 

HVAC ducts on the third floor. The dampers were 25cm (10”) high and 25 cm (10”) 

wide. The system was a 1-½ hour rated, Leakage Class I fire smoke damper with an 

airfoil blade. The damper can operate at a temperature of 177C (350F), against heated air 

flow velocities of at least 610MPM (2000 FPM) and 10cm (4”) of water. The dampers 

had electric fuse links that would automatically heat-actuate at a temperature of 74C 

(165F). Figure 3.63 shows the location of the dampers.   

 

 

Figure 3.62. FSD60LP Fire smoke damper 
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Figure 3.63. HVAC design layout and damper location 

 

Points A, B and C in Figure 3.63 indicate the damper locations. These portions of 

the ducts, circled in blue, were where the fire dampers were located. One was in the 

corridor and two were in the stair landing areas. The ducts were exposed as there was no 

ceiling in both the areas. Figure 3.64 and Figure 3.65 show the exposed portions A and B 

respectively, where the fire smoke damper systems were located. An electrical switch 

outlet was installed on the east wall of the elevator lobby for the purpose of powering the 

system. 

 

A 

B 

C 
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Figure 3.64. Floor 3 HVAC duct in corridor (portion A) 

 

 

Figure 3.65. Floor 3 HVAC duct in stair landing (portion B and C) 
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 Door and Door Frames 3.2.5

Doors were installed to establish several compartments in the Floor 3. Three different 

types of doors were used. Figure 3.66 shows the door numbers and their respective 

materials in parenthesis. Door 7 was a roll down fire door, discussed in detail in Section 

3.2.3. Door 3 was a honeycomb core metal door. Doors 1, 2, 4, 5 and 6 were flush 

particleboard core doors. Specifications are provided in Appendix A.5.  

 

 

Figure 3.66. Floor 3 layout showing doors 
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The flush particleboard core doors, which would provide 20 minute fire rating if 

installed per specifications, were used for Doors 1, 2, 4, 5 and 6. A typical door 

installation is shown in Figure 3.67, The doors were 0.91m (3’) wide, 2.1m (7’) high and 

3.5cm (1-3/8”) thick. The doors were composed of a 13.6kg (30lbs) particleboard core 

with hardboard cover. The door hardware consisted of standard duty commercial 

cylindrical lever locks-grade 2. The door latch was made of 3-hour fire rated stainless 

steel.  

 

 

Figure 3.67. Door 1, particleboard core door 

 

Door 3 was a single honeycomb core, metal door, with a steel door frame. The 

frame was made of 16-gauge A60 galvannealed steel, with a 3 hour fire rating. The 18-

guage steel standard door was 1.2m (4’) wide, 2.7m (9’) tall and 4.4cm (1-¾”) thick and 

installed as an exterior door in the north wall of the building in the corridor area. The 

door was 1-½ hour fire rated. The door consisted of standard duty commercial cylindrical 

lever locks-grade 2. The door latch was made of 3-hour fire rated stainless steel.   
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 Door Closers and Holders 3.2.6

To test door closing performance, light commercial/residential door closers and 

commercial grade magnetic door holders were installed in all interior doors in the 3
rd

 

floor. The Universal Hardware Light-Duty Aluminum Residential Hold-Open Door 

Closer 4013 White, were simple mechanical manual door closers that included a bracket, 

a forearm and a main arm. These closers were force and angle adjustable and adjusted so 

that all doors could be opened fully in a smooth manner. Figure 3.68 shows one of the 

interior doors on the third floor with the door closer installed on the top left corner of the 

door and door frame.  

The magnetic door holder, Edwards Signaling Door Holder 1508-AQN5, 

assembly consisted of a wall mount electromagnet unit that was powered by 120VAC 

and a door mounted adjustable steel strike plate. The electromagnets were mounted on 

the walls and the adjustable pivot was mounted either on the top or bottom of the door 

according to the electromagnet locations. These door holders have the capacity to 

withstand up to 50 lbs (22.7 kg) of force. A magnetic door holder can be seen on Figure 

3.68.    

 

Figure 3.68. Door closer and magnetic door holder 

Closer 

Magnetic 

Holder 
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4 COMPARTMENT INTEGRITY TESTS 

Compartment integrity tests were performed on Floor 3 SBR and LBR areas. The initial 

building integrity conditions were measured prior to caulking and the start of both of the 

base isolation and fixed base test series. Integrity tests were then performed subsequently 

after BI-1, BI-2, BI-3, BI-6, FB-1, FB-3, FB-4, FB-5 and FB-6 seismic tests.      

4.1 OVERVIEW 

Compartment (room) integrity tests measure gross leakage area in compartment 

boundaries. This is done by measuring pressure differentials between the outside and 

inside pressures of the compartment under investigation. Tests such as these are part of 

requirements for smoke barrier and stair pressurization system testing and qualification.  

It is important to perform room integrity tests because the air tightness of 

compartments as it not only relates to energy conservation but can also affect building 

fire conditions. The ventilation characteristics (air supply) of a compartment can change 

many aspects of fire, including heat release rate (HRR), the total heat released, flame 

shape, development of hot spots, flame/smoke spread direction, etc.  

Since fire/smoke spread occurs through openings in compartment barriers 

(usually openings in the upper level, but not exclusively), fire compartmentation could be 

the most effective means of suppressing and limiting fire damage. As such, to determine 

the testing conditions for compartment fire tests the amount of available air (or oxygen), 

the direction of airflow, and the velocity of airflow were measured. Room integrity tests 

and air velocity measurements were performed to provide data to support fire/smoke 

spread simulation. 

4.2 AIR VELOCITY MEASUREMENT 

The aim of velocity measurement was to identify specific locations for leakage from a 

compartment, since the door fan test only provided for an indication of the total leakage 

area. Velocity measurements allowed for gauging of air flow rates, and identifying the 

specific locations of leaks.  
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4.3 COMPARTMENTATION TEST PROTOCOL 

The focus of the compartment integrity tests was the third floor. Prior to the start of the 

first fixed-base test, and after each subsequent motion tests, two compartment integrity 

tests were conducted, followed by air velocity measurement tests. Figure 4.1 and Figure 

4.2 show the compartments that were tested. The characteristics of the compartments are 

listed in  

 

 

Figure 4.1. Floor 3 compartmentation test Area 1  

 

The SBR space highlighted in green-dashed lines in Figure 4.1 was the focus of 

the first set of compartment integrity tests. For test Area 1, Door 7 and Window 1 were 

completely closed. Vents in the SBR ceiling were covered with plastic and sealed with 

duct tape on all edges to accurately measure the leakage area. The blower fan was 

installed in Door 1 for test Area 1. Doors 3 and 5 were closed completely 
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The combined space of LBR and SBR areas, highlighted in red-dashed lines in 

Figure 4.2, was the focus of the second set of compartment integrity tests. For test Area 2, 

Windows 1 and 2 were completely closed while vents in the SBR ceiling were covered 

with plastic and sealed with duct tape on all edges to accurately measure the leakage area. 

Doors 1 and 7 were opened fully. The fan was installed in door 2. Doors 3 and 5 were 

closed completely.  

 

 

Figure 4.2. Floor 3 compartmentation test Area 2 

 

The compartment integrity tests were conducted following the motion tests. For 

all the room integrity tests conducted after 50% FB-3, two settings different settings were 

examined with the ceiling access panel being open and closed in the LBR. After the 

integrity tests were completed, a leakage test was performed in the same space to find 

areas of leak and to validate the integrity test results. 

The dimensions of each testing space were measured prior to testing. These 

measurements were used to determine the volume, surface area and floor area of both 

spaces as shown in Table 4.1.  
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Table 4.1. Testing space features 

 Test 1 Space Test 2 Space 

Volume 642.1 ft
3
 1879.1 ft

3
 

Surface area 470.3 ft
2
 939.7 ft

2
 

Floor area 69.4 ft
2
 203 ft

2
 

 

 Room Integrity Test Instrumentation and Procedures 4.3.1

An Infiltec E3 fan was used to conduct the room integrity tests. Figure 4.3 shows the fan 

installed in the Door 1 frame. The adjustable frame was covered with a green-cloth 

temporary covering. The adjustable frame was put up against a door frame and adjusted 

to fit in as tight as possible within the door frame. The fan was inserted into the bottom 

opening on the temporary covering and the manometer was set up on the right of the 

adjustable frame. Green and red rubber tubes were connected to ports in the manometer 

and the fan. The fan and the manometer were powered by electricity. Both pressurizing 

and depressurizing of the room were performed by setting the front of the fan to blow air 

inwards and reversing the front of the fan to blow air outwards respectively as well as 

changing the setup of the rubber tubes. This was done to create either a positive or 

negative pressure differential between the testing compartment and its outside space. 
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Figure 4.3. Blower door test equipment set up in door 1 

 

The low-flow plate was installed on the back of the fan for all tests as shown in 

Figure 4.4. To get the required airflow rate, some of the seven holes on the low-flow 

plate were covered. The number of holes changed depending on the leakage area of the 

compartments. Table 4.2Table  lists the number of holes that were open on the low-flow 

plate per each integrity tests.  

 

 

Figure 4.4. Low-flow plate attached on back of fan 
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Table 4.2. Number of open holes on the low-flow plate 

Motion 

Test 

Number of Open Holes 

Area 1 
Area 2 

Panel Closed Panel Open 

Pressure Depressure Pressure Depressure Pressure Depressure 

Before 

caulking 
3 3 4 4 N/A N/A 

Before BI-1 2 2 2 2 N/A N/A 

After BI-2 2 2 2 2 N/A N/A 

After BI-3 2 2 2 2 N/A N/A 

After BI-6 2 2 2 2 N/A N/A 

After FB-1 2 2 2 2 N/A N/A 

After FB-3 2 2 2 2 4 4 

After FB-4 2 2 2 2 4 4 

After FB-5 4 4 4 4 4 4 

After FB-6 7 7 7 7 7 7 

 

The number of open holes was adjusted in the manometer settings. The 

manometer, shown in Figure 4.5, was set to provide readings of pressure and airflow rate 

at an interval of every 4 seconds. All readings were taken in a patient manner to collect 

stable and accurate numbers. 

 

 

Figure 4.5. Digital Manometer 

 



CHAPTER 4 COMPARTMENT INTEGRITY TESTS 

 

 

90 

 

The values presented in Table 4.1 were set as input values on the startup to the 

integrity test software, BDWin. All the readings were recorded into the BDWin software 

as shown on Figure 4.6. The software allows for recordings up to nine readings. As a 

result, for each fan test, a minimum of 7 readings were recorded.  

 

 

Figure 4.6. Screenshot of BDWin software 
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The fan flow and compartment pressure readings provided by the manometer, 

were used to determine the effective leakage area and the air change rate. The 

relationship of the flow and pressure can be expressed empirically as. 

 

 Eq. 4.1 

where 

f = fan induced flow or pressure 

Q = airflow rate 

P = Pressure 

κ = leakage coefficient 

 

Eq. 4.1 can be simplified to show the effective leakage area of an orifice as. 

 

      √
   

 
 Eq. 4.2 

where 

ELA = effective leakage area 

ρ = density of air 

 

With Eq. 4.1 and Eq. 4.2 describing flow at a reference pressure, Pr, of 4 Pa, the 

equations can be simplified as below. 

 

      √
   
 
(
  

  
)
 

 Eq. 4.3 

 

To achieve accurate test results of ELA, a statistical approach is used. The flow rate is 

related to the pressure difference expressed in a logarithmic function. 

 

   (  )      (
  

  
)     (   √

   

 
) Eq. 4.4 
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Linear regression analysis is performed on the numerous readings taken during 

the test and the linear relationship of the fan flow rate and the pressure difference can be 

seen through the BDWin graph function in Figure 4.7.  

 

 

Figure 4.7. Fan flow rate and pressure difference plotted in logarithmic scale 

 

The red dots in Figure 4.7 are plots of pressure differences (x-axis) and their 

respective fan flow rates (y-axis). The blue line shown is the best fit line running through 

the plots. The ELA value is taken from the best fit line when the pressure difference is at 

4Pa (0.0006psi).  

BDWin also provides the air change rate at a specified pressure of 50Pa 

(0.007psi). This measurement indicates how quickly the interior air gets replaced by 

outside air through either ventilation or infiltration. Eq. 4.5 below is used to determine 

the air change rate which is usually expressed in air changes per hour at a specified 

building pressure.  
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 Eq. 4.5 

where 

ACH50 = air change per hour at 50 Pascal 

Q50 = airflow at 50 Pascal 

 Leakage Check Using Anemometer 4.3.2

After all readings were recorded for the integrity tests, the fan was kept on at a relative 

slow speed to maintain the pressure differential between inside and outside of the testing 

compartment. The pressure differential initiates air flow in all openings of the 

compartments. To identify areas of leak a leakage test was performed right after the 

integrity tests using an anemometer as shown in Figure 4.8.  

  

 

Figure 4.8. Air leak check using an anemometer 
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The anemometer was used to check for leakages around all joints, corners and 

areas of any visible cracks. While one carried the anemometer around the testing area, 

another carried around a camcorder and recorded all movements. As shown in Figure 4.8, 

steel rod with a sensor at the tip of the rod, plugged into the anemometer, detects any air 

movement. The air velocity is picked up by the sensor on the rod and displayed on the 

anemometer. 
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5 BLOWER DOOR FAN TEST RESULTS 

5.1 EFFECTIVE LEAKAGE AREA 

Table 5.1 shows the effective leakage area (ELA) data recorded per test. The data shown 

are the average values of the pressurization and depressurization tests. Figure 5.1 shows a 

graph of the ELA vs. motion test. 

 

Table 5.1. Fan test leakage area results 

 
ELA-Average 

SBR (Area 1) LBR + SBR (Area 2) 

Before caulking 193cm
2
 (30in

2
) 219cm

2
 (34in

2
) 

Before BI-1 110cm
2
 (17in

2
) 84cm

2
 (13in

2
) 

After BI-2 123cm
2
 (19in

2
) 90cm

2
 (14in

2
) 

After BI-3 116cm
2
 (18in

2
) 84cm

2
 (13in

2
) 

After BI-6 123cm
2
 (19in

2
) 97cm

2
 (15in

2
) 

After FB-1 116cm
2
 (18in

2
) 97cm

2
 (15in

2
) 

After FB-3 129cm
2
 (20in

2
) 110cm

2
 (17in

2
) 

After FB-4 148cm
2
 (23in

2
) 148cm

2
 (23in

2
) 

After FB-5 284cm
2
 (44in

2
) 310cm

2
 (48in

2
) 

After FB-6 587cm
2
 (91in

2
) 819cm

2
 (127in

2
) 
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Figure 5.1. Graph of ELA results of both compartments 

 

Figure 5.1 shows a drop in the leakage area for both testing areas after joints were 

caulked in the testing areas. This showed that caulking helped make the compartment 

more airtight and reduced significant leakage areas. During the sequence of the BI tests, 

not much change occurred in the leakage area except for slight variations. During all of 

the BI tests, the leakage area of Area 1 superseded the leakage area of Area 2.  

Figure 5.1 shows the leakage areas of both testing areas increased after all of the 

FB tests. For all tests prior to FB-5, Area 1 had the larger leakage area compared to Area 

2, which was attributed to the leakage areas formed in the partition wall at the edges 

where the fire door frame was. After FB-4, the leakage area of Area 1 and Area 2 became 

about the same. Significant leakage area increases were observed after FB-4, FB-5 and 

FB-6, and Area 2 leakage area became greater than the Area 1 leakage area after FB-4 as 

more leakage areas were formed in the LBR joint areas and the lighting fixture. The 

greatest leakage area increase occurred after FB-6. Figure 5.1 shows the steepest slope 
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from FB-5 to FB-6. While the leakage areas of both areas were relatively similar 

throughout the entire testing series, Area 2 ended up with a leakage area of about 226cm
2
 

(34in
2
) greater than the leakage area of Area 1 after FB-6.   

5.2 AIR CHANGE RATE AT 50PA 

The American Society of Heating, Refrigerating and Air-Conditioning Engineers 

Incorporation (ASHRAE) Standard 119 categorizes building leakage level based on Air 

Changes per Hour at 50 Pa (ACH50) values, which measures the total number of complete 

air changes that will occur in one hour in which pressure of 50 Pascal is being applied 

uniformly to the compartment. Table 5.2 below shows the ASHRAE Standard 119 values 

for ACH50.  

 

Table 5.2. Draft ASHRAE Standard 119 

Category Leakage Level (approximate) 

1. Very Tight ACH50 < 1 

2. Tight 1 < ACH50 < 4 

3. Moderate 4 < ACH50 < 6 

4. Fair 6 < ACH50 < 8 

5. Leaky 8 < ACH50 < 18 

6. Very Leaky 18 < ACH50 

 

Table 5.3 shows the air change rate data collected from all tests. The data shown 

are the average values of the pressurization and depressurization tests. These data were 

plotted into a graph as shown in Figure 5.2.   
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Table 5.3. ACH50 test results 

 

ACH50 (1/hr) 

SBR (Area 1) LBR + SBR (Area 2) 

Before caulking 30 16 

Before BI-1 26 7 

After BI-2 24 7 

After BI-3 27 7 

After BI-6 28 7 

After FB-1 28 7 

After FB-3 30 9 

After FB-4 36 12 

After FB-5 60 28 

After FB-6 125 59 
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Figure 5.2. Graph of ACH50 test results of both compartments 

  

Figure 5.2 showed similar results to that of the ELA results. The number of air 

change reduced slightly after the joint areas in both testing areas were caulked. That 

number stayed relatively similar for both compartments until after FB-1 took place. For 

all the tests that took place after FB-3, an increase in the number of air change was the 

trend in both Area 1 and Area 2. The increases were minimal during the FB tests but 

significant increases were visible from all tests after FB-4. The biggest increase in the 

number of air change occurred after FB-6. Even though Area 1 started with a very leaky 

category at 26 air changes per hour after caulking, that number increased almost five 

times the initial number at 125 air changes per hour after FB-6. Area 2 started off as a fair 

category at 7 air changes per hour after caulking but increased almost 8 times the initial 

number at 59 air changes per hour and put into the very leaky category after FB-6. The 

Area 1 air change rates are significantly higher than the air change rates of Area 2 since 
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the air change rate calculations take into consideration the overall volume of the space. 

With Figure 5.1 showing similar ELAs between the two areas, since Area 1 has a smaller 

volume than the volume of Area 2, the air change rate of Area 1 is significantly higher 

than the air change rate of Area 2.  

 

5.3 OBSERVATION OF COMPARTMENTATION ISSUES 

The great increase of the leakage area was induced as seismic motions caused 

openings to form in various areas. Figure 5.3 shows the gap that was formed between the 

partition wall and the north wall of the building, increasing the leakage area of the SBR 

and LBR. This as well as the leaky installation of the fire door on the partition wall 

caused a greater leakage area only in the SBR compared to the both areas of SBR and 

LBR combined.  

 

 

Figure 5.3. Gap formed on the partition wall between LBR and SBR 
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Gaps developed in the joint areas as the building was subject to seismic motions. 

Figure 5.4 shows the gap in the joint area above the LBR ceiling, allowing for leaks 

through the balloon framing. Figure 5.5 shows gaps that were formed in the joint areas 

increasing the overall leakage area. 

 

 

Figure 5.4. Gap formed in the north wall balloon framing in the joint area above the 

LBR ceiling 

 

 

Figure 5.5. Gaps in the joint area of Floor 3 
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The magnetic door holder of the SBR was found to have been completely ripped 

off the back of the door, failing to meet the demands of the seismic motions as shown in 

Figure 5.6.  

 

 

Figure 5.6. Magnetic door closer failure 
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There were other noticeable issues in Floor 3 that were observed to add to the 

compartmentation issues outside of the room areas. It was found that the door in the 

corridor area was jammed not allowing for the door to close completely as shown in 

Figure 5.7. 

 

 

Figure 5.7. Corridor door jam 

 

The elevator door was also severely damaged with a large opening was created as 

the doors were wrecked and failed to close as shown in Figure 5.8.  

 

 

Figure 5.8. Damage to the elevator door in Floor 3 
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6 ADDITIONAL OBSERVATIONS 

Although fire tests were only conducted in Floor 3, there were noticeable damages to 

multiple structural and non-structural components at multiple floors which could pose 

threats to be fire risks to the building.  

6.1 STRUCTURAL COMPONENT DAMAGE 

After FB-6, the steel rebars of beam-column connections were completely exposed in 

several places of the building. Figure 6.1 shows the Floor 2 beam-column connection on 

the north wall that was damaged. This could severely limit the structural performance and 

the fire rating of the structural components when exposed to elevated temperatures. 

 

  
Figure 6.1. Floor 2 north column in the middle 

   



CHAPTER 6 ADDITIONAL OBSERVATIONS 

 

105 

 

6.2 NONSTRUCTURAL COMPONENT DAMAGE 

The living room contents of the elevator lobby and the chemical lab equipment in the 

room area of Floor 2 were greatly displaced and spread throughout the floor following 

FB-5 and FB-6. Small items such as cups and books as well as large items such as a book 

shelf, table and an anchored TV were displaced. The items on the floor in Figure 6.2 

could be a fuel source for fires. 

 

 

Figure 6.2. Floor 2 elevator lobby after FB-6 

 

 

Following the largest ground motion (FB-6), a rigid steel pipe, representative of a fuel 

gas line, was damaged at a connection on Floor 1. The broken connection is shown in 

Figure 6.3. In the absence of other protective measures, such as shutoff valves, such a 

failure could lead to release of fuel gas in a building. 
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Figure 6.3. Floor 1 rigid gas pipe disconnection 

 

The stair connection failed and detached off of the stair landing on Floor 3 following FB-

6 as shown in Figure 6.4.  Handrails had been disconnected following FB-5 as shown in 

Figure 6.5. Gypsum wallboards detached and fell off around the staircase and landing 

areas as shown in Figure 6.6 and at multiple locations throughout the building. Such 

issues as well as the displacement of building contents could hinder the evacuation of 

occupants during building fires.  
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Figure 6.4. Floor 3 stair landing following FB-6 

 

 

Figure 6.5. Floor 4 stair handrail following FB-5 

 



CHAPTER 6 ADDITIONAL OBSERVATIONS 

 

 

108 

 

 

Figure 6.6. Wallboard detachment following FB-6 around intermediate landing of 

Floor 1 and 2 

 

Two ICU breakout doors were installed in the Floor 4 landing area leading to the elevator 

lobby and ICU room. Both doors performed well and remained intact during the entire 

seismic test series except for the ICU door from the landing to the elevator lobby was 

damaged during FB-5. The ICU breakout doorframe performed well but a portion of the 

door was detached from the doorframe as shown in Figure 6.7. 
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Figure 6.7. ICU breakout door on Floor 4 following FB-5 
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7 INSTRUMENTATION AND FIRE TESTS PLAN 

7.1 OVERVIEW 

The fire tests were conducted to examine how the building fire protection measures 

would react to fires subjected to seismic motions. The fire tests were conducted in three 

different compartments to allow for testing of the various fire systems present throughout 

Floor 3. Thermocouples were used to measure record temperatures of the compartments, 

fire systems, while video cameras were used to record and obtain visual data of the fire 

tests. See Appendix B for additional details on thermocouple locations.  

7.2 INSTRUMENTATION 

 DAQ 7.2.1

A National Instruments cDAQ-9178, data acquisition (DAQ) system was used to record 

thermocouple data during the fire tests. The DAQ system was located in the 2
nd

 floor 

room area during all fire tests. The DAQ system components included a chassis 

connected to a laptop with USB 2.0 extension cable and 6 16-channel C series module 

placed in the chassis allowing for connection of a total of 96 thermocouples, as shown in 

Figure 7.1.  
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Figure 7.1. DAQ (left) and DVR (right) setup on Floor 2 for the fire tests 

 Thermocouples 7.2.2

For these tests, Type K, AWG (American Wire Gauge) 24, glass braided thermocouples 

were used to measure gas or surface temperatures at various locations and of fire systems 

during the fire tests. Because thermocouples were connected to the DAQ which allowed 

up to 96 thermocouples per test, each thermocouple was numbered and labeled in a 

format of ‘X-Y’. Both X and Y were numbers with X ranging from 1 to 12 and Y ranging 

from 1 to 8. For example, in the LBR-1 fire test when 96 thermocouples were used, the 

first thermocouple was labeled 1-1 and the 96
th

 thermocouple was labeled 12-8. 

Thermocouple trees were made by placing thermocouples vertically in 30cm (1’) 

increments on a long metal rod. Thermocouple trees were fabricated and used in fire tests 

to measure general compartment gas temperatures at various height levels. The 

thermocouples were connected to the same channels during LBR-1 and SBR fire tests 

and in EL-1 and EL-2 fire tests. Due to high temperatures in the testing compartments, 

some thermocouple wire and connectors were protected by ceramic fiber board or blanket 

as shown in Figure 7.2. Table 7.6 summarizes the thermocouple locations per test.  
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Figure 7.2. TC tree protected with ceramic fiber blanket 
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Table 7.1. Summary of thermocouples per fire test 

Date Test 
Number of 

Thermocouples 
Locations 

23/05/2012 
LBR-1 

and SBR 
96 

- 2 thermocouple trees in room areas 

- 2 thermocouple trees above ceiling 

- gaps formed on walls of room areas  

- fire systems 

- gaps above the ceiling 

- exterior balloon framing 

24/05/2012 LBR-2 96 

- 2 thermocouple trees in room areas 

- 2 thermocouple trees above ceiling 

- 2 thermocouple trees hanging out of 

LBR window 

- gaps formed on walls of room areas 

- fire systems 

- gaps above the ceiling 

- exterior balloon framing 

- HVAC duct 

- 4
th

 floor vents 

24/05/2012 ES 62 

- thermocouple tree in corridor 

- thermocouple tree space above LBR 

ceiling 

- thermocouple tree inside elevator shaft 

- horizontal firestops on 3
rd

 floor 

- vertical firestops on 4
th

 floor 

- 4
th

 floor concrete slab  

- exterior balloon framing 

25/05/2012 
EL-1 and 

EL-2 
43 

- 2 thermocouple trees in lobby 

- 2 thermocouple trees above lobby 

ceiling 

- thermocouple tree inside elevator shaft 

- exterior balloon framing 

 

 LBR-1 and SBR Fire Tests TC Locations 7.2.3

For the LBR-1 and SBR fire test configuration, a thermocouple tree was placed in each of 

the SBR and LBR to obtain the general compartment gas temperature. A thermocouple 

tree was placed above the SBR ceiling and above the LBR ceiling to measure temperature 
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increases above the ceiling. At various noticeable gaps that were formed in the walls and 

joint areas of the rooms and the space above the ceiling from the motion tests, 

thermocouples were placed to measure the gas temperatures to check for smoke spread. 

Thermocouples were placed on thermal activation links of sprinkler heads and fire door 

to check for activation temperatures. Thermocouples were placed on the north balloon 

framing to check for increased temperatures indicative of smoke and hot gas leakage to 

the exterior of the building.  

 LBR-2 Fire Test TC Locations 7.2.4

Most of the thermocouple locations for the LBR-2 fire test remained intact from the 

LBR-1 and SBR fire tests, as the testing compartments were the same. For the LBR-2, 

due to greater fuel load and expectations of increase in temperatures, thermocouples were 

placed in the HVAC ducts in front of the fire damper and in Floor 4 vents to check if hot 

gases would travel through the HVAC duct. Also, 2 thermocouple trees were installed to 

hang out of the LBR window to measure the gas temperature exiting through the window. 

 ES Fire Test TC Locations 7.2.5

A thermocouple tree was placed in the corridor space for the ES fire test to measure 

general gas temperatures of the testing compartment. A thermocouple tree was located in 

the space above the LBR ceiling and inside the elevator shaft (only for Floors 3 through 5) 

to check for smoke spread. Thermocouples were placed on the surfaces of the horizontal 

firestops on the east and south walls of the corridor and on vertical firestops of the 4
th

 

floor slab to obtain activation temperatures. Also thermocouples were located on the 4
th

 

floor concrete slab to check for any temperature increase on the slab. Thermocouples 

were located on the north and west balloon framing to check for increased temperatures 

indicative of smoke and hot gas leakage to the exterior of the building. 

 EL-1 and EL-2 Fire Tests TC Locations 7.2.6

Two thermocouple trees were located in the lobby area, on the southwest corner and in 

front of the elevator door, for the EL-1 and EL-2 fire tests to measure general testing 
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compartment gas temperatures. Two thermocouple trees were located in the space above 

the EL ceiling, on the northwest and southeast corners to measure temperature changes in 

the ceiling space. A special thermocouple tree with thermocouple spacing of 0.66m 

(2.2ft), was installed to hang from the top of the elevator shaft down to the floor slab of 

the 3
rd

 floor to check how much temperature increase would occur inside the shaft. 

Thermocouples were placed on the west and south balloon framing to check for increased 

temperatures indicative of smoke and hot gas leakage to the exterior of the building. 

 Cameras 7.2.7

Two different sets of cameras were installed in various locations in the building to 

capture the fire, smoke spread, flame extension and fire systems activation. A digital 

video recorder (DVR) with 8 channels and 500GB of internal storage capacity was placed 

in the 2
nd

 floor room area during the fire tests as shown in Figure 7.1. With 150 feet BNC 

cable extensions, the cameras were located in various locations on the 3
rd

 floor. Figure 

7.3 shows the components of the DVR camera system.  

 

 

Figure 7.3. DVR-camera system components 

 

Due to the limitation of the DVR only allowing for a maximum of 8 camera connections 

at once, UCSD IP cameras were also implemented throughout all fire tests to allow for 

more views. The UCSD IP cameras had one cable from the camera to a switch located on 

each floor with a maximum of 7 camera cables allowed per switch. The switch had a 

power cable connected to a closest power source and another cable exiting the building 

Power supply for 

camera 
Camera Zip (BNC) 

cable 

connecting 

camera to DVR 

DVR with 8 

BNC 

outlets 
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towards the control tower to a server system. A UCSD IP camera is shown in Figure 7.4. 

Due to high temperatures in the testing compartments, some cameras and portions of the 

BNC cable were protected by ceramic fiber blanket. 

 

 

Figure 7.4. UCSD IP camera 

 

 DVR Camera Locations 7.2.7.1

Figure 7.5 shows the locations where DVR cameras were mounted on the 3
rd

 floor. The 

DVR cameras were only mounted in locations on the 3
rd

 floor. Table 7.2 lists the views 

and location level of all the cameras. 

 

 

Figure 7.5. DVR camera locations on Floor 3 
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Table 7.2. Floor 3 DVR camera details 

Camera # Name Level View 

1 SBR_SE_corner 3 Fire door 

2 SBR_NE_corner 3 
Partition wall and N wall of 

building gap 

3 
SBR_above_ceilin

g 

3 (above 

ceiling) 

Overall ceiling view towards the 

LBR column 

4 LBR_NW_corner 3 Center of LBR 

5 corridor_firestop 3 Corridor wall firestop 

6 Corridor 3 Corridor and LBR door 

7 
N_shaftwall_firest

op 
3 

Vertical firestop and overall view 

of area behind N wall of shaft 

8 EL_SE_corner 3 EL area and shaft door 

9 Inside_shaft 3 
Inside shaft looking NE and 

upwards 

10 
EL_above_ceiling

_firestop 

3(above 

ceiling) 
HVAC duct and vertical firestop 

 

Table 7.3 shows the status of the DVR camera during the fire tests. White indicates that 

the camera was not connected or mounted during the test. Dark gray indicates the camera 

was installed and recording during the test. Light gray indicates the camera was installed 

and recording but got destroyed during the test. 

 

Table 7.3. DVR camera status during fire tests 

Camera # LBR-1 SBR LBR-2 ES EL-1 EL-2 

1       

2       

3       

4       

5       

6       

7       

8       

9       

10       
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Figure 7.6 shows camera 4 that was installed in the northwest corner of the LBR adjacent 

to the column to capture the whole LBR area during the fire tests.  

 

 

Figure 7.6. Camera 4 was installed adjacent to the column in the LBR 

 

 UCSD Camera Locations 7.2.7.2

UCSD cameras were located in various locations throughout floors 3, 4 and 5. The 

cameras were located in both interior and exterior locations of the building. Figure 7.7, 

Figure 7.8, and Figure 7.9 show the UCSD camera locations for floors 3, 4 and 5 

respectively. Table 7.4 lists the views of each of the camera while Table 7.5 shows which 

cameras were recorded during the fire tests. 
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Figure 7.7. UCSD camera locations on Floor 3 

 

 

Figure 7.8. UCSD camera locations on Floor 4 
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Figure 7.9. UCSD camera locations on Floor 5 
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Table 7.4. UCSD Camera details 

Camera # Name Level View 

1 FL3_SBR_above_ceiling 
3 (above 

ceiling) 

Overall ceiling view towards the 

LBR column 

2 FL3_LBR_firestop 
3 (above 

ceiling) 
Firestop on W wall of LBR 

3 FL3_corridor_firestop 3 Firestop on E wall of corridor 

4 FL3_N_shaftwall 3 
Vertical firestop and overall view of 

area behind N wall of shaft 

5 FL3_EL_damper 
3 (above 

ceiling) 

HVAC duct and firestop on S wall of 

corridor 

6 FL3_EL_door 3 EL area and shaft door 

7 FL3_EL_SW_ceiling 
3 (above 

ceiling) 
Above EL ceiling space looking NE 

8 FL3_EL_vertical_FS 
3 (above 

ceiling) 

Vertical firestop and overall view of 

area behind N wall of shaft 

9 FL3_inside_shaft 3 
Inside shaft towards Floor 2 shaft 

door 

10 FL2_3_landing_NE_corner 2 and 3 NE corner of intermediate landing 

11 FL3_4_landing_NE_corner 3 and 4 NE corner of intermediate landing 

12 FL4_N_shaftwall_firestop 4 
Vertical firestop and overall view of 

area behind N wall of shaft 

13 FL4_4NW_column 4 
4NW column and overall view of 

area behind N wall of shaft 

14 FL4_vent 4 Vent openings 

15 FL4_N_balloon 4 Middle of balloon framing of N wall 

16 FL4_NW_balloon 4 
NW portion of balloon framing of N 

wall 

17 FL4_SW_balloon 4 
SW portion of balloon framing of S 

wall 

18 FL4_EL_door 4 EL lobby and shaft door 

19 FL5_EL_door 5 EL lobby and shaft door 

20 FL5_inside_shaft 5 Elevator roller inside shaft 

21 FL5_W_balloon 5 Exterior of W wall of building 
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Table 7.5 shows the status of the UCSD camera during the fire tests. White indicates that 

the camera was not connected or mounted during the test. Dark gray indicates the camera 

was installed and recording during the test. Light gray indicates the camera was installed 

and recording but got destroyed during the test.  

 

Table 7.5. UCSD camera status during fire tests 

Camera # LBR-1 SBR LBR-2 ES EL-1 EL-2 

1       

2       

3       

4       

5       

6       

7       

8       

9       

10       

11       

12       

13       

14       

15       

16       

17       

18       

19       

20       

21       
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Figure 7.10 shows UCSD IP Camera 1 that was installed on the northeast corner above 

the SBR ceiling to capture the smoke leak to the ceiling through the gaps formed between 

the north wall of the building and the ceiling system. 

 

 

Figure 7.10. UCSD Camera 1 installed in the northeast corner above the SBR ceiling 
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 Smoke Detectors 7.2.8

GE TX-6010-01-1 commercial-grade, photoelectric wireless smoke detectors, shown in 

Figure 7.11, were located in various locations on multiple floors to see smoke spread. 

The smoke detectors were powered by batteries and programmed into the Simon XT 

control panel as a sensor. A touchscreen keypad was also installed in which logs of 

events were recorded.  

 

 

Figure 7.11. Smoke detector components 

 

Figure 7.11 shows the smoke detector components. Figure 7.12, Figure 7.13 and Figure 

7.14 show the location of the smoke detectors in floors 3, 4 and 5 respectively.  

 

Control Panel 

Touchscreen Keypad 
Wireless Smoke Detector 
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Figure 7.12. Floor 3 smoke detector locations 

 

 

Figure 7.13. Floor 4 smoke detector locations 
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Figure 7.14. Floor 5 smoke detector locations 

 

Figure 7.15 shows Smoke Detector 10 that was installed on the SBR ceiling adjacent to 

the sprinkler head.  

 

 25  26 

  24  23 



CHAPTER 7 INSTRUMENTATION AND FIRE TESTS PLAN 

 

127 

 

 

Figure 7.15. Smoke Detector 10 installed on the SBR ceiling 

 

7.3 TEST SCHEDULE 

The fire tests were conducted on three consecutive days from May 23, 2012 to May 25, 

2012. Fire test set up and instrumentation occurred during the previous week of the fire 

tests. Table 7.6 lists the fire test name, location and dates. 

 

Table 7.6. Fire test schedule 

Date Fire Test Location Test Name Weather condition 

May 23, 

2012 

LBR LBR-1 Temp: 61~68
o
F 

Wind: ~5 mph SBR SBR 

May 24, 

2012 

LBR LBR-2 Temp: 65~68
o
F 

Wind: 5~10 mph ES ES 

May 25, 

2012 

EL EL-1 Temp: 57~62
o
F 

Wind: 10~15 mph EL EL-2 
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7.4 FIRE TEST PLAN 

The objectives of the fire tests were twofold: (1) to assess the potential for spread of fire 

and smoke in an earthquake damaged building, given the damage caused by the motion 

tests, and (2) collect sufficient compartment fire data to assist in simulation of the fires 

and prediction of post-earthquake fire performance of buildings.  

 While the initial intent was to collect fire performance data on multiple floors in 

multiple configurations, project resource constraints limited fire testing to the third floor. 

Also, while it would have been helpful to collect data on actual burning characteristics of 

representative contents, for purposes of environment protection and control of fire size 

and duration, it was determined that a controlled fuel source should be used. Initially, the 

intent was to use a propane gas burner with adjustable gas flow to control fire size (heat 

release rate) and duration, but financial constraints made this option impractical. In the 

end, it was decided to burn heptane in steel pans, as this allowed for a relatively 

inexpensive fire source, for which heat release rate and burning time could be controlled, 

relative to the experimental conditions.  

This section of the report overviews the design of the fire source, size and 

duration based on the fuel, pan size and ventilation conditions, and describes the fire test 

plan for each of the six live fire tests.  

 Factors Affecting Fire Size 7.4.1

 Heat Release Rate 7.4.1.1

A principal driver in describing the size of a fire is heat release rate (HRR). HRR, 

measured and expressed in kW, represents the rate at which thermal energy is produced 

during a fire, which in turn determines thermal conditions in compartment fire tests. If 

fire size is too small, it will not increase the room temperature high enough to assess key 

building performance features, such as activation of firestops, forcing flame or smoke 

outside of the compartment of fire origin, activate sprinkler heads or fusible link on fire 

doors, etc. For these tests, for example, the upper gas temperature needed to be higher 

than 250C (482F) to activate the firestops. However, if the fire size is too large, or burns 



CHAPTER 7 INSTRUMENTATION AND FIRE TESTS PLAN 

 

129 

 

for too long, failure of compartmentation, structural members or other building features 

could result. This facilitated the need to design the HRR from the pan fires to achieve 

minimum required compartment temperatures without bringing essential building 

elements to failure.  

 Quantity of Fuel 7.4.1.2

A major driver in the HRR of a fire is the amount and type of fuel. Cellulosic materials, 

such as paper, wood and cotton, typically burn more slowly and at lower temperatures 

than hydrocarbon fuels. However, it can be easier to control fire size and duration with 

hydrocarbon fuels, such as propane gas or liquid heptane, as opposed to cellulosic 

materials. For these tests, heptane was selected as a fuel, as the HRR could be controlled 

based on the surface area of the burning fuel, and the duration of burning could be 

controlled by the depth of the fuel, both of which could be controlled by using a pan 

configuration.  

 Ventilation Opening Factor 7.4.1.3

Another factor which affects HRR is the ventilation opening size in a fire compartment. 

If ventilation openings are too small, the fire size is limited by oxygen and self-

extinguishment can occur (ventilation controlled). If the openings are too large relative to 

the fuel quantity, target compartment temperatures may not be achieved as the hot gas 

produced by the fire will be released through the opening.  

 Compartment Lining Factor 7.4.1.4

The boundary material of compartments also plays a role, as heat can be transferred 

through wall, ceiling and floor surfaces. If the material absorbs heat, the design fire size 

should be increased to account for this and still achieve target compartment temperatures.  

 Sizing the Heptane Pan Fire 7.4.2

Considering the focus of these tests being the post-earthquake condition of a building, in 

which one could reasonably expect fuel items are well spread over the floor area (e.g., 

papers, books, files, etc.), it was deemed reasonable to use multiple smaller pans to 
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achieve the target fire size rather than one large pan. As noted above, the fire size and 

duration of a hydrocarbon liquid pool fire can be estimated (and controlled) based on the 

surface area of the pool (size) and the depth of fuel (duration). For these tests, heptane 

was selected as it was readily available and provided enough soot to visibly track smoke 

movement. Heptane pan fires are often used in control fire tests (e.g., see Effect of Fire 

Size on Suppression Characteristics of Halon Replacement Total-Flooding Systems, 

Halon Options Technical Working Conference, 2001). The design of the pans for this test 

series is described below.  

 Design Calculations 7.4.2.1

The HRR of a pool fire can be estimated from Eq. 7.1, 

 

                    ̇   ̇      Eq. 7.1 

with, 

            ̇      

 
Eq. 7.2 

where, 

    = heat of combustion 

   
              

          
 

ρ = density 

  = velocity 

 

From Figure 7.16 and Figure 7.17, about 540 kW (3.1×10
4
BTU/min) fire can be 

achieved from each pan of 0.6m by 0.4m (2’ by 1.3’) pan. Expected flame height, which 

is the 50 % intermittency of flame tip, is about 2.3m (7.5’). This calculation is based on 

an open environment condition, which means that in a compartment condition, radiation 

from the hot gas layer will feed heat energy back to the fuel surface and increase the 

HRR accordingly.  
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Figure 7.16. Fire size vs. pan size 

 

 

Figure 7.17. Flame height vs. pan size 

 

The initial amount of heptane in the pan can be determined based on the test 

duration and regression rate of heptane shown in Figure 7.18. The burning time of 

heptane is shown in Figure 7.19. With a 0.6m by 0.4m (2’ by 1.3’) pool, and the 

regression rate of heptane is about 0.42cm/min (0.17”/min). Since the test duration is 
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planned about 10 minutes, heptane of about 4.2cm (1.7”) in height needs to be placed 

initially in a pool, which is about 11 liters (2.9gal). If one pan is used, the fire size will be 

about 540kW (3.1×10
4
BTU/min). Two pans can be used to for about 1.1MW 

(6.3×10
4
BTU/min).  

 

 

Figure 7.18. Heptane regression rate vs. pan size 

 

 

Figure 7.19. Initial amount of heptane vs. burning time 
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 Confirmation by Experimental Results 7.4.2.2

As shown in Figure 7.20, with 9L (2.4gal) of heptane and 8L (2.1gal) of water in the 

retention pan, peak HRR was slightly less than 800 kW (4.6×10
4
BTU/min), but average 

HRR was about 510kW (2.9×10
4
BTU/min) with effective burning time of 9.5 minutes, 

which agrees well with the results of the design calculation. It is possible to burn the 

paper of gypsum wall board surface during fire tests, which provide additional heat 

release rate, especially for the tests with high HRR.  

 

 

Figure 7.20. HRR of 9L heptane fires 

 

 Final Pan Configuration 7.4.2.3

The final design of a heptane pan and associated retention pan is shown in Figure 7.21. A 

retention pan is used to prevent further heptane fuel spread in case the heptane pan is 

physically damaged during fire tests. In addition, the retention pan contains water as a 

heat sink to prevent warp of the pan, which can cause uneven surface area of the heptane 

and possibly heptane spill over the pan due to warp. Ceramic fiber board is located 

between the heptane pan and retention pan to decrease any heat transfer between the pans. 
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By doing this, the retention pan does not cause any heat damage on the concrete floor. 

The actual design pan with the retention pan is shown in Figure 7.22. 

 

Figure 7.21. Heptane pan design 

 

 

Figure 7.22. Actual heptane pans used for the fire tests 

 

 Given this pan configuration, with experimentally obtained HRR for the surface 

area, and burning time controlled by the depth of the heptane, source fires were designed 

for each burn area given the volume of the space, ventilation configuration and 

temperature and burning times that were targeted.  
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 LBR-1 Fire Test 7.4.3

 Purpose of Fire Test 7.4.3.1

The LBR-1 Fire Test was conducted to examine smoke spread between the LBR and 

SBR compartments and space above the ceiling and to check the functionality of fire 

systems after seismic motions. It was expected that with 8L (2.1gal) of heptane, the fire 

size would be sufficient enough to activate the fire door (Door 7) and sprinkler in the 

LBR. Since Door 1 will be open the entire test, sprinkler in the SBR will activate as well. 

The temperature data of the SBR area and space above the ceiling were collected to test 

compartmentation and use for modeling smoke leakage and its effect on fire development. 

With Windows 1 and 2 closed, it was expected that smoke would leak through the 

balloon frame of the building if gaps were created on the balloon frame through seismic 

tests. The testing conditions are shown in Figure 7.23.  

 

 Test Conditions 7.4.3.2

 Fuel. one pan with 8L (2.1gal) (2.25L was left after flame extinguished) 

 Windows 1 and 2 were closed.  

 Windows 3, 4, and 5 were left open.  

 Doors 1, 7, 3, 5, 4 and 6 were left open 

 Door 2 was closed.  

 All the vents in the LBR and SBR were closed. All the vents in EL were 

open.  

 Expected peak HRR: 300kW  
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Figure 7.23. LBR-1 fire testing conditions 
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Figure 7.24 shows the actual setup of the pan and the thermocouple tree in the LBR area 

for the LBR-1 fire test. Figure 7.25 shows the window that was blocked off with wood 

panels. Figure 7.26 shows the vents in the ceiling that were blocked with ceramic fiber 

board. The edges of the window and the vents were sealed with fire caulking material. 

 

 

Figure 7.24. Fuel pan and thermocouple tree setup for LBR-1 fire test 
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Figure 7.25. LBR window blocked with wood panel 

 

 

Figure 7.26. LBR ceiling vents blocked with ceramic fiber board 
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 SBR Fire Test 7.4.4

 Purpose of Fire Test 7.4.4.1

The SBR Fire Test was conducted to examine smoke spread between the LBR and SBR 

compartments and space above the ceiling and to check the functionality of fire systems 

after seismic motions. It was expected that during the LBR-1 fire test, the fire door (Door 

7) and sprinklers in the LBR and SBR would activate. The sprinkler system will be 

recharged after the LBR-1 but if the fire door is activated during the LBR-1 fire test, it 

will remain closed during the SBR fire test. The temperature data of the SBR area and 

space above the ceiling were collected to test compartmentation and use for modeling 

smoke leakage and its effect on fire development. It was expected that if gaps were 

formed during the seismic tests, smoke leak would be visible via the gaps formed 

between the partition wall and the north wall of the building since Door 1 and 7 will 

remain closed. With Windows 1 and 2 closed, it was expected that smoke would leak 

through the balloon frame of the building if gaps were created on the balloon frame 

through seismic tests. The testing conditions are shown in Figure 7.27. 

 Test Conditions 7.4.4.2

 Fuel. one pan with 3 L (0.8 gal) (0.25 L left after flame is out) 

 Windows 1 and 2 were closed.  

 Windows 2, 3, 4, and 5 were open.  

 Door 1 was naturally closed by the door closure after ignition with some 

gaps formed by seismic motion tests. Door 7 was closed after LBR-1 fire 

test. 

 Doors 2, 3, 4, 5 and 6 were open.  

 All the vents in the LBR and SBR were closed. All the vents in EL were 

open. 

 Expected peak HRR.: 150kW  
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Figure 7.27. SBR fire testing conditions 

 

  

0
.6

8
m

 

1.73m 

  

Window 2 

Closed 

D
o
o
r 1

 

C
lo

sed
 

Window 1 

Closed 

D
o
o
r 7

 

C
lo

sed
 

D
o
o
r 

2
 

C
lo

se
d
 

Door 3 

Open 

Door 5 

Open 

D
o
o
r 6

 

O
p
en

 

Door 4 

Open 

W
in

d
o
w

 3
 

O
p
en

 
W

in
d
o
w

 4
 

O
p
en

 

Window 5 

Open 



CHAPTER 7 INSTRUMENTATION AND FIRE TESTS PLAN 

 

141 

 

Figure 7.28 shows the fuel pan and thermocouple tree setup in the SBR are for the SBR 

fire test. Figure 7.29 shows the SBR window that was blocked with wood panel. Figure 

7.30 shows the ceiling vents blocked with ceramic fiber board. The edges of the window 

and the vents were sealed with fire caulking material. 

 

 

Figure 7.28. Fuel pan and thermocouple tree setup in the SBR 
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Figure 7.29. SBR window blocked with wood panel 

 

 

Figure 7.30. SBR ceiling vent blocked with ceramic fiber board 
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 LBR-2 Fire Test 7.4.5

 Purpose of Fire Test 7.4.5.1

The LBR-2 Fire Test was conducted to examine smoke spread between the LBR and 

SBR compartments and space above the ceiling and to check the functionality of fire 

systems after seismic motions. It was expected that with two pans with 8 L (2.1 gal.) of 

heptane each, the fire size would be sufficient enough to activate the fire door (Door 7) 

and sprinkler in the LBR and the SBR. The temperature data of the SBR area and space 

above the ceiling were collected to test compartmentation and use for modeling smoke 

leakage and its effect on fire development. Also, temperature data in both HVAC ducts 

was measured to determine if dampers were activated. It was expected that with 16 L (4.2 

gal.) of heptane and Windows 1 and 2 open to provide ventilation, flashover phenomena 

could occur during the test. The testing conditions are shown in Figure 7.31 

 Test Conditions 7.4.5.2

 Fuel: two pans with 8 L (2.1 gal.) of heptane each 

 Windows 1, 2, 3, 4, and 5 were open.  

 Door 1 was naturally closed by the door closure and Door 2 was closed. 

 Doors 3, 4, 5 and 6 and 7 were open.  

 All the vents in the LBR, SBR and EL were open. 

 Expected peak HRR.: 800kW  
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Figure 7.31. LBR-2 fire testing conditions 
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Figure 7.32 shows the fuel pans and thermocouple tree setup in the LBR for the LBR-2 

fire test. The LBR window was opened up and thermocouple trees were placed through 

the window as shown in Figure 7.33 

 

 

Figure 7.32. Fuel pans and thermocouple tree setup in the LBR 
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Figure 7.33. Thermocouple trees installed on the LBR window 
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 ES Fire Test 7.4.6

 Purpose of Fire Test 7.4.6.1

The ES Fire Test was conducted to examine smoke spread between the vertical and 

horizontal penetrations around the ES area. Temperature data and video recordings were 

collected to see if smoke leaked through the vertical firestops or the firestops activated on 

the north and west side of the ES. The concrete surface temperature was measured to see 

how much increase in temperature occurred. 4
th

 floor vent temperature data and video 

footage data were recorded to see if any smoke comes out from any possible duct damage. 

Temperature data and video recordings were collected to see if the firestops activated or 

smoke leaked through the horizontal firestops on the wall between the corridor and the 

LBR and between the corridor and the EL. The testing conditions are shown in Figure 

7.34. 

 Test Conditions 7.4.6.2

 Fuel: two pans with 8 L (2.1 gal.) each. 

 Windows 1, 2, 3, 4 and 5 were open.  

 ES side of Door 5 and Door 2 were protected with ceramic fiber blanket.  

 Door 3 was partially open with a brick used as a holder. Door 6 was open. 

 Door 1, 4 and 5 were closed. Door 7 was closed during the LBR-2 test.  

 All the vents in the LBR and SBR were open. All the vents in EL were 

open. 

 Expected peak HRR: 700kW.  
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Figure 7.34. ES fire testing conditions 
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Figure 7.35 shows the fuel pan setup on the north side of the elevator shaft for the ES fire 

test. Figure 7.36 shows the fuel pan and thermocouple tree set up in the corridor area. 

 

 

Figure 7.35. Fuel pan setup in the space north of the elevator shaft 
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Figure 7.36. Fuel pan and thermocouple tree setup in the corridor area 
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 EL-1 Fire Test 7.4.7

 Purpose of Fire Test 7.4.7.1

The EL-1 fire test was conducted to see the effect of fire on the elevator shaft with the 

elevator shaft door being damaged. TC tree was installed inside the elevator shaft to 

record temperature data inside the shaft. Also video camera was installed inside the shaft 

to see smoke spread and flame extensions. The temperature above the ceiling space was 

measured with two TC trees to see for any temperature increase in the space. The testing 

conditions are shown in Figure 7.37. 

 Testing Conditions 7.4.7.2

 Fuel: three pans with 8 L (2.1gal.) each 

 Window 4 and 5 were partially open  

 Window 1, 2, and 3 were open. 

 Door 4, 5 and 6 were closed with ceramic blanket protection.  

 Door 1 and door 2 were closed.  

 Door 3 was open.  

 All the vents in the LBR and SBR were open. All the vents in EL were 

closed. 

 Expected peak HRR: 1400kW. 
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Figure 7.37. EL-1 fire testing conditions 
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Figure 7.38 shows the setup of the fuel pans and thermocouple trees in the EL for the EL-

1 fire test. Figure 7.39 shows both the EL windows that were partially blocked with wood 

panels. 

 

 

Figure 7.38. Setup of fuel pans and thermocouple trees in the EL 

 

 

Figure 7.39. EL windows blocked with wood panels 
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 EL-2 Fire Test 7.4.8

 Purpose of Fire Test 7.4.8.1

The EL-2 fire test was conducted to see the effect of fire on the elevator shaft with the 

elevator shaft door being damaged. TC tree was installed inside the elevator shaft to 

record temperature data inside the shaft. Also video camera was installed inside the shaft 

to see smoke spread and flame extensions. The temperature above the ceiling space was 

measured with two TC trees to see for any temperature increase in the space. A portion of 

the ceiling near the vertical firestops above the ceiling was cut out to expose the firestops 

to the fire directly in attempts to activate the vertical firestops. The testing conditions are 

shown in Figure 7.40. 

 Test Conditions 7.4.8.2

 Fuel: three pans with 8 L (2.1 gal.) each 

 Window 1, 2, 3, 4 and 5 were open 

 Door 4, 5 and 6 were closed with ceramic blanket protection.  

 Door 1 and door 2 were closed.  

 Door 3 was open.  

 All the vents in the LBR and SBR were open. All the vents in EL were 

open, and a small portion of the ceiling was cut open around the SW 

corner of the EL  

 Expected peak HRR: 1800kW 
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Figure 7.40. EL-2 fire testing conditions 
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Figure 7.41 shows the setup of the fuel pans and the thermocouple trees in the EL are for 

the EL-2 fire test. Figure 7.42 shows the portion of the ceiling that was cut out on the 

southwest corner adjacent to the access panel. 

 

 

Figure 7.41. Setup of the fuel pans and thermocouple trees in the EL 
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Figure 7.42. Portion of the ceiling cut off adjacent to the access panel 
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8 FIRE TEST DATA 

This chapter summarizes data collected during the fire tests. See Appendix C for more 

details.  

8.1 LBR-1 FIRE TEST TEMPERATURES 

 Thermocouple Trees 8.1.1

Figure 8.1 shows the TC trees that were placed in the LBR and the SBR. Figure 8.2 

shows the TC trees that were placed above the ceiling of the LBR and SBR. 

  

 

Figure 8.1. TC Trees in the SBR and LBR 
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Figure 8.2. TC trees above ceiling of LBR and SBR 
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Figure 8.3 shows the temperatures recorded by the thermocouple trees in the LBR and 

space above the LBR ceiling. The thermocouple location details are listed in Table 8.1. 

The condition of the LBR after the LBR-1 fire test is shown in Figure 8.4. 

 

 

Figure 8.3. LBR and space above LBR ceiling temperatures 
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Table 8.1. LBR TC trees list 

5-1 

TC tree below ceiling of LBR starting with 6-2 starting on the floor slab and 

increasing by 0.3m (1ft) increments to 5-1 on top at 2.7m (8.9ft) 

5-2 

5-3 

5-4 

5-5 

5-6 

5-7 

5-8 

6-1 

6-2 

6-3 

TC tree hanging from 4
th

 floor slab above ceiling of LBR starting with 6-7 

right above ceiling and increasing in 0.3m (1ft) increments to 6-3 being on top 

6-4 

6-5 

6-6 

6-7 

 

 

Figure 8.4. LBR after LBR-1 fire test 
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Figure 8.5 shows the temperatures recorded by the thermocouple trees in the SBR and 

space above the SBR ceiling. The thermocouple location details are listed in Table 8.2.  

 

 
Figure 8.5. SBR and space above SBR ceiling temperatures 
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The SBR temperature increased via smoke spread through openings and the temperature 

was high enough to melt smoke detector 10 and the plastic cover of the SBR lighting 

fixture as shown in Figure 8.6. Figure 8.7 shows soot that was produced on the LBR 

northwest column as a result of the LBR-1 fire test. Figure 8.8 shows the north wall in the 

space above the ceiling with soot at locations where smoke leaked. Figure 8.9 

substantiates for smoke spread to the SBR compartment through these openings. 

 

 

Figure 8.6. SBR after LBR-1 fire test 
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Figure 8.7. LBR northwest column after LBR-1 fire test 
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Figure 8.8. Space above LBR ceiling after LBR-1 fire test 

 

 

Figure 8.9. Partition wall gap after LBR-1 fire test 
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Figure 8.10. South wall of the SBR after the LBR-1 fire test 
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 Active Fire Systems Activation Analysis 8.1.2

Figure 8.11 shows the temperatures of the fire door and the SBR sprinkler. The SBR 

sprinkler activated at 66 seconds at 109 ⁰C (228 ⁰F), as Figure 8.13 shows the activated 

sprinkler head. The fire door activated at 79 seconds at 108 ⁰C (226 ⁰F), as Figure 8.12 

shows the fusible link melted and the fire door rolled down automatically. The 

thermocouple locations are listed in details in Table 8.3. There was no data available on 

the LBR sprinkler as the thermocouple malfunctioned during the test, but post-test visual 

inspection confirmed that the LBR sprinkler head activated during the LBR-1 fire test as 

shown in Figure 8.14.  

 

 

 

Figure 8.11. Temperatures of fire door and SBR sprinkler 
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Table 8.3. Fire door and SBR sprinkler TC list 

4-6 (s) Fusible link of fire door, 1.5m (4.9’) from N wall, 0.24m (0.8’) below 

ceiling 

4-7 (s) sprinkler head fusible link in the LBR, 1.3m (4.3’) from N wall, 1.8m 

(5.9’) from E wall, 2.8m (9.2’) above floor (NO DATA, TC Malfunctioned) 

4-8 (s) sprinkler head fusible link in the SBR, 1.3m (4.3’) from N wall 1.4m (4.6’) 

from W wall, 2.8m (9.2’) above floor 

 

 

Figure 8.12. Fire door activation during LBR-1 fire test 
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Figure 8.13. SBR sprinkler activation during LBR-1 fire test 

 

 

Figure 8.14. LBR sprinkler activation during LBR-1 fire test 
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8.2 SBR FIRE TEST TEMPERATURES 

 Thermocouple Trees 8.2.1

Figure 8.15 shows the TC trees that were placed in the LBR and the SBR. Figure 8.16 

shows the TC trees that were placed above the ceiling of the LBR and SBR.  

 

 

Figure 8.15. TC Trees in the SBR and LBR 
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Figure 8.16. TC trees above ceiling of LBR and SBR 
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Figure 8.17 shows the temperatures recorded by the thermocouple trees in the SBR and 

space above the SBR ceiling. The thermocouple location details are listed in Table 8.4. It 

is seen from the overall view of the SBR in Figure 8.18, that due to limited ventilation, 

the fire extinguished before all the heptane fuel was used up with a portion of the heptane 

fuel remaining in the pan. 

 

 
Figure 8.17. SBR and space above SBR ceiling temperatures 
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Table 8.4. SBR TC trees list 

10-1 

TC tree below ceiling of LBR starting with 11-2 starting on the floor slab and 

increasing by 0.3m (1ft) increments to 10-1 on top at 2.7m (8.9ft) 

10-2 

10-3 

10-4 

10-5 

10-6 

10-7 

10-8 

11-1 

11-2 

11-3 

TC tree hanging from 4
th

 floor slab above ceiling of LBR starting with 11-7 

right above ceiling and increasing in 0.3m (1ft) increments to 11-3 being on 

top 

11-4 

11-5 

11-6 

11-7 

 

 

Figure 8.18. SBR after SBR fire test 
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Figure 8.19 shows the temperatures recorded by the thermocouple trees in the LBR and 

space above the LBR ceiling. The thermocouple location details are listed in Table 8.5.  

 

 

Figure 8.19. LBR and space above LBR ceiling temperatures 

 

Table 8.5. LBR TC trees list 

5-1 

TC tree below ceiling of LBR starting with 6-2 starting on the floor slab and 

increasing by 0.3m (1ft) increments to 5-1 on top at 2.7m (8.9ft) 

5-2 

5-3 

5-4 

5-5 

5-6 

5-7 

5-8 

6-1 

6-2 

6-3 

TC tree hanging from 4
th

 floor slab above ceiling of LBR starting with 6-7 

right above ceiling and increasing in 0.3m (1ft) increments to 6-3 being on top 

6-4 

6-5 

6-6 

6-7 

10

15

20

25

30

35

40

45

50

55

60

65

70

0 100 200 300 400 500 600 700

T
em

p
 (

C
) 

Time (s) 

LBR TC Trees 

5-1

5-2

5-3

5-4

5-5

5-6

5-7

5-8

6-1

6-2

6-3

6-4

6-5

6-6



CHAPTER 8 FIRE TEST DATA 

 

175 

 

Figure 8.20 shows soot on the northeast corner above the ceiling of the SBR as openings 

allowed for smoke leak. A ‘V’ shape soot pattern was produced as shown in Figure 8.21, 

on the northeast corner of the LBR as the smoke leaked through the partition wall to the 

LBR. 

  

 

Figure 8.20. Northeast corner in space above SBR ceiling after SBR fire test 
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Figure 8.21. Partition wall gap after SBR fire test 
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 Active Fire Systems Activation 8.2.2

Figure 8.22 shows the temperature of the SBR sprinkler. The graph indicates the SBR 

sprinkler activated at 21 seconds at 100C (212F). Although thermocouple 4-7 

malfunctioned, post fire test visual inspection revealed the LBR sprinkler did not activate 

as shown in Figure 8.23. The thermocouple locations can be seen on Figure 6.32. The 

thermocouple location is listed in detail in Table 8.6. 

 

 

Figure 8.22. SBR sprinkler temperatures 
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Figure 8.23. LBR sprinkler head after SBR fire test 
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8.3 LBR FIRE TEST 2 TEMPERATURES 

 LBR Thermocouple Tree 8.3.1

Figure 8.24 shows the thermocouple tree located inside the LBR and Figure 8.25 shows 

the thermocouple tree located above the SBR and LBR ceiling. 

 

 

Figure 8.24. TC tree in LBR 
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Figure 8.25. TC trees above LBR and SBR ceiling 
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Figure 8.26 shows the temperature data in the LBR and the space above the LBR 

ceiling space. Figure 8.27 shows the temperature data in the space above the SBR 

ceiling space. 

Table 8.7 lists the locations of the LBR thermocouple tree and Table 8.8 lists the 

locations of the thermocouple trees above the LBR and SBR ceiling space.  

 

 

Figure 8.26. LBR and LBR above ceiling TC tree temperatures 
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Figure 8.27. SBR above ceiling TC tree temperatures 
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Flashover occurred during the LBR-2 fire test. Besides the thermocouple temperature 

data, post fire test visual inspection provided evidence of how high the temperatures got. 

Figure 8.28 shows door 1 had burned and the door knob melted as well as the pressure 

differential leaving the door open slightly. Figure 8.29 shows the key to the access panel 

had melted and fallen to the ground. The area around the north wall of the LBR above the 

ceiling of the room area after the LBR-2 fire test is shown in Figure 8.30. 

 

 

Figure 8.28. Partition wall door 1 after LBR-2 fire test 

 

 

Figure 8.29. LBR access panel after LBR-2 fire test 
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Figure 8.30. North wall of LBR above the ceiling after LBR-2 fire test 

 

 

Figure 8.31. HVAC line connecting to the northwest vent of the LBR after LBR-2 

fire test 
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 Active Fire Systems Activation 8.3.2

Figure 8.32 shows the temperature of the fire door and SBR and LBR sprinklers. The 

LBR sprinkler activated after 28 seconds at 107C (224F) and the SBR sprinkler activated 

after 44 seconds at 59C (138F). The fire door activated after 51 seconds at 163C (325F). 

These thermocouple locations are listed with details in Table 8.9. 

 

 

Figure 8.32. Fire door and LBR and SBR sprinkler temperatures 
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Table 8.9. LBR and SBR fire system TC list 

5-2 (g) south part of fire door frame, 1.88m (6.2’) above floor 

5-3 (g) south part of fire door frame, 0.3m (1’) above floor 

5-4 (s) Fusible link of fire door, 1.5m (4.9’) from N wall, 0.24m (0.8’) below 

ceiling 

5-5 (g) W wall of SBR gap above the fire door, 1.6m (5.2’) from N wall 

5-6 Corner of the door frame between the SBR and LBR, 2.1m (6.9’) above floor, 

1.1m (3.6’) from N wall 

5-7 (s) SBR sprinkler head fusible link 1.3m (4.3’) from N wall, 1.4m (4.6’) from 

W wall 2.8m (9.2’) above floor 

5-8 (s) LBR sprinkler head fusible link, 1.3m (4.3’) from N wall, 1.8m (5.9’) from 

E wall, 2.8m (9.2’) above floor 
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8.4 ES FIRE TEST TEMPERATURES 

 TC Trees in the Corridor and LBR Above Ceiling 8.4.1

Figure 8.33 shows the thermocouple trees located in the corridor and space above the 

LBR ceiling.  

 

 

Figure 8.33. TC trees in corridor and above LBR ceiling 
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Figure 8.34 shows the temperature of the TC tree thermocouples located in the corridor. 

These thermocouple locations are listed with details in Table 8.10. 

 

 

Figure 8.34. Thermocouple tree temperatures in the corridor 
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Table 8.10. Corridor and above LBR ceiling TC trees list 

9-5 

TC tree below 4
th

 floor slab in corridor starting with 12-8 on bottom. 0.3m 

(1ft) above 3
rd

 floor slab and increasing at 0.3m (1ft) increments to 9-5 on top 

at 3.9m (12.8ft) 

9-6 

9-8 

11-6 

11-7 

11-8 

12-1 

12-2 

12-3 

12-4 

12-5 

12-6 

12-7 

12-8 
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Figure 8.35 shows the temperature of the TC tree thermocouples located in the space 

above the LBR ceiling. These thermocouple locations are listed with details in Table 8.11. 

 

 

Figure 8.35. LBR above ceiling TC tree temperatures 
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Figure 8.36 and Figure 8.37 shows horizontal firestops in the corridor area that 

intumesced. A vertical PVC pipe melted in the north of the elevator shaft as shown in 

Figure 8.38. 

 

 

Figure 8.36. Horizontal pipe firestop in corridor after ES fire test 

 

 

Figure 8.37. Cable tray firestop in corridor after ES fire test 
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Figure 8.38. North of elevator shaft after ES fire test 
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8.5 EL-1 FIRE TEST TEMPERATURES 

 TC Trees in the EL 8.5.1

Figure 8.39 shows the two thermocouple trees placed in the EL area.  

 

 

Figure 8.39. TC trees in EL 
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Figure 8.40 shows the temperature in front of the elevator door. These thermocouple 

locations are listed with details in Table 8.12. 

 

 

Figure 8.40. Temperature in front of the elevator door 
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Table 8.12. Front of elevator door TC tree list 

3-7 

TC tree in front of shaft door below ceiling of EL starting with 4-8 starting 

on the floor slab and increasing by 0.3m (1ft) increments to 3-7 on top at 

2.7m (8.9ft) 

3-8 

4-1 

4-2 

4-3 

4-4 

4-5 

4-6 

4-7 

4-8 
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Figure 8.41 shows the temperature of the SW corner of the EL. These thermocouple 

locations are listed with details in Table 8.13. The camera mount and elevator switch 

panel melted off of the south wall of the elevator shaft as shown in Figure 8.42. Spalling 

occurred on the concrete slab near the pans as shown in Figure 8.43. 

 

 

Figure 8.41. Temperature in the SW corner of the EL 
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Table 8.13. SW corner of EL TC tree list 

9-1 

TC tree in SW corner of EL below ceiling, starting with 10-2 starting on the 

floor slab and increasing by 0.3m (1ft) increments to 9-1 on top at 2.7m 

(8.9ft) 

9-2 

9-3 

9-4 

9-5 

9-6 

9-7 

9-8 

10-1 

 

 

Figure 8.42. Elevator shaft wall after EL-1 fire test 

 

 
Figure 8.43. Floor 3 concrete slab after EL-1 fire test 
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 TC Trees Above the EL Ceiling 8.5.2

Figure 8.44 shows the two thermocouple trees located above the ceiling of the EL. One 

thermocouple tree was located on the NW corner and the other was located on the SE 

corner.  

 

 

Figure 8.44. TC trees above EL ceiling 
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Figure 8.45 shows the SE corner temperature above the EL ceiling. These thermocouple 

locations are listed with details in Table 8.14.  

 

 
Figure 8.45. Temperature of the SE corner space above the EL ceiling 
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Figure 8.46 shows the NW corner temperature above the EL ceiling. These thermocouple 

locations are listed with details in Table 8.15.  

 

 

Figure 8.46. Temperature of the NW corner space above the EL ceiling 

 

Table 8.15. EL NW corner above ceiling TC tree list 

5-1 

TC tree hanging from 4
th

 floor slab above ceiling NW EL starting with 5-5 

right above ceiling and increasing in 0.3m (1ft) increments to 5-1 being on 

top 

5-2 

5-3 

5-4 

5-5 

 

  

10

20

30

40

50

60

70

80

90

100

110

120

0 100 200 300 400 500 600 700 800 900

T
em

p
 (

C
) 

Time (s) 

TC Tree in NW Corner Above EL Ceiling 

5-1

5-2

5-3

5-4

5-5



CHAPTER 8 FIRE TEST DATA 

 

201 

 

 Inside Elevator Shaft 8.5.4

Figure 8.47 shows the thermocouple tree located inside the elevator shaft. 

 

 

Figure 8.47. TC inside elevator shaft from 5th to 3rd floor 
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Figure 8.48 shows the temperature inside the elevator shaft from the 3
rd

 floor up. These 

thermocouple locations are listed with details in Table 8.16. 

 

 

Figure 8.48. Inside the shaft temperature 
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8.6 EL-2 FIRE TEST TEMPERATURES 

 TC Trees in the EL 8.6.1

Figure 8.49 shows the two thermocouple trees placed in the EL area.  

 

 

Figure 8.49. TC trees in EL 
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Figure 8.50 shows the temperature in front of the elevator door. These thermocouple 

locations are listed with details in Table 8.17. 

 

 

Figure 8.50. Temperature in front of the elevator door 
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Figure 8.51 shows the temperature of the SW corner of the EL. These thermocouple 

locations are listed with details in Table 8.18. The gypsum wallboard got detached as 

shown in Figure 8.52. Door 3 was on fire as shown in Figure 8.53, and had to be 

extinguished using a water hose. 

 

 

Figure 8.51. Temperature in the SW corner of the EL 
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Figure 8.52. South wall of elevator shaft after EL-2 fire test 

 

 
Figure 8.53. Door 4 after EL-2 fire test 
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 TC Trees Above the EL Ceiling 8.6.2

Figure 8.54 shows the two thermocouple trees located above the ceiling of the EL. One 

thermocouple tree was located on the NW corner and the other was located on the SE 

corner.  

 

 

Figure 8.54. TC trees above EL ceiling 
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Figure 8.55 shows the SE corner temperature above the EL ceiling. These thermocouple 

locations are listed with details in Table 8.19.  

 

 
Figure 8.55. Temperature of the SE corner space above the EL ceiling 
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Figure 8.56 shows the NW corner temperature above the EL ceiling. These thermocouple 

locations are listed with details in Table 8.20.  

 

 

Figure 8.56. Temperature of the NW corner space above the EL ceiling 
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 Inside Elevator Shaft 8.6.4

Figure 8.57 shows the thermocouple tree located inside the elevator shaft. 

 

 

Figure 8.57. TC inside elevator shaft from 5th to 3rd floor 
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Figure 8.58 shows the temperature inside the elevator shaft from the 3
rd

 floor up. These 

thermocouple locations are listed with details in Table 8.21. 

 

 

Figure 8.58. Inside the shaft temperature 
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9 SUMMARY PRELIMINARY FINDINGS  

Post-earthquake fires have some inherent differences when compared to general building 

fires as fire protection features of buildings and infrastructure can be damaged by 

earthquake and may not be available or may not operate as intended in fire conditions. 

Some of the fire protection features that are expected in general building fires are as 

follows:  

 Active fire protection systems, such as automatic fire suppression / fire control 

systems, automatic fire detection / alarm / notification systems, and smoke control 

/ management systems 

 Passive fire protection systems for preventing fire spread beyond area of fire 

origin, including proper compartmentation for separation of fire and fire products 

from means of egress, between rated compartments and floors 

 Provision of proper number, size and location of means of egress  

 Adequate structural resiliency under thermal load 

 Systems and features to support fire fighter suppression and rescue missions, such 

as standpipes, smoke control and building access 

Unfortunately, it is possible that the performance of some of these features can be 

decreased either by direct seismic-induced damage, such as breakage of sprinkler piping 

or loss of a stairway, or by fire-related phenomena given an earthquake damaged state, 

such as the failure of load-bearing structure due to high heat exposure.  

This series of tests aimed to understand the performance of these systems under a 

controlled set of seismic and fire tests. The following highlights preliminary observations 

relative to potential fire safety concerns as identified during these tests. It should be 

remembered that fire testing was only conducted on the third floor, and the observations 

of compartmentation and structural integrity performance on other floors were not 

directly assessed as part of the fire testing. However, a comprehensive set of observations 

are provided to help paint the overall picture of post-earthquake building performance.  
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9.1 FUEL DISTRIBUTION 

There was no specific fuel item in the third floor during the seismic tests where 

the fire tests were conducted. In the second floor, however, a residential space and 

laboratory area had possible items such as TV, bookshelves with books in it, computer, 

tables, laboratory test equipment, storage, etc. Some of these were anchored and others 

were not to see the performance of seismic bracing fixtures. After FB-5 and FB-6, some 

anchored items such as TV were displaced and most unanchored items were widely 

spread on the floor. This widely spread items can deter the occupants movement in 

emergency condition and increase fuel area from which higher HRR and taller flame 

height can be derived. Further description and more pictures are available in SSRP report. 

A rigid steel pipe, representative of a fuel gas line, was damaged at a connection on Floor 

1 following FB-6.  Such damage to a real gas fuel line, without other protective measures 

(e.g., shutoff valves), could represent added fuel to a post-earthquake fire.  

9.2 ACTIVE SYSTEMS 

 Sprinkler system 9.2.1

Sprinkler systems were not damaged from seismic tests and worked well in the 

fire tests. More detailed data are available in Appendix C under the section of active fire 

system activation analysis per each test.  

 Smoke detection system 9.2.2

The smoke detection system was not damaged from seismic tests and worked well 

in the fire tests.  

 Fire damper performance 9.2.3

After the seismic tests, one damper out of three was not fully closed. This was due 

to the damper’s blade rotation being prevented by a screw used for the damper 

installation which, once adjusted, allowed the damper to close completely following the 

motion tests. 
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9.3 PASSIVE FIRE PROTECTION SYSTEMS AND FEATURES 

 Balloon framing 9.3.1

From the 1
st
 floor to the 3

rd
 floor, the exterior walls are made of EIFS and weather 

proof coatings attached to the floors using steel brackets aligned vertically. The interior 

side of the exterior walls is made of 5/8 inch thick gypsum board attached to the bracket. 

After the seismic tests, about 1 inch gaps were formed following joint areas where the 

interior side of the exterior walls (gypsum board) meets the floor, column, ceiling, and 

any perpendicular bracing walls on the north and south sides. The east and west sides of 

exterior walls where less shear forces are applied thanks to the east-west seismic motion 

did not show any significant gaps.  

During fire tests, smoke spread through this gap beyond the room of origin was 

observed. Figure 8.30 shows soot pattern on the north wall of the LBR above the ceiling 

as smoke leaked through the gaps formed on the joint area between the ceiling and the 

north wall of the LBR during the LBR-2 fire test. For the LBR-2 fire test when full room 

involvement occurred, even flames were intermittently observed from the SBR. In 

addition, the empty space between the steel brackets became a channel for the smoke 

spread such that smoke came out in the joint area between the exterior walls and concrete 

cladding for the 4
th

 floor where the vertical steel bracket ended. Temperature data in the 

joint area are available in Appendix C.3.8.  

 Structural integrity of gypsum board 9.3.2

Gypsum board is widely used for interior walls. After FB-5 and FB-6, some of the 

gypsum boards used in space around elevator shafts and stairwells were detached and fell 

off as shown in Figure 6.6. Fallen gypsum boards can delay the evacuation of occupants 

and fire fighter’s access by decreasing the exit capacity, and the openings formed by 

detachment can be an inlet or outlet of smoke being connected with the channel between 

metal or wood studs, decreasing expected fire performance and smoke control attributes. 

Especially, the fallen gypsum board in the means of egress such as stairwell can be a 

serious fire hazard as it can lead to both smoke spread and decreased exit capacity.  
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 Distorted door frame on swinging doors 9.3.3

Doors are intended to provide barriers to the spread of fire and smoke during fire 

events. Doors may be normally open or normally closed, and if normally open, may close 

automatically upon fire alarm. Both cases were tested.  

 During FB-5 and FB-6, some of the door frames for swinging doors were 

distorted. This meant that in some cases the doors were not able to fully close (those 

which were held open during seismic tests) as shown in Figure 5.7, and in other cases 

doors were jammed (those which were closed during motion tests). This has implications 

for fire control, access and egress. With respect to jamming, this might be a special 

concern for steel doors, which if jammed tightly can be difficult to open. With respect to 

doors that do not close, the openings formed by not-fully closed doors can be a path of 

smoke and fire spread, annulling all separation features for the compartmentation in fire 

conditions.  

 Firestop performance  9.3.4

A variety of firestops were tested at different locations in fire conditions. All 

dynamic and truly static firestop systems performed well. However, in earthquake 

conditions, some joints that would be static in normal building operation were not static 

anymore, and gaps of up to 25mm (1 inch) were observed in some locations, including 

the static joint areas where interior side of the exterior wall met column (Figure 5.5), 

floor, and ceiling. Firestop sealants applied in these areas were also detached and could 

not stop fire and smoke spread through the gap in the joints. Therefore, it may be 

necessary to apply dynamic firestop solutions even in the static joint areas in the building 

constructed in earthquake zones.  

 Fire door performance  9.3.5

The roll-down fire door performed well to the motion and fire testing.  
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 Intensive care unit (ICU) breakout door performance  9.3.6

In the fourth floor, two smoke proof ICU breakout doors were subjected to the seismic 

motion tests. Overall, they performed well in most fixed base tests, but only after FB-5, 

one connection joint to the floor of the door facing stairs was displaced and the door was 

open which is shown in Figure 6.7. It may be difficult to say that ICU breakout doors 

performed poorly as they performed well even in FB-6, which had a stronger motion than 

FB-5. Further investigation may need to be conducted in the future.  

 Effects of open windows and wind on fire development and spread 9.3.7

Due to resource constraints actual glazing (windows, glass façade) was not able to 

be tested. However, window openings were included to test under a range of conditions 

(e.g., windows closed in LBR1 and SBR tests, and windows partially or fully opened in 

all others).  

The first four fire tests were conducted in relatively quiescent environment, with 

the first two tests with windows closed, but on the last day, the two fire tests in the 

elevator lobby were conducted in the condition of 10~15 mph wind. The weather 

conditions throughout the fire tests are available in Table 7.6. Fire test schedule. The 

directions of smoke movement and flame angles were affected by wind. Swirling flames 

in front of the elevator door were observed and possibly excessive air seemed to 

accelerate combustion reaction. As the direction of smoke and fire spread is influenced 

by the wind direction, occupants during evacuation and fire fighters conducting 

suppression mission in and out of the building can be endangered if they are in the 

leeward direction. Wind effect on fire development and its effects on building fire safety 

performance need to be further researched.  

 Effects of metal pipe length on the firestop performance 9.3.8

It was observed that firestop applied to the vertical metal pipe penetration on the 

4
th

 floor were lifted about a few millimeters as the metal pipes were elongated due to 

thermal expansion as shown in Figure 9.1.  
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Figure 9.1. Lifting of vertical pipe penetration firestop during ES fire test 

 

The firestop was not detached since only top portion of the 4m long pipe was 

exposed to the high heat. In conditions such as long horizontal pipes located near the 

ceiling where the entire pipe can be exposed to high heat, the thermal expansion could 

potentially be significant, depending on the ambient temperature (e.g. sprinklered or 

unsprinklered fire), the length of pipe exposed to the elevated temperature, and the pipe 

material’s coefficient of thermal expansion. Plastic pipes, if not melted, burned by the fire, 

have much higher thermal expansion coefficients than metal and can create greatest 

challenges. However, even metal pipes will have notable, measurable expansion over the 

length of a room. This can lead to the possibility of firestop sealants applied to the 

horizontal penetration being detached due to thermal expansion of metal pipes. At the 

other end of the spectrum, there are firestop devices (e.g. pipe collars) that would allow 

unlimited movement in the longitudinal direction and would not be impaired by any 

amount of movement. ASTM Subcommittee E06.21 is currently in process of developing 

a test method to assess the ability of firestop systems to accommodate movement. 

 Flexible duct 9.3.9

In LBR-2, HVAC louvers on the ceiling were opened such that hot smoke could 

leave the room through the HVAC duct. To maintain the fire-rated ceiling assembly, 
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proper protection measures were provided to ceiling assemblies including the lighting 

and the joint areas of the ducts above ceiling. However, flexible duct between the HVAC 

louvers and metal duct were not fire-rated and ruptured during the fire test as shown in 

Figure 8.31. Although all other fire-rated assemblies showed a good performance, the 

space above ceiling was exposed to hot smoke due to the failure of one item, the flexible 

duct. This is a good lesson for fire safety, which shows that just one item failure could 

lead to a poor performance of the entire system.  

9.4 EGRESS / COMPARTMENTATION SYSTEMS 

 Detached stairs 9.4.1

After FB-5, the welds connecting the stair to the 2
nd

 floor were broken, and after 

FB-6, the welds connecting the stair to the 2
nd

 and the 3
rd

 floors were broken. In addition, 

handrails were broken at the 3
rd

 to 5
th

 floor landings. The broken handrail at the 4
th

 floor 

is shown in Figure 6.5.  

As stairways are the most widely used means of egress components, it is expected 

that people will use stairways to evacuate the building in emergency conditions. In 

addition fire fighters also use stairways to conduct their rescue and suppression missions 

in the building. Unavailability of stairways by earthquake will become a serious 

challenge to both fire fighters and occupants, and even more serious if fires following 

earthquake occur.  

 Elevator malfunction 9.4.2

The elevator was not operational after FB-6 due damage to the elevator doors, 

which was observed from the 2
nd

 to the 5
th

 floors. The elevator door in th 3
rd

 floor is 

shown Figure 5.8. In addition, the fire test EL-1 revealed that fire melted the elevator 

button panel which may cause the electrical shorts and make elevator unavailable.  

As elevators are required to have a high operational safety condition, damage 

such as this can stop the entire elevator system. Since elevators can serve as accessible 

means of egress per IBC with appropriate sprinkler system, exit enclosure, smoke proof, 
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and alarm and communication systems, maintaining elevator operability is essential. This 

is also the case where elevators are used for self-evacuation of occupants.  

Also, if elevator doors are failed open on multiple floors, such as with the FB-6 

test, smoke spread to non-fire floors through the elevator shaft is highly possible, 

especially given the stack effect and buoyancy of hot smoke. In these tests, even the 

possibility of fire spread through the elevator shaft is confirmed as the internal gas 

temperature was increased up to 300
o
C as shown in Figure 8.48, which is high enough to 

ignite some materials.  

9.5 STRUCTURAL INTEGRITY 

After FB-6, a serious structural damage occurred in the joint of the middle-north 

column and connected east beam in the second floor (Figure 6.1). Due to the repetitive 

hinge motion, concrete spalling occurred and the rebar were exposed, which damaged the 

load bearing capacity. It was fortunate that this did not occur on the fire test floor, as fire 

tests would not likely have been possible. With the loss of concrete cover, the elevated 

temperatures from a fire can quickly affect the strength of the steel rebar facilitating 

failure. This is a concern that warrants further investigation.  

9.6 FIREFIGHTER ACCESS AND OPERATIONS 

As noted above, stairs on Floors 2 and 4 became disconnected due to broken welds 

and the elevator was not usable after FB-6, and significant structural damage was 

observed. Each of these factors presents significant challenges to first responders. 

Likewise, if windows are broken, wind-driven fires create additional concerns.  
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10 FUTURE WORK 

Real-scale experimental studies generally have more test constraints compared to lab-

based tests which may include increased costs, additional set-ups for test apparatus, and 

uncontrollable test environments. However, they provide incomparably valuable findings 

compared to lab-based tests; all the test specimens and components are installed as they 

are in real life, the experimental results can be directly applicable to the relevant practice, 

and the holistic performance of individual component can be identified. Especially, the 

real-scale fire tests along with earthquake damaged building produce excellent synergy 

effects as fire following earthquakes (FFE) is very common and lead to the most 

significant life loss and property damages, even more than the earthquake itself. As such, 

this BNCS project was very unique and produced valuable test results. At the same time, 

the test results also provided researchers, engineers, and practitioners with lessons and 

future subjects that they all need to consider further. Here some of these relevant to post-

earthquake fire tests are introduced. More detailed analysis will be conducted with 

additional simulations using the current data in the future.  

10.1 BUILDING FEATURES (BUILDING SYSTEMS AND BUILDING 

ELEMENTS) 

Building systems which critically affect building fire safety performance needs to be fully 

operational in the building subjected to seismic motion tests. For example, HVAC system 

can contribute smoke spread throughout the entire buildings as shown in the MGM Grand 

Hotel fire, Las Vegas. If even one system component is not working properly after 

earthquake, then the entire HVAC system would not be performing as intended. In the 

BNCS projects, due to time schedule and budget limitation, systems subjected to the 

seismic and fire tests were not in the full operational status. Other building systems with 

additional individual components which are relevant to building fire safety performance 

are introduced below.  

 In-house emergency backup power system (exit signs, elevator, sprinkler pump, 

smoke control system, means of egress illuminations, smoke proof stairwell: 

communication system and lighting ) 
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 HVAC system (fire damper, duct work, air distribution system, control system 

interlocked with fire alarm system) 

 Stair pressurization system 

 Fire detection, alarm, and notification(or communication), public address system 

 Fire sprinkler system with pumps 

 Standpipe system 

 Clean agent fire suppression system 

 

Along with these system features, general building elements relevant to fire safety 

performance are listed below.  

 Structural system 

 Exterior walls 

 Exterior windows 

 Interior walls 

 Interior doors (wood, steel, fire-rated, etc.) 

 Airtight enclosed stairwell and emergency exit door discharge 

 Emergency exterior stairs 

 Horizontal exits 

 

The seismic performance of these elements varies depending on the building 

construction type. For example, interior walls in Type I building will show different 

seismic and fire performance compared with the ones from Type V buildings. Likewise, 

the structural framing performance and resiliency may vary. Specific seismic ratings or 

installation method are also required depending on the local regulations and seismic 

characteristics of the site. As shown in the BNCS tests, the ceiling system common in the 

East coast in the first floor was damaged more than the ones in the third floor designed 

for seismic conditions. Since it is possible to have an intermediate level of earthquake in 

non-West coast areas, the building systems and elements typically designed for non-

seismic zones are also worth being subjected to earthquake and fire tests.  
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10.2 MEASUREMENT IN FIRE TESTS 

The building fire safety performance is determined generally by two methods: 

measurements of temperature, heat flux, flow velocity, and pressure and the visual 

records of smoke and fire spread. The measurements of these are valuable as actual 

values are directly used in fire protection engineering practice in fields. For example, 

steel structure temperature of 550 
o
C is known to be a critical temperature at which only 

50% of its strength remains, which fire protection engineers design fire protection 

systems to avoid this temperature in steel structure. In the same way, the heat flux of 20 

kW/m
2
 at the floor level is known to cause flashover conditions. Visual records of smoke 

and fire spread are useful to identify the locations of leaks and smoke movement through 

hidden paths.  

10.3 TEST BEFORE EARTHQUAKE DAMAGE 

To compare the effects of earthquake on building fire safety performance, the best way is 

to run the same fire tests before and after the seismic motion tests. By comparing the 

measurements and visual records, the level of earthquake effects on fire performance 

including failure locations, the peak HRR and room temperature, the temperature of steel 

structure can be identified.  

10.4 GAS BURNER SYSTEM AND HRR MEASUREMENT 

Due to extremely tight time schedule and budget availability, it was not possible to use a 

gas burner system, which is much better for controlling the fire size and for measuring 

the HRR. Controlling fire size and measuring HRR are useful to estimate more precise 

fire phenomena and the responses of building. Particularly, HRR is one of the most 

important input values for fire modeling software program.  
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10.5 ELECTRICITY FOR DAQ SEPARATE FROM THE BUILDING 

ELECTRICITY 

In the middle of ES fire test, electricity was gone in a very short time which stopped data 

logging in DAQ. The reason for this was unknown, but it is necessary to provide a 

separate power source for DAQ.  

10.6 MORE MEASUREMENT PROBES 

In on-site real-scale fire tests, wind and ambient temperature can affect the temperature 

distribution in the compartment, smoke movement, fuel burning rate, and many other 

results. Since these factors can-not be controlled, the best way to capture these effects is 

to locate more measurement probes in the test environment and analyze the effect of 

these factors linking with the measurements. To do that, multiple measurement probes at 

the right locations are required.  

10.7 REPEATABILITY OF TESTS 

Due to the tight test schedule, the beginning of dry season, and availability of local fire 

fighters, multiple tests were not possible. However, it is always good to run the same test 

multiple times to check the repeatability.  
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11 CONCLUSIONS 

A series of live fire experiments were carried out in an earthquake-damaged, 5-story test 

specimen in order to help evaluate the potential for post-earthquake fire impact on 

buildings. Although most of the data regarding fire performance of the test specimen was 

limited to systems and configurations on the third floor, and the live fire tests were 

limited in number and scope, important data were collected and the following initial 

observations are made.  

General observations regarding earthquake performance of the specimen, which 

could have an impact on fire performance of a building, include: 

 Ceiling systems on Floor 1 showed progressive damage with increase ground motion 

intensity. The potential fire performance concern is loss of compartment integrity and 

spread of fire and smoke. (See Chen et al., 2013 and Pantoli et al., 2013 for more 

details on these items.) 

 Contents indicative of residential and laboratory spaces on Floor 2, ranging from 

small items such as books, vases and a television set, to larger items such as 

bookshelves, storage shelves, and refrigeration units were displaced if not anchored. 

The potential fire performance concern is that most of the unanchored items were 

distributed on the floor, which would represent a distributed fuel load that is different 

that might be anticipated for a non-earthquake-damaged building. (See Chen et al., 

2013 and Pantoli et al., 2013 for more details on these items.) 

 Some of the magnetic door holders installed on Floor 3 experienced damage during 

the motion tests. In one case, the magnetic bond was stronger than the fasteners used 

to connect the strike plate to the door, ripping the strike plate off the door. The 

potential fire performance concern here is that improperly operating doors might 

impede occupant egress and firefighter access.  

 Some of the doors installed on Floor 3 were not functioning properly after the motion 

tests. In some cases doors were not able to close completely because door frames 

were distorted and locks were damaged. The potential fire performance concern here 

is that smoke and fire could spread through a door, which was designed to be closed 

during fire, hindering occupant egress and safety. In another instance, a door on Floor 
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3 was jammed closed during a ground motion tests, requiring tools to be used to pry 

the door open. The potential fire performance concerns here are that occupants can be 

hindered when trying to escape, placing them at risk, and the fire service can be 

hindered when undertaking rescue and firefighting operations.  

 In various locations within the test specimen, including around the elevator shaft on 

Floor 3 and within the stairwell on various levels, gypsum wallboard sections became 

detached during motion tests. The potential fire concerns are loss of compartment 

integrity and spread of fire and smoke, hindering occupants when trying to escape and 

placing them at risk, and hindering the fire service when undertaking rescue and 

firefighting operations. (See Chen et al., 2013 and Pantoli et al., 2013 for more details 

on these items.) 

 Following the largest ground motions, the stair became detached from the stair 

landing and handrails were broken at locations between Floors 2 and 4. The potential 

fire performance concerns here are that occupants can be hindered when trying to 

escape, placing them at risk, and the fire service can be hindered when undertaking 

rescue and firefighting operations. (See Chen et al., 2013 and Pantoli et al., 2013 for 

more details on these items.) 

 Following the largest ground motions, significant spalling occurred on various 

concrete beam-column connections on the lower floor, resulting in exposed steel 

rebars, degrading the structural load-bearing capacity and fire performance of the 

connection and structural system. The potential fire performance concerns here are 

that occupants can be hindered when trying to escape, placing them at risk, the fire 

service can be hindered when undertaking rescue and firefighting operations, and the 

building could be at risk of localized collapse or worse. (See Chen et al., 2013 and 

Pantoli et al., 2013 for more details on these items.) 

 Following the largest ground motions, one intensive care unit breakout door was 

detached from the door frame on Floor 4. Since the door provides a smoke barrier, the 

potential fire performance concern here is that smoke could spread through the 

opening, and occupants, who may be required to be protected in place, might be put at 

risk. (See Chen et al., 2013 and Pantoli et al., 2013 for more details on these items.) 
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 Following the largest ground motions, a rigid steel pipe, representative of a fuel gas 

supply line, failed at a connection. Such a failure could lead to release of fuel gas in a 

building, if other protective measures are not in place (e.g., shutoff valves). 

Corrugated stainless steel tubing (CSST), also representative of a fuel gas supply line, 

did not experience such a failure. (See Chen et al., 2013 and Pantoli et al., 2013 for 

more details on these items.) 

General observations regarding fire performance of the specimen, following the 

live fire tests, which could have an impact on fire performance of a building, include: 

 The automatic sprinkler system functioned well during ground motion tests and 

activated as expected during the fire tests on Floor 3. 

 The firestop systems installed on Floor 3 performed generally well during the motion 

tests and to the fire tests, with the exception of the static joint seals which did not 

work on those joints which became separated by the ground motion. The potential fire 

performance concern is loss of compartment integrity and spread of fire and smoke. 

 The roll-down steel fire door performed well during the motion tests (no damage, see 

Chen et al., 2013 and Pantoli et al., 2013 for more details) and activated as expected 

during the fire tests. 

 Smoke detectors activated as expected during the fire tests. 

 The fire dampers on Floor 3 performed generally well during the motion tests and fire 

tests. Two fire dampers closed completely following each motion test. The third 

damper’s blade rotation was prevented by a screw used for damper installation which, 

once adjusted, allowed the damper to close completely following the motion tests. 

The potential fire performance concern is lack of smoke control, allowing smoke to 

spread from one compartment to another.  

 The non-rated flexible duct melted and ruptured during some of the fire tests. The 

potential fire performance concern is lack of smoke control, allowing smoke to spread 

from one compartment to another. 

 Significant gaps opened in several joint areas on Floor 3, as well as between steel 

brackets and the balloon framing. The gap between the balloon framing and slab was 

up to 10 cm (4 inches) in places (see Chen et al., 2013 and Pantoli et al., 2013 for 

more details). The potential fire performance concern is loss of compartment integrity 
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and spread of fire and smoke. Smoke leakage was observed during the fire tests in 

several locations. 

 The elevator was non-operable following the largest ground motion because the 

elevator doors and frames became distorted on several floors, with openings as large 

as 24 cm (9.4 inches) on the third floor. One potential fire performance concern is 

loss of compartment integrity and spread of fire and smoke, in this case allowing for 

vertical smoke (and fire) spread. The elevator shaft interior temperatures were greatly 

increased as smoke and hot gases from the EL1 and EL 2 fires were entrained into the 

shaft through the opening on Floor 3. An additional potential fire performance 

concern is the loss of elevators for occupant egress and for fire department rescue and 

suppression support operations.  

 A long vertical steel pipe went through thermal expansion under elevated 

temperatures during one fire test and the pipe shifted the firestop material that was 

applied on the vertical pipe penetration opening. The potential fire performance 

concern is lack of intended smoke control, allowing smoke to spread from one 

compartment to another. 

 Depending on the test, flashover conditions were observed, even with relatively small 

fuel loads. In some cases the ventilation conditions played a significant role.  

 Rigid steel fuel gas distribution systems, if damaged due to seismic motion, could 

result in additional fuel for post-earthquake fire, if not provided with additional 

safeguards (e.g., shutoff valves).  

 Although it was not possible to test actual windows during these tests, window 

openings were provided and tested in various conditions, including completely closed, 

partially closed and fully open. In tests where the windows were fully opened, flame 

extension was observed, smoke venting was observed, and the test fires were exposed 

to wind-driven conditions, which affected the combustion rate, smoke spread and 

flame angle direction during the fire tests. The potential fire performance concerns 

here are that loss of windows could facilitate floor-to-floor fire spread, and that wind-

driven conditions resulting from loss of windows could result in much different fire 

conditions that the building fire protection systems are designed for or the fire 

department might expect. This would place occupants and the fire service at risk.  
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Again, although most of the data on the fire performance of the test specimen was 

limited to systems and configurations on the third floor, and the live fire tests were 

limited in number and scope, important data were collected and the following initial 

observations are made. Since very few full-scale post-earthquake fire tests have been 

conducted to date, more testing is warranted to investigate in more depth the above 

situations, to assess the performance of other building constructions, contents and 

configurations, and to fill the gap of knowledge on post-earthquake building fire 

conditions. Some additional observations for future testing include the following:  

 To better assess the potential for vertical fire spread and potential for and the 

effects of wind-driven fires, a variety of exterior glazing systems and window 

configurations should be tested.  

 Post-earthquake fire experiments should be performed on a myriad of 

construction types as the code requirements, construction material and style vary 

across different regions. Test specimens utilizing lightweight steel construction, 

lightweight engineered wood construction, steel framed construction and 

combinations of construction (framing, interior and façade) systems should be 

tested. Multiple ceiling systems and components should be tested. Multiple 

door/frame systems, closers and hold-open devices should be tested.  

 To best mimic real life conditions, it is important to have fully operating building 

and fire protection systems, including a fully functioning HVAC system.  

 Measurements of the heat flux, flow velocity, temperature, pressure and visual 

records of smoke and fire spread should be collected directly during the fire tests. 

This will provide more data on building performance and can be helpful in 

simulation or performance.  

 Instead of a fuel pan, a gas burner system should be used which allows for 

controlling the fire size and for measuring the HRR. This will allow more flexible 

test schemes, and larger and longer fires, which can be stopped as needed if the 

potential for structural damage exists.  

 Any data acquisition, instrumentation and sensors should be powered separately 

from that of the test building as building electrical wires are prone to melting 

during the fire tests.  
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 Two sets of tests should be conducted on the same building conditions at the pre- 

and post-earthquake damaged state. Where possible, laboratory pre- and post-

damage testing of representative configurations will help to yield additional data.  

 Tests should be repeated under the same testing environment for a more reliable 

set of test data. 

 Tests should be repeated under a range of test environments (e.g., relative 

humidity, temperature and wind speeds) for a broader data set. 
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A FIRE SYSTEM SPECIFICATIONS 

A.1 SPRINKLER SYSTEM SPECIFICATIONS 

 TY3131 and TY3231 K-5.6 Quick Response Upright and Pendent Sprinklers A.1.1
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 TY 2524 K-4.9 Residential Concealed Pendent Sprinkler A.1.2
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A.1.3 Mason Industries Seismic Solid Brace Strut Anchor (SSBS) 
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A.2 FIRESTOP SPECIFICATIONS 

A.2.1 CP604 Self-Leveling Firestop Sealant 
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A.2.2 CP606 Flexible Firestop Sealant 
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A.2.3 CP653 Speed Sleeve 
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A.2.4 CP657 Firestop Brick 
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A.2.5 CP660 Expanding Fire Seal 

 



APPENDIX A. FIRE SYSTEM SPECIFICATIONS 

 

268 

 



APPENDIX A. FIRE SYSTEM SPECIFICATIONS 

 

 

269 

 



APPENDIX A. FIRE SYSTEM SPECIFICATIONS 

 

270 

 



APPENDIX A. FIRE SYSTEM SPECIFICATIONS 

 

 

271 

 



APPENDIX A. FIRE SYSTEM SPECIFICATIONS 

 

272 

 



APPENDIX A. FIRE SYSTEM SPECIFICATIONS 

 

 

273 

 



APPENDIX A. FIRE SYSTEM SPECIFICATIONS 

 

274 

 



APPENDIX A. FIRE SYSTEM SPECIFICATIONS 

 

 

275 

 

 



APPENDIX A. FIRE SYSTEM SPECIFICATIONS 

 

276 

 

A.2.6 CP680 Cast-In Firestop Devices 
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A.2.7 FS-ONE Intumescent Firestop Sealant 
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A.2.8 CFP-S WB Fire Protection Steel Spray 
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A.2.9 CFS-SP WB Firestop Joint Spray 
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A.2.10 CFS-BL Firestop Block 
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A.2.11 CFS-DID Firestop Drop-In Device 
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A.3 FIRE DOOR SPECIFICATIONS 
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A.4 FIRE DAMPER SPECIFICATIONS 
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A.5 DOOR SPECIFICATIONS 

A.5.1 Particleboard Door 
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A.5.2 Metal Door 

 



APPENDIX A. FIRE SYSTEM SPECIFICATIONS 

 

320 

 



APPENDIX A. FIRE SYSTEM SPECIFICATIONS 

 

 

321 

 



APPENDIX A. FIRE SYSTEM SPECIFICATIONS 

 

322 

 

 

  



APPENDIX A. FIRE SYSTEM SPECIFICATIONS 

 

 

323 

 

A.6 SMOKE DETECTOR SPECIFICATIONS 
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B THERMOCOUPLE LOCATIONS 

B.1 LBR-1 AND SBR FIRE TESTS TC LOCATIONS 

Two thermocouple trees were located in the LBR-1 and SBR fire tests as shown in Figure 

B.1. The thermocouple tree with thermocouples 5-1 through 6-2 was installed in the SE 

corner of the LBR area. The thermocouple tree with thermocouples 10-1 through 11-2 

was installed in the southwest corner of the SBR area. The heights of the thermocouples 

are listed in Table B.1 and Table B.2.  

 

 

Figure B.1. TC trees in the SBR and LBR 
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Two thermocouple trees were located above the ceiling space in the LBR-1 and SBR fire 

tests as shown in Figure B.2. The thermocouple tree with thermocouples 6-3 through 6-7 

was installed above the ceiling of the LBR area. The thermocouple tree with 

thermocouples 11-3 through 11-7 was installed above the ceiling of the SBR area. The 

heights of the thermocouples are listed in Table B.1 and Table B.2.  

 

 

Figure B.2. TC trees above ceiling 
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Table B.1. LBR TC trees list 

5-1 

TC tree below ceiling of LBR starting with 6-2 starting on the floor slab and 

increasing by 0.3m (1ft) increments to 5-1 on top at 2.7m (8.9ft) 

5-2 

5-3 

5-4 

5-5 

5-6 

5-7 

5-8 

6-1 

6-2 

6-3 

TC tree hanging from 4
th

 floor slab above ceiling of LBR starting with 6-7 

right above ceiling and increasing in 0.3m (1ft) increments to 6-3 being on top 

6-4 

6-5 

6-6 

6-7 

 

Table B.2. SBR TC trees list 

10-1 

TC tree below ceiling of LBR starting with 11-2 starting on the floor slab and 

increasing by 0.3m (1ft) increments to 10-1 on top at 2.7m (8.9ft) 

10-2 

10-3 

10-4 

10-5 

10-6 

10-7 

10-8 

11-1 

11-2 

11-3 

TC tree hanging from 4
th

 floor slab above ceiling of LBR starting with 11-7 

right above ceiling and increasing in 0.3m (1ft) increments to 11-3 being on 

top 

11-4 

11-5 

11-6 

11-7 
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Thermocouples 1-4 to 1-6 and 2-1 to 2-3 were placed in gaps formed between the north 

column and the west and north walls of the LBR. Thermocouples 1-7 and 1-8 were 

located in the cracks formed on the S wall of the LBR. The locations and heights of these 

thermocouples are listed in Figure B.3 and Table B.3 respectively.  

 

 

Figure B.3. TC in the LBR column gaps and S wall cracks 

 

Table B.3. LBR column gaps and S wall cracks TC list 

1-4 (g) On the SW corner gap of the N column, 0.59m (1.94’) above floor 

1-5 (g) On the SW corner gap of the N column, 2.03m (6.66’) above floor 

1-6 (g) On the SW corner gap of the N column, 0.1m (0.33’) below ceiling 

1-7 (g) SW corner of room, 1.22m (4.00’) above floor (LBR temp) 

1-8 (g) SW corner of room, 1.24m (4.07’) above floor (stair landing temp) 

2-1 (g) on the NE corner gap of the N column 0.6m (1.97’) above floor  

2-2 (g) on the NE corner gap of the N column 2m (6.56’) above floor 

2-3 (g) on the NE corner gap of the N column 2.7m (8.86’) above floor 
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Thermocouples 2-4 and 2-5 were located on the northwest corner diffuser tile of the LBR. 

Thermocouple 3-3 was located above ceiling of the LBR between the north column and 

west wall of the LBR. Thermocouples 3-4 through 3-6 were located above the ceiling 

adjacent to the west wall of the LBR. Thermocouples 3-7 through 4-2 were located above 

the ceiling adjacent to the north wall of the LBR. The thermocouple locations are shown 

in Figure B.4. These thermocouple locations are listed in detail with dimensions in Table 

B.4. 

 

 

Figure B.4. TC above LBR ceiling 
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Table B.4. LBR above ceiling TC list 

2-4 (s) on the NW corner diffuser  

2-5 (s) on the NW corner diffuser 

3-3 (g) above ceiling on SW corner gap of the N column, .32 above ceiling 

3-4 (s) above ceiling of the W wall, 0.13m (0.43’) from N column 

3-5 (s) above ceiling of the W wall, 1.5m (4.92’) from S wall 

3-6 (s) above ceiling of the W wall, 0.1m (0.3’) from S wall 

3-7 (s) above ceiling of the N wall, 0.3m (1’) from N column 

3-8 (s) above ceiling of the N wall, 0.7m (2.3’) from N column 

4-1 (s) above ceiling of the N wall, 1.2m (3.9’) from N column 

4-2 (s) above ceiling of the N wall, 2.4m (7.9’) from N column 

 

 



APPENDIX B. THERMOCOUPLE LOCATIONS 

 

 

331 

 

Thermocouples 2-6 through 3-2 were located on the firestops on the west wall of the 

LBR above the ceiling. Thermocouple 4-3 was located on the LBR west lighting box 

firestop above the ceiling. The thermocouples are shown in Figure B.5. These 

thermocouple locations are listed in detail with dimensions in Table B.5. 

 

 

Figure B.5. TC on LBR firestops above ceiling 

 

Table B.5. LBR firestops above ceiling TC list 

2-6 (s) above ceiling on firestop, 0.19m (0.6’) from N column, 0.37m (1.2’) below 

4th floor slab 

2-7 (s) above ceiling on firestop, 0.52m (1.7’) from N column,0.42m (1.4’) below 

4th floor slab 

2-8 (s) above ceiling on firestop, 1.6m (5.2’) from S wall, 0.87m (2.9’) below 4th 

floor slab 

3-1 (s) above ceiling on firestop, 1.4m (4.6’) from S wall, 0.45m (1.5’) below 4th 

floor slab 

3-2 (s) above ceiling on firestop, 0.65m (2.1’) from S wall, 0.1m (0.3’) below 4th 

floor slab 

4-3 (g) above ceiling, SE corner of the W lighting, 2.7m (8.9’) from N wall, 1.4m 

(4.6’) from W wall 

3-2 

2-8 

2-6 

4-3 

2-7 

3-1 

N 
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Thermocouples 4-4 and 4-5 were placed on the door frame of the fire door. 

Thermocouple 4-6 was located on the fusible link of the fire door. Thermocouples 4-7 

and 4-8 were located on the LBR and SBR sprinkler heads respectively. Thermocouples 

12-1 and 12-2 were located on the door frame of the partition wall between the LBR and 

SBR. The thermocouple locations are shown in Figure B.6 and listed in details in Table 

B.6.  

 

 

Figure B.6. TC on LBR and SBR fire systems 

 

Table B.6. LBR and SBR fire systems TC list 

4-4 (g) south part of fire door frame, 1.88m (6.2’) above floor 

4-5 (g) south part of fire door frame, 0.3m (1’) above floor 

4-6 (s) Fusible link of fire door, 1.5m (4.9’) from N wall, 0.24m (0.8’) below 

ceiling 

4-7 (s) sprinkler head fusible link in the LBR, 1.3m (4.3’) from N wall, 1.8m 

(5.9’) from E wall, 2.8m (9.2’) above floor 

4-8 (s) sprinkler head fusible link in the SBR, 1.3m (4.3’) from N wall 1.4m (4.6’) 

from W wall, 2.8m (9.2’) above floor 

12-1 (g) W wall of SBR gap above the fire door, 1.6m (5.2’) from N wall 

12-2 Corner of the door frame in the partition wall, 2.1m (6.9’) above floor, 1.1m 

(3.6’) from N wall 

4-7 

1-8 

4-8 

4-5 
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Thermocouples 6-8 through 7-8 were located in the gap between the partition wall and 

the north wall of the building. The thermocouple locations are shown in Figure B.7 and 

listed in details in Table B.7.  

 

 

Figure B.7. TC in Gap between partition wall and building N wall 

 

Table B.7. Gap between partition wall and building N wall TC list 

6-8 (g) NW corner gap of the SBR 2.7m (8.9’) above floor 

7-1 (g) NW corner gap of the SBR 2.4m (7.9’) above floor 

7-2 (g) NW corner gap of the SBR 2.1m (6.9’) above floor 

7-3 (g) NW corner gap of the SBR 1.8m (5.9’) above floor 

7-4 (g) NW corner gap of the SBR 1.5m (4.9’) above floor 

7-5 (g) NW corner gap of the SBR 1.2m (3.9’) above floor 

7-6 (g) NW corner gap of the SBR 0.9m (3’) above floor 

7-7 (g) NW corner gap of the SBR 0.6m (2’) above floor 

7-8 (g) NW corner gap of the SBR 0.3m (1’) above floor 
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Thermocouples 8-1 and 8-2 were located above the ceiling of the SBR adjacent to the 

north wall of the building. Thermocouples 8-3 and 8-4 were located above the ceiling on 

the northeast corner of the SBR at different heights. Thermocouples 8-5 through 8-7 were 

located above the ceiling of the SBR adjacent to the east wall of the building. The 

thermocouple locations are shown in Figure B.8 and listed in details in Table B.8.  

 

 

Figure B.8. Above SBR ceiling 

 

Table B.8. Above SBR ceiling TC list 

8-1 (s) above ceiling of N wall, 1.5m (4.9’) from E wall 

8-2 (s) above ceiling of N wall, 0.9m (3’) from E wall 

8-3 (s) above ceiling of NE corner of the SBR 

8-4 (g) above ceiling of NE corner of the SBR 

8-5 (s) above ceiling of E wall, 0.6m (2’) from N wall 

8-6 (s) above ceiling of E wall, 1.4m (4.6’) from N wall 

8-7 (s) above ceiling of E wall, 2.6m (8.5’) from N wall 
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8
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Thermocouples 8-8 through 9-3 were located at various cracks on the south wall of the 

SBR. Thermocouples 9-4 and 9-5 were located on the south wall of SBR firestops. 

Thermocouple 9-6 was located on the firestop between the 3
rd

 floor slab and the east wall 

of the SBR joint. Thermocouple 9-7 was located on the southeast corner gap of the SBR. 

The thermocouple locations are shown in Figure B.9 and listed in details in Table B.9.  

 

 

Figure B.9. TC on S wall of SBR 
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Table B.9. S wall of SBR TC list 

8-8 (g) gap on S wall, 1.12m (3.7’) from SW corner, 2.24 (7.3’) above floor 

9-1 (g) gap on S wall, 1.12m (3.7’) from SW corner, 1.84m (6’) above floor 

9-2 (g) gap on S wall, 1.12m (3.7’) from SW corner 1.16 (3.8’) above floor 

9-3 (g) gap on S wall, 1.12m (3.7’) from SW corner, 0.74 (2.4’) above floor 

9-4 (g) S wall firestop on opening, 0.99m (3.2’) from SW corner, 0.8m (2.6’) 

above floor 

9-5 (g) S wall firestop on opening, 0.83m (2.7’) from SW corner, 0.81m (2.7’) 

above floor 

9-6 (g) E wall to slab firestop gap, 0.19m (0.6’) from SE corner 

9-7 (g) SE corner of SBR, 1.68m (5.5’) above floor 

 



APPENDIX B. THERMOCOUPLE LOCATIONS 

 

 

337 

 

Thermocouples 1-1 through 1-3 were located on the north exterior wall balloon framing 

of the building. The thermocouple locations are shown in Figure B.10 and listed in details 

in Table B.10.  

 

 

Figure B.10. TC on N balloon frame of building 

 

Table B.10. N balloon frame of building TC list 

1-1 (g) NE Balloon Framing from LBR 

1-2 (g) NW balloon framing from LBR 

1-3 (g) Balloon framing from SBR 
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B.2 LBR-2 FIRE TEST TC LOCATIONS 

One thermocouple tree was located in the southeast corner of the LBR as shown in Figure 

B.11. The thermocouple tree consisted of thermocouples 7-1 through 8-2. The 

thermocouple locations are shown in Figure B.11 and listed in details in Table B.11. 

 

 

Figure B.11. TC tree in LBR 

 

Table B.11. LBR TC tree list 

7-1 

TC tree below ceiling of LBR starting with 8-2 starting on the floor slab and 

increasing by 0.3m (1ft) increments to 7-1 on top at 2.7m (8.9ft) 
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Two thermocouple trees were located above the ceiling space in the as shown in Figure 

B.12. The thermocouple tree with thermocouples 6-3 through 6-7 was installed above the 

ceiling of the LBR area. The thermocouple tree with thermocouples 8-4 through 8-8 was 

installed above the ceiling of the SBR area. The heights of the thermocouples are listed in 

Table B.12.  

 

 

Figure B.12. TC trees above LBR and SBR ceiling 

 

Table B.12. LBR and SBR above ceiling TC trees list 

6-3 

TC tree hanging from 4
th

 floor slab above ceiling of LBR starting with 6-7 

right above ceiling and increasing in 0.3m (1ft) increments to 6-3 being on top 

6-4 

6-5 

6-6 

6-7 

8-4 

TC tree hanging from 4
th

 floor slab above ceiling of SBR starting with 8-8 

right above ceiling and increasing in 0.3m (1ft) increments to 8-4 being on top 

8-5 

8-6 

8-7 

8-8 

 

6-3 
6-4 
6-5 
6-6 
6-7 

8-4 
8-5 
8-6 
8-7 
8-8 

N 

SBR LBR 



APPENDIX B. THERMOCOUPLE LOCATIONS  

 

340 

 

Thermocouples 1-4 to 1-6 and 2-1 to 2-3 were placed in gaps formed between the north 

column and the west and north walls of the LBR. Thermocouples 1-7 and 1-8 were 

located in the cracks formed on the south wall of the LBR. The locations and heights of 

these thermocouples are listed in Figure B.13 and Table B.13 respectively.  

 

 

Figure B.13. TC in gaps in LBR column and in SW corner of LBR 

 

Table B.13. LBR column and SW corner of LBR gaps TC list 

1-4 (g) On the SW corner gap of the N column, 0.59m (1.9’) above floor 

1-5 (g) On the SW corner gap of the N column, 2.03m (6.7’) above floor 

1-6 (g) On the SW corner gap of the N column, 0.1m (03’) below ceiling 

1-7 (g) SW corner of room, 1.22m (4’) above floor, (LBR temp) 

1-8 (g) SW corner of room, 1.24m (4.1’) above floor (stair landing temp) 

2-1 (g) on the NE corner gap of the N column 0.6m (2’) above floor  

2-2 (g) on the NE corner gap of the N column 2m (6.6’) above floor 

2-3 (g) on the NE corner gap of the N column 2.7m (8.9’) above floor 
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Thermocouple 1-3 was located above the ceiling on the firestop of the west lighting box 

of the LBR. Thermocouples 2-4 and 2-5 were located on the northwest corner diffuser 

tile of the LBR. Thermocouple 3-3 was located above ceiling of the LBR between the 

north column and west wall of the LBR. Thermocouples 3-4 through 3-6 were located 

above the ceiling adjacent to the west wall of the LBR. Thermocouples 3-7, 3-8, 6-1 and 

6-2 were located above the ceiling adjacent to the north wall of the LBR. The 

thermocouple locations are shown in Figure B.14 and listed in details in Table B.14. 

 

 

Figure B.14. TC above LBR ceiling 
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Table B.14. Above LBR ceiling TC list 

1-3 (g) above ceiling, SE corner of the W lighting, 2.7m (8.9’) from N wall, 1.4m 

(4.6’) from W wall 

2-4 (s) on the NW corner diffuser  

2-5 (s) on the NW corner diffuser 

3-3 (g) above ceiling on SW corner gap of the N column, 0.32m (1.1’) above 

ceiling 

3-4 (s) above ceiling of the W wall, 0.13m (0.4’) from N column 

3-5 (s) above ceiling of the W wall, 1.5m (4.9’) from S wall 

3-6 (s) above ceiling of the W wall, 0.1m (0.3’) from S wall 

3-7 (s) above ceiling of the N wall, 0.3m (1’) from N column 

3-8 (s) above ceiling of the N wall, 0.7m (2.3’) from N column 

6-1 (s) above ceiling of the N wall, 1.2m (3.9’) from N column 

6-2 (s) above ceiling of the N wall, 2.4m (7.9’) from N column 
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Thermocouples 2-6 through 3-2 were located on the firestops on the west wall of the 

LBR above the ceiling. The thermocouple locations are shown in Figure B.15 and listed 

in details in Table B.15. 

 

 

Figure B.15. TC on LBR firestops above ceiling 

 

Table B.15. LBR firestops above ceiling TC list 

2-6 (s) above ceiling on firestop, 0.19m (0.6’) from N column, 0.37m (1.2’) below 

4th floor slab 

2-7 (s) above ceiling on firestop, 0.52m (1.7’) from N column, 0.42m (1.4’) below 

4th floor slab 

2-8 (s) above ceiling on firestop, 1.6m (5.2’) from S wall 0.87m (2.9’) below 4th 

floor slab 

3-1 (s) above ceiling on firestop, 1.4m (4.6’) from S wall, 0.45m (1.5’) below 4th 

floor slab 

3-2 (s) above ceiling on firestop, 0.65m (2.1’) from S wall, 0.1m (0.3’) below 4th 

floor slab 

 

3-2 

2-8 

2-6 

2-7 

3-1 

N 
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Thermocouples 4-1 through 5-1 were located in the gap between the partition wall and 

the north wall of the building. The thermocouple locations are shown in Figure B.16 and 

listed in details in Table B.16.  

 

 

Figure B.16. TC in gap between LBR and N wall of building 

 

Table B.16. Gap between LBR and N wall of building TC list 

4-1 (g) NW corner gap of the SBR 2.7m (8.9’) above floor 

4-2 (g) NW corner gap of the SBR 2.4m (7.9’) above floor 

4-3 (g) NW corner gap of the SBR 2.1m (6.9’) above floor 

4-4 (g) NW corner gap of the SBR 1.8m (5.9’) above floor 

4-5 (g) NW corner gap of the SBR 1.5m (4.9’) above floor 

4-6 (g) NW corner gap of the SBR 1.2m (3.9’) above floor 

4-7 (g) NW corner gap of the SBR 0.9m (3’) above floor 

4-8 (g) NW corner gap of the SBR 0.6m (2’) above floor 

5-1 (g) NW corner gap of the SBR 0.3m (1’) above floor 

 

4-1 
4-2 
4-3 
4-4 
4-5 
4-6 
4-7 
4-8 
5-1 

N 
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Thermocouples 5-2 and 5-3 were placed on the door frame of the fire door. 

Thermocouple 5-4 was located on the fusible link of the fire door and thermocouple 5-5 

was located on the gap of the west wall of the SBR above the fire door. Thermocouple 5-

6 was located on the door frame of the partition wall between the LBR and SBR 

Thermocouples 5-7 and 5-8 were located on the LBR and SBR sprinkler heads 

respectively. The thermocouple locations are shown in Figure B.17 and listed in details in 

Table B.17.  

 

Figure B.17. TC on LBR and SBR fire systems 

 

Table B.17. LBR and SBR fire system TC list 

5-2 (g) south part of fire door frame, 1.88m (6.2’) above floor 

5-3 (g) south part of fire door frame, 0.3m (1’) above floor 

5-4 (s) Fusible link of fire door, 1.5m (4.9’) from N wall, 0.24m (0.8’) below 

ceiling 

5-5 (g) W wall of SBR gap above the fire door, 1.6m (5.2’) from N wall 

5-6 Corner of the door frame between the SBR and LBR, 2.1m (6.9’) above floor, 

1.1m (3.6’) from N wall 

5-7 (s) SBR sprinkler head fusible link 1.3m (4.3’) from N wall, 1.4m (4.6’) from 

W wall 2.8m (9.2’) above floor 

5-8 (s) LBR sprinkler head fusible link, 1.3m (4.3’) from N wall, 1.8m (5.9’) from 

E wall, 2.8m (9.2’) above floor 

5-8 

1-8 

5-7 

5-3 

5-2 

5-4 

5-5 

5-6 

N 
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Thermocouples 12-1 through 12-4 were located at various cracks on the south wall of the 

SBR. Thermocouples 12-5 and 12-6 were located on the firestops on the south wall of the 

SBR. Thermocouple 12-7 was located on the firestop between the 3
rd

 floor slab and the 

east wall of the SBR joint. Thermocouple 12-8 was located on the southeast corner gap of 

the SBR. The thermocouple locations are shown in Figure B.18 and listed in details in 

Table B.18. 

 

 

Figure B.18. TC on S wall of SBR 
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Table B.18. S wall of SBR TC list 

12-1 (g) gap on S wall, 1.12m (3.7’) from SW corner, 2.24 (7.3’) above floor 

12-2 (g) gap on S wall, 1.12m (3.7’) from SW corner, 1.84m (6’) above floor 

12-3 (g) gap on S wall, 1.12m (3.7’) from SW corner 1.16 (3.8’) above floor 

12-4 (g) gap on S wall, 1.12m (3.7’) from SW corner, 0.74 (2.4’) above floor 

12-5 (g) S wall firestop on opening, 0.99m (3.2’) from SW corner, 0.8m (2.6’) 

above floor 

12-6 (g) S wall firestop on opening, 0.83m (2.7’) from SW corner, 0.81m (2.7’) 

above floor 

12-7 (g) E wall to slab firestop gap, 0.19m (0.6’) from SE corner 

12-8 (g) SE corner of SBR, 1.68m (5.5’) above floor 
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Thermocouples 1-1 and 1-2 were located on the north exterior wall balloon framing of 

the building. Thermocouples 9-1 through 10-1 were located on the thermocouple tree 

hanging out of the west of the LBR window. The thermocouple locations are shown in 

Figure B.19 and listed in details in Table B.19.  

 

 

Figure B.19. TC on N wall balloon frame and TC tree hanging out on west of LBR 

window 

 

Table B.19. List of N wall balloon frame TC and TC tree hanging out on west of 

LBR window 

1-1 (g) NE Balloon Framing from LBR 

1-2 (g) NW balloon framing from LBR 

9-1 

0.25m (10in) from the W side of LBR window frame, spaced 0.3m (1ft) 

vertically and horizontally 

9-2 

9-3 

9-4 

9-5 

9-6 

9-7 

9-8 

10-1 

 

E 

9-1 

9-4 

9-7 

9-3 

9-6 

10-1 
9-8 

9-5 

9-2 

1-1 1-2 
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Thermocouples 10-2 through 11-2 were located on the thermocouple tree hanging out of 

the east of the LBR window. The thermocouple locations are shown in Figure B.20 and 

listed in details in Table B.20. 

. 

  

 

Figure B.20. TC tree hanging out on east of LBR window 

 

Table B.20. TC tree hanging out of east side of LBR window TC list 

10-2 

0.33m (13in) from the E side of LBR window frame, spaced 0.3m (1ft) 

vertically and horizontally 

10-3 

10-4 

10-5 

10-6 

10-7 

10-8 

11-1 

11-2 

 

N 

10-2 

10-5 

10-8 

10-4 

10-7 

11-2 
11-1 

10-6 

10-3 



APPENDIX B. THERMOCOUPLE LOCATIONS  

 

350 

 

Thermocouple 11-5 was located in the HVAC duct portion near the damper in the 

corridor space. Thermocouple 11-6 was located in the HVAC duct portion near the 

damper in the stair landing area. The thermocouple locations are shown in Figure B.21 

and listed in details in Table B.21. 

 

 

Figure B.21. TC on HVAC duct dampers 

 

Table B.21. HVAC duct dampers TC list 

11-5 Damper in the stairwell landing area 

11-6 Damper in elevator shaft area 

 

  

N 
11-5 

11-6 

SBR LBR 
Corridor 

EL 



APPENDIX B. THERMOCOUPLE LOCATIONS 

 

 

351 

 

B.4 ES FIRE TEST TC LOCATIONS 

A thermocouple tree was located in the corridor east of the shaft and another was located 

above the ceiling of the LBR. The thermocouple tree in the corridor consisted of 

thermocouples 9-5 through 12-8. The thermocouple tree in the LBR above the ceiling 

consisted of thermocouples 6-3 through 6-7. The thermocouple locations are shown in 

Figure B.22 and listed in details in Table B.22. 

 

 

Figure B.22. TC trees in corridor and above LBR ceiling 

 

 

 

  

N 

9-5 
9-6 

9-8 
11-6 

12-1 

12-3 

12-5 

12-7 

11-7 

12-2 

12-4 

12-6 
12-8 

6-3 
6-4 
6-5 
6-6 
6-7 

Corridor 

LBR 
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Table B.22. Corridor and above LBR ceiling TC trees list 

9-5 

TC tree below 4
th

 floor slab in corridor starting with 12-8 on bottom. 0.3m 

(1ft) above 3
rd

 floor slab and increasing at 0.3m (1ft) increments to 9-5 on top 

at 3.9m (12.8ft) 

9-6 

9-8 

11-6 

11-7 

12-1 

12-2 

12-3 

12-4 

12-5 

12-6 

12-7 

12-8 

6-3 

TC tree hanging from 4
th

 floor slab above ceiling of LBR starting with 6-7 

right above ceiling and increasing in 0.3m (1ft) increments to 6-3 being on top 

6-4 

6-5 

6-6 

6-7 
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Thermocouple 1-3 was located above the ceiling on the firestop of the west lighting box 

of the LBR. Thermocouples 2-4 and 2-5 were located on the northwest corner diffuser 

tile of the LBR. Thermocouple 3-3 was located above ceiling of the LBR between the 

north column and west wall of the LBR. Thermocouples 3-4 through 3-6 were located 

above the ceiling adjacent to the west wall of the LBR. Thermocouples 3-7, 3-8, 6-1 and 

6-2 were located above the ceiling adjacent to the north wall of the LBR. The 

thermocouple locations are shown in Figure B.23 and listed in details in Table B.23. 

 

 

Figure B.23. TC above LBR ceiling 

 

 

6-2 

6-1 
3-8 

3-7 

3-6 

3-5 

3-4 

3-3 

2-4 

2-5 

N 

1-3 
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Table B.23. Above LBR ceiling TC list 

1-3 (g) above ceiling, SE corner of the W lighting, 2.7m (8.9’) from N wall, 1.4m 

(4.6’) from W wall 

2-4 (s) on the NW corner diffuser  

2-5 (s) on the NW corner diffuser 

3-3 (g) above ceiling on SW corner gap of the N column, 0.32 (1’) above ceiling 

3-4 (s) above ceiling of the W wall, 0.13m (0.4’) from N column 

3-5 (s) above ceiling of the W wall, 1.5m (4.9’) from S wall 

3-6 (s) above ceiling of the W wall, 0.1m (0.3’) from S wall 

3-7 (s) above ceiling of the N wall, 0.3m (1’) from N column 

3-8 (s) above ceiling of the N wall, 0.7m (2.3’) from N column 

6-1 (s) above ceiling of the N wall, 1.2m (3.9’) from N column 

6-2 (s) above ceiling of the N wall, 2.4m (7.9’) from N column 
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Thermocouples 1-4 to 1-6 and 2-1 to 2-3 were placed in gaps formed between the north 

column and the west and north walls of the LBR. Thermocouples 1-7 and 1-8 were 

located in the cracks formed on the south wall of the LBR. The thermocouple locations 

are shown in Figure B.24 and listed in details in Table B.24. 

 

 

Figure B.24. TC on LBR SW corner and column gap 

 

Table B.24. LBR SW corner and column gap TC list 

1-4 (g) On the SW corner gap of the N column, 0.59m (1.9’) above floor 

1-5 (g) On the SW corner gap of the N column, 2.03m (6.7’) above floor 

1-6 (g) On the SW corner gap of the N column, 0.1m (0.3’) below ceiling 

1-7 (g) SW corner of room, 1.22m (4’) above floor, (LBR temp) 

1-8 (g) SW corner of room, 1.24m (4.1’) above floor (stair landing temp) 

2-1 (g) on the NE corner gap of the N column 0.6m (2’) above floor  

2-2 (g) on the NE corner gap of the N column 2m (6.6’) above floor 

2-3 (g) on the NE corner gap of the N column 2.7m (8.9’) above floor 

 

1-4 

1-5 

1-6 

2-1 

2-2 

2-3 

1-7 
1-8 

N 
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Thermocouples 2-6 through 3-2 were located on the firestops on the west wall of the 

LBR above the ceiling. Thermocouples 4-1 through 4-5 were located on the opposite side 

of the same firestops from the corridor side which is shown in parentheses on the 

respective firestops. The thermocouple locations are shown in Figure B.25 and listed in 

details in Table B.25. 

 

 

Figure B.25. TC on both sides of the firestops above LBR ceiling 
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Table B.25. LBR above ceiling firestops TC list 

2-6 (s) above ceiling on firestop, 0.19m (0.6’) from N column, 0.37m (1.2’) 

( below 4th floor slab 

2-7 (s) above ceiling on firestop, 0.52m (1.7’) from N column 0.42m (1.4’) below 

4th floor slab 

2-8 (s) above ceiling on firestop, 1.6m (5.2’) from S wall 0.87m (2.9’) below 4th 

floor slab 

3-1 (s) above ceiling on firestop, 1.4m (4.6’) from S wall 0.45m (1.5’) below 4th 

floor slab 

3-2 (s) above ceiling on firestop, 0.65m (2.1’) from S wall 0.1m (0.3’) below 4th 

floor slab 

4-1 
(s) firestop on E wall of corridor, 3.4m (11.1’) above floor 0.6m (2’) from N 

wall of building 

4-2 
(s) firestop on E wall of corridor, 3.4m (11.1’) above floor 1.1m (3.6’) from N 

wall of building 

4-3 
(s) firestop on E wall of corridor, 0.86m (2.8’) below 4

th
 floor slab, 1.05m 

(3.4’) from corridor S wall 

4-4 
(s) firestop on E wall of corridor, 0.38m (1.2’) below 4

th
 floor slab, 0.9m (3’) 

from S wall of corridor 

4-5 
(s) firestop on E wall of corridor, 0.06m (0.2’) below 4

th
 floor slab, 0.06m 

(0.2’) from S wall of corridor 
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Thermocouples 4-6 through 4-8 were located on the firestops located on the south wall of 

the corridor. Thermocouples 5-1 and 5-2 were located on the north wall of the shaft. 

Thermocouples 5-3 through 5-5 were located on the north wall of the building. The 

thermocouple locations are shown in Figure B.26 and listed in detail in Table B.26. 

 

 

Figure B.26. TC on S wall of corridor firestops and north of elevator shaft 

 

Table B.26. S wall of corridor firestops TC list 

4-6 
(s) firestop on S wall of corridor, .05m (0.2’) below 4

th
 floor slab, 0.66m (2.2’) 

from E wall of corridor 

4-7 
(s) firestop on S wall of corridor, 0.3m (1’) below 4

th
 floor slab, 0.6m (2’) 

from E wall of corridor 

4-8 
(s) firestop on S wall of corridor, 0.09m (0.3’) below 4

th
 floor slab, 0.48m 

(1.6’) from E wall of corridor 

5-1 (g) N wall of shaft, 4.1m (13.4’) above floor, 0.8m (2.6’) from E wall of shaft 

5-2 (g) N wall of shaft, 4.1m (13.4’) above floor, 2.1m (6.9’) from E wall of shaft 

5-3 
(g) N wall of building, 2.5m (8.2’) above floor, 1.8m (5.9’) from NW corner 

column of building 

5-4 
(g) N wall of building, 4.2m (13.8’) above floor/1.8m from NW corner column 

of building 

5-5 
(g) N wall of building, 4.2m (13.8’) above floor, 2.8m (9.2’) from NW corner 

column of building 

 

 

N 
8-

 

4-8 

5-1 

4-6 4-7 

5-

2 

5-3 5-4 5-5 
C

o
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Thermocouples 7-1 through 7-7 were located on the 4
th

 floor slab vertical firestops on the 

north side of the elevator shaft. Thermocouple 7-8 was located on the concrete surface. 

The thermocouple locations are shown in Figure B.27 and listed in details in Table B.27. 

 

 

Figure B.27. TC on 4th floor firestops N of shaft 

 

Table B.27. 4th floor firestops N of shaft TC list 

7-1 (g) Inside shaft from NE corner of shaft on 4
th

 floor slab level 

7-2 (s) N wall of shaft openings/firestop, 0.33m (1.1’) from E wall of shaft 

7-3 (s) N wall of shaft openings/firestop, 0.57m (1.9’) from E wall of shaft 

7-4 (s) N wall of shaft openings/firestop, 1.05m (3.4’) from E wall of shaft 

7-5 (s) N wall of shaft openings/firestop, 1.40m (4.6’) from E wall of shaft 

7-6 (s) N wall of shaft openings/firestop, 1.60m (5.2’) from E wall of shaft 

7-7 (g) N wall of shaft openings/firestop, 2.1m (6.9’) from E wall of shaft 

7-8 
(s) concrete slab temperature, 1.87m (6.1’) from N wall of building, 0.62m 

(2’) from E wall of elevator shaft, east side of the space around elevator shaft 
 

N 

7-2 

7-8 

7-3 7-4 7-5 7-6 7-7 
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Thermocouples 8-1 and 8-2 were located on the vents on the EL in the 4
th

 floor. 

Thermocouples 8-3 through 8-8 were located on the 4
th

 floor slab vertical firestops on the 

north side of the elevator shaft. The thermocouple locations are shown in Figure B.28 and 

listed in details in Table B.28. 

 

 

Figure B.28. TC on 4th floor vents and W of shaft firestops 

 

Table B.28. 4th floor vents and W of shaft firestops TC list 

8-1 
(g) S vent on 4

th
 floor west of elevator shaft, 5m (16.4’) from N wall of 

building 

8-2 
(g) N vent on 4

th
 floor west of elevator shaft, 4.2m (13.8’) from N wall of 

building 

8-3 (s) concrete slab temp of west side of elevator shaft 

8-4 (s) sprinkler pipe  

8-5 (s) sprinkler pipe firestop gap 

8-6 
(s) mineral wool on 4

th
 opening from NW corner of building, 2.3m (7.5’) 

from N wall of building 

8-7 
(s) Mineral wool on 3

rd
 opening from NW corner of building, 1.8m (5.9’) 

from N wall of building 

8-8 
(s) Firestop on 3

rd
 opening from NW corner of building, 1.5m (4.9’) from N 

wall of building  

 

N
 

8-3 

8-7 8-2 8-1 

8-8 

8-6 
8-4 

8-5 
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Thermocouples 1-1, 1-2, 9-1 and 9-1 were located on the north exterior balloon framing 

of the building. Thermocouples 9-3 and 9-4 were located on the west exterior balloon 

framing of the building. The thermocouple locations are shown in Figure B.29 and listed 

in details in Table B.29.  

 

 

Figure B.29. TC on N and W exterior balloon framing walls 

 

Table B.29. N and W exterior balloon framing TC list 

1-1 (g) NE Balloon Framing from LBR 

1-2 (g) NW balloon framing from LBR 

9-1 (g) W side of N wall of building  

9-2 (g) E side of N wall of building  

9-3 (g) S side of W wall of building  

9-4 (g) N side of W wall of building  

1-1 1-2 9-2 9-1 9-3 9-4 
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Thermocouples 10-1 through 11-5 were located inside the elevator shaft from the 3
rd

 to 

the 5
th

 floor. The thermocouple locations are shown in Figure B.30 and listed in details in 

Table B.30.  

 

 

Figure B.30. TC inside elevator shaft from 5th to 3rd floor 

 

Table B.30. Inside elevator shaft from 5th to 3rd floor TC list 

10-1 

TC tree inside elevator shaft hanging down from the roof with 10-1 being 

0.25m (10in) below the roof and decreasing at 0.9m (3ft) increments ending 

with 11-5 being 0.66m (2.2ft) above the 3
rd

 floor slab 

10-2 

10-3 

10-4 

10-5 

10-6 

10-7 

10-8 

11-1 

11-2 

11-3 

11-4 

11-5 
 

  

N 

10-1 
10-2 

10-3 
10-4 

10-6 

10-8 

11-2 

11-4 

10-5 

10-7 

11-1 

11-3 

11-5 
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B.5 EL-1 AND EL-2 FIRE TESTS TC LOCATIONS 

A thermocouple tree was located in the southwest corner of the EL and another one in 

front of the shaft door as shown in Figure B.31. The thermocouple tree in front of the 

shaft door consisted of thermocouples from 3-7 through 4-8. The southwest corner 

thermocouple tree consisted of thermocouples 9-1 through 10-2. The thermocouple 

locations are shown in Figure B.31 and listed in details in Table B.31. 

 

 

Figure B.31. TC trees in EL 
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3-7 
3-8 

4-1 
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Table B.31. EL TC trees list 

3-7 

TC tree in front of shaft door below ceiling of EL starting with 4-8 starting 

on the floor slab and increasing by 0.3m (1ft) increments to 3-7 on top at 

2.7m (8.9ft) 

3-8 

4-1 

4-2 

4-3 

4-4 

4-5 

4-6 

4-7 

4-8 

9-1 

TC tree in SW corner of EL below ceiling, starting with 10-2 starting on the 

floor slab and increasing by 0.3m (1ft) increments to 9-1 on top at 2.7m 

(8.9ft) 

9-2 

9-3 

9-4 

9-5 

9-6 

9-7 

9-8 

10-1 

10-2 
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Two thermocouple trees were located in the EL above the ceiling in the fire tests as 

shown in Figure B.32. The thermocouple tree with thermocouples 3-1 through 3-5 was 

installed above the ceiling of the northwest corner of the EL area. The thermocouple tree 

with thermocouples 5-1 through 5-5 was installed above the ceiling of the southeast 

corner of the EL area. The heights of the thermocouples are listed in Table B.32.  

 

 

Figure B.32. TC trees above EL ceiling 

 

Table B.32. EL above ceiling TC trees list 

3-1 

TC tree hanging from 4
th

 floor slab above ceiling SE EL starting with 3-5 

right above ceiling and increasing in 0.3m (1ft) increments to 3-1 being on 

top 

3-2 

3-3 

3-4 

3-5 

5-1 

TC tree hanging from 4
th

 floor slab above ceiling NW EL starting with 5-5 

right above ceiling and increasing in 0.3m (1ft) increments to 5-1 being on 

top 

5-2 

5-3 

5-4 

5-5 

 

 

N 

3-1 
3-2 
3-3 
3-4 
3-5 

5-1 
5-2 
5-3 
5-4 
5-5 

N 
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Thermocouples 1-1 through 2-2 were located inside the elevator shaft from the 3
rd

 to the 

5
th

 floor. The thermocouple locations are shown in Figure B.33 and listed in details in 

Table B.33.  

 

 

Figure B.33. TC inside elevator shaft from 5th to 3rd floor 

 

Table B.33. Inside elevator shaft from 5th to 3rd floor TC list 

1-1 

TC tree inside elevator shaft hanging down from the roof with 10-1 being 

0.25m (10in) below the roof and decreasing at 0.9m (3ft) increments ending 

with 11-5 being 0.66m (2.2ft) above the 3
rd

 floor slab 
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1-6 
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1-8 
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2-2 

2-3 

2-4 

2-5 
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Thermocouples 7-1 and 7-2 were located on the south exterior balloon framing of the 

building. Thermocouples 7-3 and 7-4 were located on the west exterior balloon framing 

of the building. The thermocouple locations are shown in Figure B.34 and listed in details 

in Table B.34. 

 

 

Figure B.34. TC on S and W exterior balloon framing walls 

 

Table B.34. S and W exterior balloon framing walls TC list 

7-1 Balloon framing south wall East 

7-2 Balloon framing south wall west 

7-3 Balloon framing west wall south 

7-4 Balloon framing west wall north 
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Thermocouple 12-7 was located on the north vent of the 4
th

 floor. Thermocouple 12-8 

was located in the HVAC duct near the fire damper in the stair landing area. The 

thermocouple locations are shown in Figure B.35 and listed in details in Table B.35.  

 

 

Figure B.35. TC in HVAC duct damper and 4th floor vent 

 

Table B.35. HVAC duct damper and 4th floor vent TC list 

12-7 Vent temperature in the fourth floor 

12-8 TC in the duct of the stairwell landing  
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C FIRE TEST RESULTS 

C.1 LBR-1 FIRE TEST TEMPERATURES 

C.1.1 Thermocouple Trees 

Figure C.1 shows the TC trees that were placed in the LBR and the SBR. Figure C.2 

shows the TC trees that were placed above the ceiling of the LBR and SBR. 

  

 

Figure C.1. TC Trees in the SBR and LBR 

 

10-1 
10-2 

10-3 
10-4 

10-5 
10-6 

10-7 
10-8 

11-1 
11-2 

5-1 
5-2 

5-3 
5-4 

5-5 
6-6 

6-7 
6-8 

7-1 
7-2 



APPENDIX C. FIRE TEST RESULTS  

 

370 

 

 

Figure C.2. TC trees above ceiling of LBR and SBR 
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Figure C.3 shows the temperatures recorded by the thermocouple trees in the LBR and 

space above the LBR ceiling. The thermocouple location details are listed in Table C.1.  

 

 

Figure C.3. LBR and space above LBR ceiling temperatures 
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Table C.1. LBR TC trees list 

5-1 

TC tree below ceiling of LBR starting with 6-2 starting on the floor slab and 

increasing by 0.3m (1ft) increments to 5-1 on top at 2.7m (8.9ft) 

5-2 

5-3 

5-4 

5-5 

5-6 

5-7 

5-8 

6-1 

6-2 

6-3 

TC tree hanging from 4
th

 floor slab above ceiling of LBR starting with 6-7 

right above ceiling and increasing in 0.3m (1ft) increments to 6-3 being on top 

6-4 

6-5 

6-6 

6-7 
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Figure C.4 shows the temperatures recorded by the thermocouple trees in the SBR and 

space above the SBR ceiling. The thermocouple location details are listed in Table C.2.  

 

 
Figure C.4. SBR and space above SBR ceiling temperatures 
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Table C.2. SBR TC trees list 

10-1 

TC tree below ceiling of LBR starting with 11-2 starting on the floor slab and 

increasing by 0.3m (1ft) increments to 10-1 on top at 2.7m (8.9ft) 

10-2 

10-3 

10-4 

10-5 

10-6 

10-7 

10-8 

11-1 

11-2 

11-3 

TC tree hanging from 4
th

 floor slab above ceiling of LBR starting with 11-7 

right above ceiling and increasing in 0.3m (1ft) increments to 11-3 being on 

top 

11-4 

11-5 

11-6 

11-7 
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C.1.3 LBR Column Gap 

Figure C.5 shows the thermocouples that were located in the gaps formed between the 

north column and west and north walls of the LBR and the thermocouples that were 

located in the cracks formed on the south wall of the LBR.  

 

 

Figure C.5. TC in the LBR column gaps and south wall cracks 
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Figure C.6 shows the temperatures of the thermocouples recorded inside the column gaps 

and south wall of LBR cracks. These thermocouple locations are listed in detail in Table 

C.3.  

 

 
Figure C.6. LBR column and south wall gap temperatures 

 

Table C.3. LBR column gaps and S wall cracks TC list 

1-4 (g) On the SW corner gap of the N column, 0.59m (1.94’) above floor 

1-5 (g) On the SW corner gap of the N column, 2.03m (6.66’) above floor 

1-6 (g) On the SW corner gap of the N column, 0.1m (0.33’) below ceiling 

1-7 (g) SW corner of room, 1.22m (4.00’) above floor (LBR temp) 

1-8 (g) SW corner of room, 1.24m (4.07’) above floor (stair landing temp) 

2-1 (g) on the NE corner gap of the N column 0.6m (1.97’) above floor  

2-2 (g) on the NE corner gap of the N column 2m (6.56’) above floor 

2-3 (g) on the NE corner gap of the N column 2.7m (8.86’) above floor 

 

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

180

190

200

0 100 200 300 400 500 600 700 800 900 1000

T
em

p
 (

C
) 

Time (s) 

LBR Column and South Wall Gap Temperatures 

1-4

1-5

1-6

1-7

1-8

2-1

2-2

2-3



APPENDIX C. FIRE TEST RESULTS 

 

 

377 

 

C.1.4 LBR Space Above Ceiling 

Figure C.7 shows the thermocouples that were placed in the space above the ceiling of 

the LBR.  

 

 

Figure C.7. TCs above LBR ceiling 
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Figure C.8 shows the temperatures recorded by the thermocouples above the LBR ceiling 

space. These thermocouple locations are listed in details in Table C.4.  

 

 
Figure C.8. Space above LBR ceiling temperatures 

 

Table C.4. LBR above ceiling TC list 

2-4 (s) on the NW corner diffuser  

2-5 (s) on the NW corner diffuser 

3-3 (g) above ceiling on SW corner gap of the N column, .32 above ceiling 

3-4 (s) above ceiling of the W wall, 0.13m (0.43’) from N column 

3-5 (s) above ceiling of the W wall, 1.5m (4.92’) from S wall 

3-6 (s) above ceiling of the W wall, 0.1m (0.3’) from S wall 

3-7 (s) above ceiling of the N wall, 0.3m (1’) from N column 

3-8 (s) above ceiling of the N wall, 0.7m (2.3’) from N column 

4-1 (s) above ceiling of the N wall, 1.2m (3.9’) from N column 

4-2 (s) above ceiling of the N wall, 2.4m (7.9’) from N column 
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C.1.5 Above LBR Ceiling Firestops 

Figure C.9 shows the thermocouples that were placed on the firestops in the LBR above 

the ceiling.  

 

 

Figure C.9. TCs on LBR firestops above ceiling 

 

3-2 

2-8 

2-6 

4-3 

2-7 

3-1 

N 



APPENDIX C. FIRE TEST RESULTS  

 

380 

 

Figure C.10 shows the temperatures of the firestops above the LBR ceiling space. These 

thermocouple locations are listed in Table C.5.  

 

 
Figure C.10. Firestop temperatures above the LBR ceiling 

 

Table C.5. LBR firestops above ceiling TC list 

2-6 (s) above ceiling on firestop, 0.19m (0.6’) from N column, 0.37m (1.2’) below 

4th floor slab 

2-7 (s) above ceiling on firestop, 0.52m (1.7’) from N column,0.42m (1.4’) below 

4th floor slab 

2-8 (s) above ceiling on firestop, 1.6m (5.2’) from S wall, 0.87m (2.9’) below 4th 

floor slab 

3-1 (s) above ceiling on firestop, 1.4m (4.6’) from S wall, 0.45m (1.5’) below 4th 

floor slab 

3-2 (s) above ceiling on firestop, 0.65m (2.1’) from S wall, 0.1m (0.3’) below 4th 

floor slab 

4-3 (g) above ceiling, SE corner of the W lighting, 2.7m (8.9’) from N wall, 1.4m 

(4.6’) from W wall 
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C.1.6 Active Fire Systems in the LBR and SBR 

Figure C.11 shows the thermocouples that were located on the fire protection systems in 

the LBR and SBR areas.  

 

 

Figure C.11. TC on LBR and SBR fire systems 
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Figure C.12 shows the temperatures recorded of the fire protection systems in the LBR 

and SBR. These thermocouple locations are listed in details in Table C.6. 

  

 
Figure C.12. Temperatures of fire systems in the LBR and SBR 

 

Table C.6. LBR and SBR fire systems TC list 

4-4 (g) south part of fire door frame, 1.88m (6.2’) above floor 

4-5 (g) south part of fire door frame, 0.3m (1’) above floor 

4-6 (s) Fusible link of fire door, 1.5m (4.9’) from N wall, 0.24m (0.8’) below 

ceiling 

4-7 (s) sprinkler head fusible link in the LBR, 1.3m (4.3’) from N wall, 1.8m 

(5.9’) from E wall, 2.8m (9.2’) above floor 

4-8 (s) sprinkler head fusible link in the SBR, 1.3m (4.3’) from N wall 1.4m (4.6’) 

from W wall, 2.8m (9.2’) above floor 

12-1 (g) W wall of SBR gap above the fire door, 1.6m (5.2’) from N wall 

12-2 Corner of the door frame in the partition wall, 2.1m (6.9’) above floor, 1.1m 

(3.6’) from N wall 
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C.1.7 Gap Between Partition Wall and North Wall of Building 

Figure C.13 shows the thermocouples that were located in the gap between the partition 

wall and north wall of the building. 

 

 

Figure C.13. TC in Gap between partition wall and building N wall 
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Figure C.14 shows the temperatures in the gap formed between the partition wall and 

north wall of the building. These thermocouple locations are listed in Table C.7.  

 

 
Figure C.14. Temperatures in the gap between the partition wall and north wall of 

building 

 

Table C.7. Gap between partition wall and building N wall TC list 

6-8 (g) NW corner gap of the SBR 2.7m (8.9’) above floor 

7-1 (g) NW corner gap of the SBR 2.4m (7.9’) above floor 

7-2 (g) NW corner gap of the SBR 2.1m (6.9’) above floor 

7-3 (g) NW corner gap of the SBR 1.8m (5.9’) above floor 

7-4 (g) NW corner gap of the SBR 1.5m (4.9’) above floor 

7-5 (g) NW corner gap of the SBR 1.2m (3.9’) above floor 

7-6 (g) NW corner gap of the SBR 0.9m (3’) above floor 

7-7 (g) NW corner gap of the SBR 0.6m (2’) above floor 

7-8 (g) NW corner gap of the SBR 0.3m (1’) above floor 
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C.1.8 SBR Space Above Ceiling 

Figure C.15 shows the thermocouples that were located in the space above the SBR 

ceiling. 

 

 

Figure C.15. SBR above ceiling space 
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Figure C.16 shows the temperatures in the space of the SBR above the ceiling. These 

thermocouple locations were listed in details in Table C.8. 

 

 

Figure C.16. SBR above ceiling space temperatures 

 

Table C.8. Above SBR ceiling TC list 

8-1 (s) above ceiling of N wall, 1.5m (4.9’) from E wall 

8-2 (s) above ceiling of N wall, 0.9m (3’) from E wall 

8-3 (s) above ceiling of NE corner of the SBR 

8-4 (g) above ceiling of NE corner of the SBR 

8-5 (s) above ceiling of E wall, 0.6m (2’) from N wall 

8-6 (s) above ceiling of E wall, 1.4m (4.6’) from N wall 

8-7 (s) above ceiling of E wall, 2.6m (8.5’) from N wall 

  

0

20

40

60

80

100

120

140

160

180

0 100 200 300 400 500 600 700 800 900 1000

T
em

p
 (

C
) 

Time (s) 

SBR Above Ceiling Space  

8-1

8-2

8-3

8-4

8-5

8-6

8-7



APPENDIX C. FIRE TEST RESULTS 

 

 

387 

 

C.1.9 South Wall of SBR 

Figure C.17 shows the thermocouples that were located on the south wall of the SBR.  

 

 

Figure C.17. TC on south wall of SBR 
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Figure C.18 shows the temperatures in the gaps formed on the south wall of the SBR. 

These thermocouple locations are listed in details in Table C.9.  

 

 

Figure C.18. Temperatures in the gaps of the south wall of SBR 

 

Table C.9. S wall of SBR TC list 

8-8 (g) gap on S wall, 1.12m (3.7’) from SW corner, 2.24 (7.3’) above floor 

9-1 (g) gap on S wall, 1.12m (3.7’) from SW corner, 1.84m (6’) above floor 

9-2 (g) gap on S wall, 1.12m (3.7’) from SW corner 1.16 (3.8’) above floor 

9-3 (g) gap on S wall, 1.12m (3.7’) from SW corner, 0.74 (2.4’) above floor 

9-4 (g) S wall firestop on opening, 0.99m (3.2’) from SW corner, 0.8m (2.6’) 

above floor 

9-5 (g) S wall firestop on opening, 0.83m (2.7’) from SW corner, 0.81m (2.7’) 

above floor 

9-6 (g) E wall to slab firestop gap, 0.19m (0.6’) from SE corner 

9-7 (g) SE corner of SBR, 1.68m (5.5’) above floor 
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C.1.10 North Exterior Wall of Building 

Figure C.19 shows the thermocouples that were placed on the north exterior balloon 

frame of the building.  

 

 

Figure C.19. TC on N balloon frame of building 

 

Figure C.20 shows the north exterior balloon framing temperatures of the building. These 

thermocouple locations are listed in details in Table C.10. 

 

Figure C.20. Temperatures of the north exterior balloon framing of the building 

 

Table C.10. N balloon frame of building TC list 

1-1 (g) NE Balloon Framing from LBR 

1-2 (g) NW balloon framing from LBR 

1-3 (g) Balloon framing from SBR 
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C.1.11 Active Fire Systems Activation Analysis 

Figure C.21 shows the temperatures of the fire door and the SBR sprinkler. The SBR 

sprinkler activated at 66 seconds at 109C (228F). The thermocouple locations are listed in 

Table C.11. 

 

 

Figure C.21. Temperatures of fire door and SBR sprinkler 

 

Table C.11. Fire door and SBR sprinkler TC list 

4-6 (s) Fusible link of fire door, 1.5m (4.9’) from N wall, 0.24m (0.8’) below 

ceiling 

4-7 (s) sprinkler head fusible link in the LBR, 1.3m (4.3’) from N wall, 1.8m 

(5.9’) from E wall, 2.8m (9.2’) above floor (NO DATA, TC Malfunctioned) 

4-8 (s) sprinkler head fusible link in the SBR, 1.3m (4.3’) from N wall 1.4m (4.6’) 

from W wall, 2.8m (9.2’) above floor 
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C.2 SBR FIRE TEST TEMPERATURES 

C.2.1 Thermocouple Trees 

Figure C.22 shows the TC trees that were placed in the LBR and the SBR. Figure C.23 

shows the TC trees that were placed above the ceiling of the LBR and SBR.  

 

 

Figure C.22. TC Trees in the SBR and LBR 
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Figure C.23. TC trees above ceiling of LBR and SBR 
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Figure C.24 shows the temperatures recorded by the thermocouple trees in the SBR and 

space above the SBR ceiling. The thermocouple location details are listed in Table C.12.  

 

 
Figure C.24. SBR and space above SBR ceiling temperatures 
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Table C.12. SBR TC trees list 

10-1 

TC tree below ceiling of LBR starting with 11-2 starting on the floor slab and 

increasing by 0.3m (1ft) increments to 10-1 on top at 2.7m (8.9ft) 

10-2 

10-3 

10-4 

10-5 

10-6 

10-7 

10-8 

11-1 

11-2 

11-3 

TC tree hanging from 4
th

 floor slab above ceiling of LBR starting with 11-7 

right above ceiling and increasing in 0.3m (1ft) increments to 11-3 being on 

top 

11-4 

11-5 

11-6 

11-7 
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Figure C.25 shows the temperatures recorded by the thermocouple trees in the LBR and 

space above the LBR ceiling. The thermocouple location details are listed in Table C.13.  

 

 

Figure C.25. LBR and space above LBR ceiling temperatures 
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C.2.2 SBR Above Ceiling Space 

Figure C.26 shows the thermocouples that were located in the space above the SBR 

ceiling. 

 

 

Figure C.26. SBR above ceiling space 
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Figure C.27 shows the temperatures in the space of the SBR above the ceiling. These 

thermocouple locations were listed in details in Table C.14.  

 

 

Figure C.27. SBR above ceiling space temperatures 

 

Table C.14. Above SBR ceiling TC list 

8-1 (s) above ceiling of N wall, 1.5m (4.9’) from E wall 

8-2 (s) above ceiling of N wall, 0.9m (3’) from E wall 

8-3 (s) above ceiling of NE corner of the SBR 

8-4 (g) above ceiling of NE corner of the SBR 

8-5 (s) above ceiling of E wall, 0.6m (2’) from N wall 

8-6 (s) above ceiling of E wall, 1.4m (4.6’) from N wall 

8-7 (s) above ceiling of E wall, 2.6m (8.5’) from N wall 
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Gap between Partition wall and north wall of building Figure C.28 shows the 

thermocouples that were located in the gap between the partition wall and north wall of 

the building. 

 

 

Figure C.28. TC in Gap between partition wall and building N wall 
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Figure C.29 shows the temperatures in the gap formed between the partition wall and 

north wall of the building. These thermocouple locations are listed in Table C.15.  

 

 
Figure C.29. Temperatures in the gap between the partition wall and north wall of 

building 

 

Table C.15. Gap between partition wall and building N wall TC list 

6-8 (g) NW corner gap of the SBR 2.7m (8.9’) above floor 

7-1 (g) NW corner gap of the SBR 2.4m (7.9’) above floor 

7-2 (g) NW corner gap of the SBR 2.1m (6.9’) above floor 

7-3 (g) NW corner gap of the SBR 1.8m (5.9’) above floor 

7-4 (g) NW corner gap of the SBR 1.5m (4.9’) above floor 

7-5 (g) NW corner gap of the SBR 1.2m (3.9’) above floor 

7-6 (g) NW corner gap of the SBR 0.9m (3’) above floor 

7-7 (g) NW corner gap of the SBR 0.6m (2’) above floor 

7-8 (g) NW corner gap of the SBR 0.3m (1’) above floor 
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C.2.3 South Wall of SBR 

Figure C.30 shows the thermocouples that were located on the south wall of the SBR.  

 

 

Figure C.30. TC on S wall of SBR 
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Figure C.31 shows the temperatures in the gaps formed on the south wall of the SBR. 

These thermocouple locations are listed in details in Table C.16. 

 

 

Figure C.31. Temperatures in the gaps of the south wall of SBR 

 

Table C.16. S wall of SBR TC list 

8-8 (g) gap on S wall, 1.12m (3.7’) from SW corner, 2.24 (7.3’) above floor 

9-1 (g) gap on S wall, 1.12m (3.7’) from SW corner, 1.84m (6’) above floor 

9-2 (g) gap on S wall, 1.12m (3.7’) from SW corner 1.16 (3.8’) above floor 

9-3 (g) gap on S wall, 1.12m (3.7’) from SW corner, 0.74 (2.4’) above floor 

9-4 (g) S wall firestop on opening, 0.99m (3.2’) from SW corner, 0.8m (2.6’) 

above floor 

9-5 (g) S wall firestop on opening, 0.83m (2.7’) from SW corner, 0.81m (2.7’) 

above floor 

9-6 (g) E wall to slab firestop gap, 0.19m (0.6’) from SE corner 

9-7 (g) SE corner of SBR, 1.68m (5.5’) above floor 
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C.2.4 LBR Column Gap 

Figure C.32 shows the thermocouples that were located in the gaps formed between the 

north column and west and north walls of the LBR and the thermocouples that were 

located in the cracks formed on the south wall of the LBR.  

 

 

Figure C.32. TC in the LBR column gaps and south wall cracks 
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Figure C.33 shows the temperatures of the thermocouples recorded inside the column 

gaps and south wall of LBR cracks. These thermocouple locations are listed in detail in 

Table C.17. 

 

 
Figure C.33. LBR column and south wall gap temperatures 

 

Table C.17. LBR column gaps and S wall cracks TC list 

1-4 (g) On the SW corner gap of the N column, 0.59m (1.94’) above floor 

1-5 (g) On the SW corner gap of the N column, 2.03m (6.66’) above floor 

1-6 (g) On the SW corner gap of the N column, 0.1m (0.33’) below ceiling 

1-7 (g) SW corner of room, 1.22m (4.00’) above floor (LBR temp) 

1-8 (g) SW corner of room, 1.24m (4.07’) above floor (stair landing temp) 

2-1 (g) on the NE corner gap of the N column 0.6m (1.97’) above floor  

2-2 (g) on the NE corner gap of the N column 2m (6.56’) above floor 

2-3 (g) on the NE corner gap of the N column 2.7m (8.86’) above floor 
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C.2.5 LBR Above Ceiling Space 

Figure C.34 shows the thermocouples that were placed in the space above the ceiling of 

the LBR.  

 

 

Figure C.34. TCs above LBR ceiling 

4-2 

4-1 
3-8 

3-7 

3-6 

3-5 

3-4 

3-3 

2-4 

2-5 

N 



APPENDIX C. FIRE TEST RESULTS 

 

 

405 

 

Figure C.35 shows the temperatures recorded by the thermocouples above the LBR 

ceiling space. These thermocouple locations are listed in details in Table C.18. 

 

 
Figure C.35. Space above LBR ceiling temperatures 

 

Table C.18. LBR above ceiling TC list 

2-4 (s) on the NW corner diffuser  

2-5 (s) on the NW corner diffuser 

3-3 (g) above ceiling on SW corner gap of the N column, .32 above ceiling 

3-4 (s) above ceiling of the W wall, 0.13m (0.43’) from N column 

3-5 (s) above ceiling of the W wall, 1.5m (4.92’) from S wall 

3-6 (s) above ceiling of the W wall, 0.1m (0.3’) from S wall 

3-7 (s) above ceiling of the N wall, 0.3m (1’) from N column 

3-8 (s) above ceiling of the N wall, 0.7m (2.3’) from N column 

4-1 (s) above ceiling of the N wall, 1.2m (3.9’) from N column 

4-2 (s) above ceiling of the N wall, 2.4m (7.9’) from N column 
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C.2.6 Firestops Above LBR Ceiling 

Figure C.36 shows the thermocouples that were placed on the firestops in the LBR above 

the ceiling.  

 

 

Figure C.36. TCs on LBR firestops above ceiling 
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Figure C.37 shows the temperatures of the firestops above the LBR ceiling space. These 

thermocouple locations are listed in Table C.19.  

 

 
Figure C.37. Firestop temperatures above the LBR ceiling 

 

Table C.19. LBR firestops above ceiling TC list 

2-6 (s) above ceiling on firestop, 0.19m (0.6’) from N column, 0.37m (1.2’) below 

4th floor slab 

2-7 (s) above ceiling on firestop, 0.52m (1.7’) from N column,0.42m (1.4’) below 

4th floor slab 

2-8 (s) above ceiling on firestop, 1.6m (5.2’) from S wall, 0.87m (2.9’) below 4th 

floor slab 

3-1 (s) above ceiling on firestop, 1.4m (4.6’) from S wall, 0.45m (1.5’) below 4th 

floor slab 

3-2 (s) above ceiling on firestop, 0.65m (2.1’) from S wall, 0.1m (0.3’) below 4th 

floor slab 

4-3 (g) above ceiling, SE corner of the W lighting, 2.7m (8.9’) from N wall, 1.4m 

(4.6’) from W wall 
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C.2.7 Active Fire Systems in the LBR and SBR 

Figure C.38 shows the thermocouples that were located on the fire protection systems in 

the LBR and SBR areas.  

 

 

Figure C.38. TC on LBR and SBR fire systems 
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Figure C.39 shows the temperatures recorded of the fire protection systems in the LBR 

and SBR. These thermocouple locations are listed in details in Table C.20.  

 

 
Figure C.39. Temperatures of fire systems in the LBR and SBR 

 

Table C.20. LBR and SBR fire systems TC list 

4-4 (g) south part of fire door frame, 1.88m (6.2’) above floor 

4-5 (g) south part of fire door frame, 0.3m (1’) above floor 

4-6 (s) Fusible link of fire door, 1.5m (4.9’) from N wall, 0.24m (0.8’) below 

ceiling 

4-7 (s) sprinkler head fusible link in the LBR, 1.3m (4.3’) from N wall, 1.8m 

(5.9’) from E wall, 2.8m (9.2’) above floor 

4-8 (s) sprinkler head fusible link in the SBR, 1.3m (4.3’) from N wall 1.4m (4.6’) 

from W wall, 2.8m (9.2’) above floor 

12-1 (g) W wall of SBR gap above the fire door, 1.6m (5.2’) from N wall 

12-2 Corner of the door frame in the partition wall, 2.1m (6.9’) above floor, 1.1m 

(3.6’) from N wall 
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C.2.8 North Exterior Wall of Building  

Figure C.40 shows the thermocouples that were placed on the north exterior balloon 

frame of the building.  

 

 

Figure C.40. TC on N balloon frame of building 

 

Figure C.41 shows the north exterior balloon framing temperatures of the building. These 

thermocouple locations are listed in details in Table C.21. 

 

 

Figure C.41. Temperatures of the north exterior balloon framing of the building 

 

Table C.21. N balloon frame of building TC list 
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C.2.9 Active Fire Systems Activation 

Figure C.42 shows the temperature of the SBR sprinkler. The graph indicates the SBR 

sprinkler activated at 21 seconds at 100C (212F). Although thermocouple 4-7 

malfunctioned, post fire test visual inspection revealed the LBR sprinkler did not activate. 

The thermocouple location is listed in detail in Table C.22. 

 

 

Figure C.42. SBR sprinkler temperatures 

 

Table C.22. SBR and LBR sprinkler TC list 

4-7 (s) sprinkler head fusible link in the LBR, 1.3m (4.3’) from N wall, 1.8m 

(5.9’) from E wall, 2.8m (9.2’) above floor (NO DATA, TC Malfunctioned) 

4-8 (s) sprinkler head fusible link in the SBR, 1.3m (4.3’) from N wall 1.4m (4.6’) 

from W wall, 2.8m (9.2’) above floor 
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C.3 LBR FIRE TEST 2 TEMPERATURES 

C.3.1 LBR Thermocouple Tree 

Figure C.43 shows the thermocouple tree located inside the LBR and Figure C.44 shows 

the thermocouple tree located above the SBR and LBR ceiling. 

 

 

Figure C.43. TC tree in LBR 
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Figure C.44. TC trees above LBR and SBR ceiling 
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Figure C.45 shows the temperature data in the LBR and the space above the LBR ceiling 

space. Figure C.46 shows the temperature data in the space above the SBR ceiling space. 

Table C.23 lists the locations of the LBR thermocouple tree and Table C.24 lists the 

locations of the thermocouple trees above the LBR and SBR ceiling space.  

 

 

Figure C.45. LBR and LBR above ceiling TC tree temperatures 
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Figure C.46. SBR above ceiling TC tree temperatures 
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C.3.2 LBR Column Gap and South Wall of LBR Gap 

Figure C.47 shows the thermocouples that were located in the gaps formed between the 

north column and west and north walls of the LBR and the thermocouples that were 

located in the cracks formed on the south wall of the LBR.  

 

 

Figure C.47. TC in gaps in LBR column and in SW corner of LBR 
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Figure C.48 shows the temperatures of the LBR column and south wall gaps. These 

thermocouple locations are shown in Table C.25.  

 

 

Figure C.48. LBR column gap temperatures 

 

Table C.25. LBR column and SW corner of LBR gaps TC list 

1-4 (g) On the SW corner gap of the N column, 0.59m (1.9’) above floor 
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1-7 (g) SW corner of room, 1.22m (4’) above floor, (LBR temp) 

1-8 (g) SW corner of room, 1.24m (4.1’) above floor (stair landing temp) 

2-1 (g) on the NE corner gap of the N column 0.6m (2’) above floor  

2-2 (g) on the NE corner gap of the N column 2m (6.6’) above floor 

2-3 (g) on the NE corner gap of the N column 2.7m (8.9’) above floor 
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C.3.3 LBR Above Ceiling 

Figure C.49 shows the thermocouples located in the space above the LBR ceiling.  

 

 

Figure C.49. TC above LBR ceiling 
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Figure C.50 shows the temperatures above the ceiling space of the LBR. These 

thermocouple locations are listed in details in Table C.26.  

 

 

Figure C.50. LBR above ceiling temperatures 

 

Table C.26. Above LBR ceiling TC list 
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(4.6’) from W wall 

2-4 (s) on the NW corner diffuser  

2-5 (s) on the NW corner diffuser 

3-3 (g) above ceiling on SW corner gap of the N column, 0.32m (1.1’) above 
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C.3.4 Firestop Above LBR Ceiling 

Figure C.51 shows the thermocouples located on the firestops above the LBR ceiling.  

 

 

Figure C.51. TC on LBR firestops above ceiling 
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Figure C.52 shows the temperatures of the firestops above the LBR ceiling. These 

thermocouple locations are listed in details in Table C.27. 

 

 

Figure C.52. LBR firestops above the ceiling temperatures 
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C.3.5 Partition Wall Gap 

Figure C.53 shows the thermocouples located in the gap formed between the partition 

wall and the north wall of the building.  

 

 

Figure C.53. TC in gap between partition wall and N wall of building 
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Figure C.54 shows the thermocouple temperatures in the gap between the partition wall 

and the north wall of the building. These thermocouple locations are listed in details in 

Table C.28. 

 

 

Figure C.54. Partition wall gap temperatures 

 

Table C.28. Gap between LBR and N wall of building TC list 
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4-8 (g) NW corner gap of the SBR 0.6m (2’) above floor 

5-1 (g) NW corner gap of the SBR 0.3m (1’) above floor 
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C.3.6 Active Fire Systems 

Figure C.55 shows the thermocouples located on the active fire protection systems in the 

LBR and SBR. 

 

 

Figure C.55. TC on LBR and SBR fire systems 
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Figure C.56 shows the temperature data of the active fire protection systems in the LBR 

and SBR. These thermocouple locations are listed in details in Table C.29. 

 

 

Figure C.56. Temperatures of the active fire systems in the LBR and SBR 

 

Table C.29. LBR and SBR fire system TC list 
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ceiling 

5-5 (g) W wall of SBR gap above the fire door, 1.6m (5.2’) from N wall 
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E wall, 2.8m (9.2’) above floor 
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C.3.7 South Wall of SBR Gaps 

Figure C.57 shows the thermocouples located in the south wall gaps in the SBR. 

 

 

Figure C.57. TC on S wall of SBR 
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Figure C.58 shows the temperature data on the gaps of the south wall of the SBR. These 

thermocouple locations are listed in details in Table C.30.  

 

 

Figure C.58. SBR south wall gap temperatures 

 

Table C.30. S wall of SBR TC list 

12-1 (g) gap on S wall, 1.12m (3.7’) from SW corner, 2.24 (7.3’) above floor 

12-2 (g) gap on S wall, 1.12m (3.7’) from SW corner, 1.84m (6’) above floor 

12-3 (g) gap on S wall, 1.12m (3.7’) from SW corner 1.16 (3.8’) above floor 

12-4 (g) gap on S wall, 1.12m (3.7’) from SW corner, 0.74 (2.4’) above floor 

12-5 (g) S wall firestop on opening, 0.99m (3.2’) from SW corner, 0.8m (2.6’) 

above floor 

12-6 (g) S wall firestop on opening, 0.83m (2.7’) from SW corner, 0.81m (2.7’) 

above floor 

12-7 (g) E wall to slab firestop gap, 0.19m (0.6’) from SE corner 

12-8 (g) SE corner of SBR, 1.68m (5.5’) above floor 
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C.3.8 Exterior Gas Temperatures 

Figure C.59 shows the thermocouples located on the north exterior balloon frame and a 

thermocouple tree sticking out of the LBR window. 

 

 

Figure C.59. TC on N wall balloon frame and TC tree hanging out on west of LBR 

window 
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Figure C.60 shows the temperature data on the exterior north balloon frame and the 

temperature of the hot gases leaving the LBR window. The thermocouple locations are 

listed in details in Table C.31. 

 

 

Figure C.60. Exterior gas temperatures 

 

Table C.31. List of N wall balloon frame TC and TC tree hanging out on west of 

LBR window 

1-1 (g) NE Balloon Framing from LBR 

1-2 (g) NW balloon framing from LBR 

9-1 

0.25m (10in) from the W side of LBR window frame, spaced 0.3m (1ft) 

vertically and horizontally 

9-2 

9-3 

9-4 

9-5 

9-6 

9-7 

9-8 

10-1 

0

100

200

300

400

500

600

700

0 100 200 300 400 500 600 700 800 900

T
em

p
 (

C
) 

Time (s) 

North Balloon Frame Exterior 

1-1

1-2

9-1

9-2

9-3

9-4

9-5

9-6

9-7

9-8

10-1



APPENDIX C. FIRE TEST RESULTS  

 

430 

 

Figure C.61 shows the thermocouples located on the north exterior balloon frame and a 

thermocouple tree sticking out of the LBR window. 

 

 

Figure C.61. TC tree hanging out on east of LBR window 
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Figure C.62 shows the temperature data of the temperature of the hot gases leaving the 

LBR window. The thermocouple locations are listed in details in Table C.32. 

 

 

Figure C.62. TC tree out of LBR window temperatures 
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C.3.9 Fire Damper 

Figure C.62 shows the thermocouples located in the HVAC duct behind the fire dampers.  

 

 

Figure C.63. TC on HVAC duct dampers 
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Figure C.64 shows the temperature data of the HVAC ducts right behind the fire dampers. 

These thermocouple locations are listed with details in Table C.33.  

 

 

Figure C.64. HVAC duct temperatures behind the fire dampers 

 

Table C.33. HVAC duct dampers TC list 

11-5 Damper in the stairwell landing area 

11-6 Damper in elevator shaft area 

 

0

50

100

150

200

250

0 100 200 300 400 500 600 700 800 900

T
em

p
 (

C
) 

Time (s) 

Fire Dampers 

11-5

11-6



APPENDIX C. FIRE TEST RESULTS  

 

434 

 

C.3.10 Active Fire Systems Activation 

Figure C.65 shows the temperature of the fire door and SBR and LBR sprinklers.. The 

LBR sprinkler activated after 28 seconds at 107C (224F) and the SBR sprinkler activated 

after 44 seconds at 59C (138F). The fire door activated after 51 seconds at 163C (325F). 

These thermocouple locations are listed with details in Table C.34. 

 

 

Figure C.65. Fire door and LBR and SBR sprinkler temperatures 
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Table C.34. LBR and SBR fire system TC list 

5-2 (g) south part of fire door frame, 1.88m (6.2’) above floor 

5-3 (g) south part of fire door frame, 0.3m (1’) above floor 

5-4 (s) Fusible link of fire door, 1.5m (4.9’) from N wall, 0.24m (0.8’) below 

ceiling 

5-5 (g) W wall of SBR gap above the fire door, 1.6m (5.2’) from N wall 

5-6 Corner of the door frame between the SBR and LBR, 2.1m (6.9’) above floor, 

1.1m (3.6’) from N wall 

5-7 (s) SBR sprinkler head fusible link 1.3m (4.3’) from N wall, 1.4m (4.6’) from 

W wall 2.8m (9.2’) above floor 

5-8 (s) LBR sprinkler head fusible link, 1.3m (4.3’) from N wall, 1.8m (5.9’) from 

E wall, 2.8m (9.2’) above floor 
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C.4 ES FIRE TEST TEMPERATURES 

C.4.1 TC Trees in the Corridor and LBR Above Ceiling 

Figure C.66 shows the thermocouple trees located in the corridor and space above the 

LBR ceiling.  

 

 

Figure C.66. TC trees in corridor and above LBR ceiling 
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Figure C.67 shows the temperature of the TC tree thermocouples located in the corridor. 

These thermocouple locations are listed with details in Table C.35. 

 

 

Figure C.67. Thermocouple tree temperatures in the corridor 
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Figure C.68 shows the temperature of the TC tree thermocouples located in the space 

above the LBR ceiling. These thermocouple locations are listed with details in Table 

C.36. 

 

 

Figure C.68. LBR above ceiling TC tree temperatures 
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C.4.2 LBR Above Ceiling 

Figure C.69 shows the thermocouples that were located in the space above the LBR 

ceiling.  

 

 

Figure C.69. TC above LBR ceiling 
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Figure C.70 shows the temperatures of the space above the LBR ceiling. These 

thermocouple locations are listed with details in Table C.37.  

 

 

Figure C.70. LBR space above the ceiling temperatures 
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C.4.3 LBR Column Gap 

Figure C.71 shows the thermocouple locations inside the gaps created between the LBR 

column and the west and north walls as well as the gaps formed in the south wall of the 

LBR.  

 

 

Figure C.71. TC on LBR SW corner and column gap 
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Figure C.72 shows the temperatures in the gaps between the LBR column and west and 

north wall of the LBR as well as the gaps formed in the south wall of the LBR. These 

thermocouple locations are listed with details in Table C.38.  

 

 
Figure C.72. LBR Column and south wall gap temperatures 
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C.4.4 LBR/Corridor Firestops 

Figure C.73 shows the thermocouples that were placed on both sides of the firestops 

above the LBR ceiling.  

 

 

Figure C.73. TC on both sides of firestops above LBR ceiling 
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Figure C.74 shows the firestop temperatures on both sides. These thermocouple locations 

are listed with details in Table C.39.  

 

 

Figure C.74. Firestop temperatures on both sides 
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Table C.39. LBR above ceiling firestops TC list 

2-6 (s) above ceiling on firestop, 0.19m (0.6’) from N column, 0.37m (1.2’) 

( below 4th floor slab 

2-7 (s) above ceiling on firestop, 0.52m (1.7’) from N column 0.42m (1.4’) below 

4th floor slab 

2-8 (s) above ceiling on firestop, 1.6m (5.2’) from S wall 0.87m (2.9’) below 4th 

floor slab 

3-1 (s) above ceiling on firestop, 1.4m (4.6’) from S wall 0.45m (1.5’) below 4th 

floor slab 

3-2 (s) above ceiling on firestop, 0.65m (2.1’) from S wall 0.1m (0.3’) below 4th 

floor slab 

4-1 
(s) firestop on E wall of corridor, 3.4m (11.1’) above floor 0.6m (2’) from N 

wall of building 

4-2 
(s) firestop on E wall of corridor, 3.4m (11.1’) above floor 1.1m (3.6’) from N 

wall of building 

4-3 
(s) firestop on E wall of corridor, 0.86m (2.8’) below 4

th
 floor slab, 1.05m 

(3.4’) from corridor S wall 

4-4 
(s) firestop on E wall of corridor, 0.38m (1.2’) below 4

th
 floor slab, 0.9m (3’) 

from S wall of corridor 

4-5 
(s) firestop on E wall of corridor, 0.06m (0.2’) below 4

th
 floor slab, 0.06m 

(0.2’) from S wall of corridor 
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C.4.6 Corridor Firestops and North of Elevator Shaft 

Figure C.75 shows the thermocouples located on the firestops on the south wall of the 

corridor and on the space on the north wall of the elevator shaft and north wall of the 

building. 

 

 

Figure C.75. TC on S wall of corridor firestops 
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Figure C.76 shows the corridor firestops and north of elevator shaft temperatures. These 

thermocouple locations are listed with details in Table C.40.  

 

 
Figure C.76. Corridor firestops and north of elevator shaft temperatures 
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C.4.7 4
th

 Floor North of Elevator Shaft 

Figure C.77 shows the thermocouple locations on the north of the elevator shaft on the 4
th

 

floor. 

 

 

Figure C.77. TC on 4th floor firestops N of shaft 
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Figure C.78 shows the 4
th

 floor north of elevator shaft temperatures. These thermocouple 

locations are listed with details in Table C.41.  

 

 

Figure C.78. 4
th

 floor north of elevator shaft temperatures 
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C.4.9 4
th

 Floor West of Elevator Shaft 

Figure C.79 shows the thermocouples that were placed on the 4
th

 floor vents and west of 

the elevator shaft.  

 

 

Figure C.79. TC on 4th floor vents and W of shaft firestops 
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Figure C.80 shows the temperatures of the vents and firestops in the 4
th

 floor west of the 

shaft. These thermocouple locations are listed with details in Table C.42.  

 

 
Figure C.80. 4

th
 floor west of shaft and vents temperatures 
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C.4.11 Exterior Gas Temperatures 

Figure C.81 shows the thermocouples that were located on the north and west exterior 

balloon frames. 

 

 
Figure C.81. TC on N and W exterior balloon framing walls 
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Figure C.82 shows the temperatures of the north and west exterior balloon frames. These 

thermocouple locations are listed with details in Table C.43. 

 

 
Figure C.82. North and west exterior balloon frame temperatures 
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C.4.12 Inside the Elevator Shaft 

Figure C.83 shows the thermocouple tree located inside the elevator shaft. 

 

 

Figure C.83. TC inside elevator shaft from 5th to 3rd floor 
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Figure C.84 shows the temperature inside the elevator shaft from the 3
rd

 floor up. These 

thermocouple locations are listed with details in Table C.44. 

 

 

Figure C.84. Temperature inside the elevator shaft 
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C.5 EL-1 FIRE TEST TEMPERATURES 

C.5.1 TC Trees in the EL 

Figure C.85 shows the two thermocouple trees placed in the EL area.  

 

 

Figure C.85. TC trees in EL 
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Figure C.86 shows the temperature in front of the elevator door. These thermocouple 

locations are listed with details in Table C.45. 

 

 

Figure C.86. Temperature in front of the elevator door 
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Figure C.87 shows the temperature of the SW corner of the EL. These thermocouple 

locations are listed with details in Table C.46.  

 

 

Figure C.87. Temperature in the SW corner of the EL 
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C.5.2 TC Trees Above the EL Ceiling 

Figure C.88 shows the two thermocouple trees located above the ceiling of the EL. One 

thermocouple tree was located on the NW corner and the other was located on the SE 

corner.  

 

 

Figure C.88. TC trees above EL ceiling 
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Figure C.89 shows the SE corner temperature above the EL ceiling. These thermocouple 

locations are listed with details in Table C.47.  

 

 
Figure C.89. Temperature of the SE corner space above the EL ceiling 
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Figure C.90 shows the NW corner temperature above the EL ceiling. These thermocouple 

locations are listed with details in Table C.48.  

 

 

Figure C.90. Temperature of the NW corner space above the EL ceiling 
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C.5.4 Inside Elevator Shaft 

Figure C.91 shows the thermocouple tree located inside the elevator shaft. 

 

 

Figure C.91. TC inside elevator shaft from 5th to 3rd floor 
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Figure C.92 shows the temperature inside the elevator shaft from the 3
rd

 floor up. These 

thermocouple locations are listed with details in Table C.49. 

 

 

Figure C.92. Inside the shaft temperature 
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C.5.5 Exterior Gas Temperatures 

Figure C.93 shows the thermocouples that were located on the south and west exterior 

balloon frames. 

 

 

Figure C.93. TC on S and W exterior balloon framing walls
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Figure C.94 shows the temperatures of the north and west exterior balloon frames. These 

thermocouple locations are listed with details in Table C.50. 

 

 

Figure C.94. TC on S and W exterior balloon framing walls 
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C.5.7 HVAC Duct and Vent 

Figure C.95 shows the thermocouples that were located in the HVAC duct behind the fire 

damper in the 3
rd

 floor stair landing and the vent in the 4
th

 floor.  

 

 

Figure C.95. TC in HVAC duct damper and 4th floor vent 
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Figure C.96 shows the HVAC duct and vent temperatures. These thermocouple locations are 

listed with details in Table C.51. 

 

 

Figure C.96. HVAC duct and vent temperatures 
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C.6 EL-2 FIRE TEST TEMPERATURES 

C.6.1 TC Trees in the EL 

Figure C.97 shows the two thermocouple trees placed in the EL area.  

 

 

Figure C.97. TC trees in EL 
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Figure C.98 shows the temperature in front of the elevator door. These thermocouple locations 

are listed with details in Table C.52. 

 

 

Figure C.98. Temperature in front of the elevator door 
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Figure C.99 shows the temperature of the SW corner of the EL. These thermocouple locations 

are listed with details in Table C.53.  

 

 

Figure C.99. Temperature in the SW corner of the EL 
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C.6.2 TC Trees Above the EL Ceiling 

Figure 8.54 shows the two thermocouple trees located above the ceiling of the EL. One 

thermocouple tree was located on the NW corner and the other was located on the SE corner.  

 

 

Figure C.100. TC trees above EL ceiling 
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Figure C.101 shows the SE corner temperature above the EL ceiling. These thermocouple 

locations are listed with details in Table C.54.  

 

 
Figure C.101. Temperature of the SE corner space above the EL ceiling 
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Figure C.102 shows the NW corner temperature above the EL ceiling. These thermocouple 

locations are listed with details in Table C.55.  

 

 

Figure C.102. Temperature of the NW corner space above the EL ceiling 
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C.6.4 Inside Elevator Shaft 

Figure C.103 shows the thermocouple tree located inside the elevator shaft. 

 

 

Figure C.103. TC inside elevator shaft from 5th to 3rd floor 

 

  

N 

2-5 
2-4 

2-3 
2-2 

1-8 

1-6 

1-4 

1-2 

2-1 

1-7 

1-5 

1-3 

1-1 



APPENDIX C. FIRE TEST RESULTS 

 

 

475 

 

Figure C.104 shows the temperature inside the elevator shaft from the 3
rd

 floor up. These 

thermocouple locations are listed with details in Table C.56. 

 

 

Figure C.104. Inside the shaft temperature 
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C.6.5 Exterior Gas Temperatures 

Figure C.105 shows the thermocouples that were located on the south and west exterior balloon 

frames. 

 

 

Figure C.105. TC on S and W exterior balloon framing walls
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Figure C.106 shows the temperatures of the north and west exterior balloon frames. 

These thermocouple locations are listed with details in Table C.57. 

 

 

Figure C.106. TC on S and W exterior balloon framing walls 
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C.6.6 HVAC Duct and Vent 

Figure C.107 shows the thermocouples that were located in the HVAC duct behind the 

fire damper in the 3
rd

 floor stair landing and the vent in the 4
th

 floor.  

 

 

Figure C.107. TC in HVAC duct damper and 4th floor vent 
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Figure C.108 shows the HVAC duct and vent temperatures. These thermocouple 

locations are listed with details in Table C.58. 

 

 

Figure C.108. HVAC duct and vent temperatures 
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D FIRE RISK MANAGEMENT PLAN 

D.1 SAFETY PROTOCOL DURING FIRE TESTS 

Safety during fire tests generally follows the site safety protocol including the need for 

hard hats, safety glasses and closed-toed boots. In addition, at the request of the UCSD 

EH&S Department, no one was allowed to remain in the building during fire tests, and the 

San Diego Fire Department (SDFD) was required to be on site. Unlike the seismic motion 

tests, there was no alarming system as the pressurization of the pump was not involved. 

Therefore, before the fire tests, the fire test operators confirmed that the building was 

cleared out, and another safety observer in the ground level blocked any incoming person 

to the building at the same time. The readiness of the SDFD was also confirmed. Since the 

building was tall, and located in a windy environment, a remote personal communication 

device was required to control human flow at the time of ignition. Once accessible route 

of evacuation for the fire test operators was ready, the heptane pan fire was ignited by a 

designated test operator who wore fire protection jacket and face shield. Before each fire 

test, dress rehearsal was performed to make sure that test operators were ready and 

preparation of the fire test was completed.  

It was confirmed that the SDFD would be present 4 hours per day to ensure the fire 

safety. It was planned to begin the fire test around 9 AM each day as test operators could 

prepare things not being in a hurry before the fire test, and this timing matched the 

schedule of SDFD availability (nominally 9AM – 1PM). 

D.2 EMERGENCY CONDITION AND FIRE DEPARTMENT INVOLVEMENT 

Since the building was in a damaged state by earthquake motion tests, and various 

unknown factors such as wind direction, and humidity were involved, it was very difficult 

to predict fire phenomena in advance. In addition, the fire was not directly watched by 

nearby fire test operators (i.e., from within the building) at the direction of UCSD EH&S. 

To compensate for lack of personnel within the building during testing, the internal 

compartment temperatures, and fire test scene were monitored by fire test operators in the 

ground level, and for any emergency situations, the SDFD were ready take action as they 
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deemed appropriate. A request was \made to the SDFD, that if possible, any manual 

extinguishments would involve use of a fog nozzle to minimize physical damage to 

sensors from a high-pressure hose stream.  

Expected phenomena during fire tests were as below.  

- Light smoke can come out through window openings. 

- Flame tip can be seen through window openings. 

- The paper on the surface of the gypsum wall board (GWB) will ignite and burn, 

especially within the small burn room. 

- Minor flame and smoke spread may occur to adjacent compartments in relation to 

the damage state of the building.  

In the unlikely event of fire spread beyond the compartment of origin, fire department 

intervention would be requested: 

- If there is a severe heptane leak which can be seen via the camera. 

- If flame spread is observed on the surface of the exterior wall as ignited through 

the window openings.  

- If structural components become weak due to high heat and the exterior balloon 

framing is detached from main body of the building  

- If there is a request from the chief fire test operator based on real-time 

observations of the fire test. 

D.3 OVERALL PROCEDURE FOR FIRE TESTS 

A Ph.D. student at Worcester Polytechnic Institute (WPI), Haejun Park took the lead for 

instrumentation, and in running fire tests assigning missions to two Master students at 

WPI, AJ Campanella, and Jin Kyung Kim.  

1. Check of building status and safety prior to fire testing 

a. Checked the building’s structural integrity and for any possible falling 

items (conducted by seismic / structural engineers) 

b. Confirmed that pressure was bled out from fire sprinkler system on the 

third floor 

c. Confirmed that electricity was provided to the building 

d. Confirmed that no hazardous and combustible fuel gas existed in the 

building 

2. Preparation of the room of fire test  

a. Removed unnecessary fuel items in the room of origin and clean the space 

b. Marked and drew necessary information such as ruler in the wall to check 

the smoke layer height or the area where care should be taken 
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3. Instrumentation 

a. Moved necessary equipment and tools to the fire test floor 

b. Located the DAQ system  

c. Installed TCs 

d. Connected DAQ system with TCs 

e. Checked the TC values with DAQ system in operation 

f. Installed video recording system 

g. Checked the video recording system’s functionality 

4. Preparation of fire tests 

a. Prepared the fire test room by closing (or opening) doors 

b. Located the heptane and retention pans 

c. Brought the proper amount of heptane fuel to the room of origin from the 

storage space 

d. Had emergency personnel ready in site 

5. Initiation of fire tests 

a. Followed safety protocol as outlined above (clear building, check FD status) 

b. Started DAQ and ignited the fire 

c. Moved out from the room of the origin and monitor temperatures 

d. Watched for fire to terminate via camera link 

e. Lead fire test operator to reviewed building, with FD personnel at their 

discretion 

f. Lead fire test operator called ‘all clear’ 

6. Finishing fire tests 

a. Finish the test and let the room be cooled down 

Cleaned the fire space and prepared for the next test following the protocol above 

D.4 MANAGEMENT OF FIREFIGHTING RUN-OFF WATER 

D.4.1 Amount of Water Involved in Tests 

An automatic sprinkler system was installed in the building, and was be exposed to 

seismic and fire tests. A common sprinkler system was connected to the city water main or 

pumps and often times, water damage can become an issue when sprinklers are activated. 

For the BNCS project tests, the automatic sprinkler system was charged with water by 

either using a pump or city main supply. Once sufficient volume of water was charged, the 

water supply was disconnected from the automatic sprinkler system. As a result, in the 

worst case scenarios such as pipe rupture, the amount of water released would be limited 

to only the amount stored in the sprinkler pipe system. The estimated amount of water was 
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calculated by Western Fire Protection, who installed the sprinkler system in the building. 

About 15 gallons of water was stored per floor resulting in a total of 75 gallons of water in 

the entire building. Therefore, there would have been little or no possibility of water 

damage from the automatic sprinkler. In addition, during the fire tests, most the water in 

the sprinkler system was drained out just to test sprinkler activation. 

D.4.2 Firefighting Method for Heptane Fuel 

Heptane was used as a source of fuel in the fire tests. Heptane is considered a flammable 

liquid with density of 680kg/m
3
 and immiscible with water. Therefore, water is not 

considered to be a good firefighting method for heptane pan fire. In the fire lab at 

Worcester Polytechnic Institute, a portable fire extinguisher, not a water based 

extinguishment mode, is used to put out a heptane pan fire in emergency conditions, 

although water spray is a more commonly used method and works well for most fires.  

D.4.3 Firefighting Run-Off Water 

The role of fire fighters during the fire tests included emergency management, where any 

extinguishing action would be required in cases if the fire became uncontrolled, additional 

fuel items would ignite, and the fire grows larger than the designed range of 1.5MW. 

Depending on the room size, and opening size, fire size can vary, but the design values 

were calculated to prohibit any flashover condition. Assuming that any emergency 

condition occurs and fire fighters are involved in firefighting activities, it was 

recommended that portable fire extinguisher be used instead of applying large amount of 

water.  

To prevent water runoff to the concrete pad of the shake table from any emergency 

case of fire-fighting, a water containment dike material shown in Figure D.1 was installed 

around the building site. Figure D.2 shows the site including the shake table and the 

concrete pad and a layout of the dike installation plan. The dike, 208 feet in length and 

2.25 inches in height, had the capacity to contain a total area of 1,665 feet squared and a 

volume of 2,333 gallons of water. In addition, separate dike containment was installed 

around a 2 feet by 2 feet storm drain. A detailed CAD drawing of dike installation plan is 
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shown in Figure D.3. These measures ensured that all water runoff was prevented during 

the testing period.  

 

 

Figure D.1. Dike containment (http://www.aztechsupplies.com/items_SD__Spill-

Dikes-Berms.html) 

 

 

Figure D.2. Dike system layout 

http://www.aztechsupplies.com/items_SD__Spill-Dikes-Berms.html
http://www.aztechsupplies.com/items_SD__Spill-Dikes-Berms.html
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Figure D.3. Dike system layout 
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