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EXECUTIVE SUMMARY 
 

UL conducted a series of 17 full-scale fire experiments.  Three experiments characterized the 
fuel by measuring the heat release rate of the fuel package. Ten full-scale simulated basement 
fire experiments were conducted at a fire training facility to examine the impact of floor system, 
ventilation, fuel load, and loading on firefighter safety.  Finally, four simulated basement fires of 
the same scale as the field experiments were conducted in the laboratory to examine void space 
fires, fuel load and code implications.   
 
During the experiments 4 different types of floor systems were examined.  Floor collapse times 
ranged from 3:28 to 12:45 during the field experiments at the fire service training facility.  The 
dimensional lumber experiments collapsed at an average of 11:57 while the engineered floor 
systems collapsed at an average of 7:00. 
 
Fuel load was varied to examine a representative basement fuel load down to just the floor 
system as the fuel load.  These experiments showed that the floor system itself was a significant 
contributor to fire growth and flashover conditions.  Both variations of the fuel load resulted in 
collapse times within 100 seconds of each other. 
 
Ventilation or the amount of air available to the fire plays a significant role in the fire dynamics 
of a house fire.  In an attempt to bound the problem the ventilation parameters were chosen at the 
extremes (Maximum or all ventilation locations open and No Ventilation) and a simulated 
realistic scenario could be considered somewhere in the middle (Sequenced Ventilation).  The 
engineered I-joist and parallel chord truss floor system collapsed before 8 minutes therefore 
doing a sequenced scenario was not possible with these systems.  Limiting ventilation slowed the 
dimensional lumber floor collapse by 1:36, engineered I-joist floor by 0:49, metal C-joist floor 
by 1:53 and metal plate connected wood truss floor by 2:40. 
 
Floor loading was varied to examine a representative loading found in a home to a lighter load 
consisting of perimeter loading simulating furniture and two 300 lb firefighters in the center of 
the floor.  Ultimately the load on the floor system did not play a significant role in determining 
the time to collapse but rather the degradation of the floor system as it was consumed and 
weakened by the fire.  
 
Several tactical considerations for the fire service were developed from the experimental results.   
 
Operational Timeframe:  A well ventilated basement fire that has involved the floor system is 
inherently dangerous to operate on top of.  This holds true regardless of the construction method 
or members involved.  The longest time to collapse of an unprotected floor system during this 
series of experiments was 12:45 after ignition.  Since the fire department does not typically know 
when the fire started there is no guaranteed safe operational timeframe to be operating on top of 
a basement fire.   
 
Size-up:  Size-up is an important factor when it comes to assessing risk versus benefit for the fire 
service.  When faced with a basement fire, the location of the fire and the amount of ventilation 
the fire is receiving are important factors that could indicate the chance and area of floor 
collapse.   
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Basement Fire Attack:  A ventilated basement fire that has involved the floor system creates high 
risk conditions in the area of the stairwell.   These conditions become even worse when a flow 
path exists from a ventilation opening in the basement to a ventilation opening on the first floor.  
If an interior attack is deemed appropriate, the fire service wants to avoid creating this flow path 
and being in or near this flow path as temperatures can increase very quickly and without 
warning.  Coordination between interior crews and outside ventilation crews needs to be 
communicated.  Ventilating the basement while firefighters are attempting to descend the stairs 
or ventilating while firefighters are at the top of the stairs increases the risk to the interior attack 
crew. 
 
Ventilation:  Since the ventilation of the basement is not being done by the crew on the first floor 
it becomes paramount for the crew that wishes to ventilate the basement is in coordination and 
communication with the crew on the first floor.  Any firefighter that gets caught in the flow path 
between the ventilation location in the basement and the ventilation location on the first floor 
could be in danger once the fire responds to the air provided by the ventilation actions of the fire 
service. 
 
Floor Sag as Collapse Indicator:  Every floor system sagged prior to collapse however over the 
span it could be difficult to notice.  The dimensional lumber floor had the least amount of sag of 
less than 6 inches prior to collapse and the metal C-joist floor had the most sag of over 14 inches.  
These test results did not support the use of floor sag as a reliable collapse predictor. 
 
Temperatures on the First Floor Prior to Collapse:  There did not appear to be a repeated 
temperature spike in the corner location, above the collapse area prior to the time of collapse that 
could be used as a predictor.   
 
Visual Inspection of Damaged Floor Systems:  During size-up if it was determined that there are 
benefits to committing personnel for an interior attack, firefighters should visually assess the 
structural stability of the floor system from below, prior to committing to operations above a fire 
exposed and therefore damaged floor system. Once the type of floor structure is identified 
firefighters should inspect for failure mechanisms common to the structural element encountered, 
such as joist rupture for dimensional lumber floor systems or web burn through for engineered I-
joist floor systems. 
 
Overhaul:  Due to the impact in the fire behavior after the hole was opened in the void space 
above the basement ceiling, a hoseline should be in place before making an opening to a 
basement floor void space to limit the impact of adding ventilation to the ventilation limited 
space.  The crew checking the basement could experience cool temperatures in the basement but 
should still inspect the floor system by making an opening, with a hoseline available to 
extinguish any fire they encounter.  
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1. Project Overview 
 
These experiments are part of a project titled, “Improving Fire Safety by Enhancing the Fire 
Performance of Engineered Floor Systems and Providing the Fire Service with Information for 
Tactical Decision Making.”  This project was funded by the National Institute of Standards and 
Technology through the American Recovery and Reinvestment Act.  A comprehensive technical 
approach was developed to examine all of the necessary variables to address the concerns of the 
fire service and to meet the objectives laid out below.   
  
The objectives of this project include: 

 Improving firefighter safety by further educating them of the hazards associated with 
engineered flooring systems. 

 Understanding the impact of span, fuel load, ventilation and fire location to system 
failure. 

 Examine different fire protection methods and develop data to assess their effectiveness. 
 Improve occupant safety by allowing for longer egress times. 
 Provide data to substantiate code changes related to fire rated engineered floor systems to 

result in improved building fire safety. 
 Advance the practice of measurement science in keeping with the programs' intention and 

NIST mission.  
 Provide a science basis for code improvements to limit occupant and first responder 

injury and loss of life as well as the tax loss and other fire related liabilities of local, state 
and federal governments. 

Three related series of experiments are documented in this report.   

 Fuel Characterization Calorimeter Experiments:  These experiments were conducted to 
measure the heat release rates of the fuel load selected for the field and laboratory 
experiments.  Three replicate experiments were conducted for each combination of 
pallets and boxes filled with expanded polystyrene foam trays.   

 Full-Span Field Experiments:  Ten experiments were conducted in outdoor free standing 
structures to examine four different residential flooring systems while varying, 
ventilation parameters, fuel load and floor loading. 

  Full-Span Laboratory Experiments: Four experiments were conducted in a free standing 
structure in a large laboratory to factor out weather conditions from the previous 
experiments and to examine additional variables such as ignition scenario, protection 
features and code implications. 

 
The technical plan for this project is shown in Figure 1.  The tasks covered in this report are 
highlighted in red.  A literature review is also included in this report for material that pertained to 
these three series of experiments.  For results from other tasks in this project or to see the 
summary report visit www.ul.com/fireservice. 
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examines the potential code implications, examines the impact on firefighter operations and 
concludes with recommendations and considerations for the fire service.  

There are many potential contributing factors that influence outcomes during fireground 
incidents outside the scope of this research project.  Each incident presents a unique set of 
circumstances addressing the interaction of the responding department to the fire event and 
circumstances specific to each arriving firefighter.  Fahy further states, “Anecdotally, there is a 
growing concern in the fire service related to whether firefighters and fire officers receive the 
degree of training and experience necessary to properly assess the risks on the fireground.  If the 
number of structure fires is decreasing, how in fact do firefighters and fire officers gain the 
experience to understand fire progression, fire behavior and what happens to the structural 
integrity of a building under fire conditions?” 
 
This project seeks to limit its investigation to the parameters that can be evaluated through 
experimentation to examine the cause and effect relationships regarding the topics of fire 
behavior, the impact of exposed combustible structural elements under fire conditions and the 
potential for structural collapse of the effected assemblies.  The work reported in this report is 
intended to provide tactical considerations determined by the research results to allow for better 
firefighter training and education to assist firefighters with risk analysis and decision making.  
Decision making based on the results of formalized fire research may in fact be one way to assist 
firefighters in making up for the loss of actual fireground experience due to a continuing 
reduction in structure fires. 
 

3. Background 
 
The drive towards engineered floor systems provides economic and productivity benefits to the 
construction industry and provides architectural options desired by home owners.  However, 
under fire conditions, these engineered floor systems can lead to structural failure in a shorter 
time as a consequence of the reduced cross-sectional dimensions of the engineered products as 
compared to traditional 2-by dimensional lumber floor systems.  So, despite the structural 
performance of these new products to traditional lumber construction under ‘normal’ conditions, 
the trend reverses in a fire environment.  As a result of a number of firefighter fatalities due to 
collapse of these engineered systems under fire conditions, the National Institute for 
Occupational Safety and Health (NIOSH) issued a report highlighting the risks of injury and 
death that can occur during fire-fighting operations involving engineered floor truss systems. 
(NIOSH, Preventing Injuries and Deaths of Fire Fighters Due to Truss System Failures, NIOSH 
Publication No. 2005-132, 2005), (NIOSH, 2006), (NIOSH, 2007) 

 
Recent research by various organizations, including UL, NIST, NFPA and National Research 
Council Canada, provided evidence of structural failure times of residential floor systems in fire 
events.  This research work was limited to validating the problem in a single scenario (single 
floor span length, single fire location and limited engineered lumber products). For example, 
previous research focused on exposing engineered wood assemblies to fire conditions at a 14 ft. 
span comparable to that achievable by dimensional lumber.  One of the significant advantages of 
the engineered floor systems is their ability to span longer distances up to 20 ft. or more.  
However, spanning longer distances and holding all other specifications the same can potentially 
reduce the time to failure when exposed to fire conditions.   
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4. Literature Review 
 
The following sections discuss the various, formal and informal, research projects that have been 
undertaken to evaluate the fire endurance performance issues of unprotected wood assemblies.  
Prior to the start of this experimentation a variety of related topics were researched: documented 
Line of Duty Injuries (LODI) and Line of Duty Deaths (LODD) involving unprotected 
combustible dimensional and engineered lumber assemblies, the fire endurance performance of 
unprotected combustible wood assemblies; inclusive of informal fire service testing, floor 
furnace testing, full scale laboratory and site testing, and a review of related fire service 
publications.  The literature search was conducted in order to review and evaluate previous 
research methodologies utilized in the testing of unprotected combustible dimensional and 
engineered lumber assemblies. This information was then referenced during the development of 
the various research parametrics for the current study.  
 
The literature search was composed of six main activities: a review of the National Engineered 
Lightweight Construction Fire Research Project (NELCFRP) sponsored by the National Fire 
Protection Research Foundation (FPRF) in October of 1992 (Grundahl, 1992), a complete review 
of the literature cited in the FPRF bibliography, a review of documented injuries in the 
International Association of Fire Chiefs (IAFC) firefighter near miss reporting system, a review 
of the documented LODDs in the NIOSH Firefighter Fatality Investigation Program, a general 
internet search, a technical publication search and a fire service publication search.  

 
The NELCFRP was utilized as a resource for referenced literature published prior to 1992. One 
overall objective of the NELCFRP was to define the actual fire performance characteristics of 
engineered components through a review of existing documented research. The components 
examined in the NELCFRP included: solid-sawn (e.g., nominal 2 x 10) wood joists, metal plate 
connected (MPC) wood trusses, MPC metal-web wood trusses, pin-end connected steel-web 
wood trusses, engineered wooden I -joists, composite wood joists, steel bar joists, and light 
gauge steel C joists.  
 
Subsequent internet searches used Google and site-specific search engines to find articles, 
reports, proceedings, presentations, and other documents related to the topic. The technical 
publication search included electronic databases of periodicals, books, proceedings, etc. The 
Illinois Fire Services Institute utilized the University of Illinois library resources to obtain copies 
of documents not electronically available and any other documents that may have added to the 
search. Additionally, after a review of the documents, relevant references were specifically 
added to the search.   
 
Lightweight construction, a term utilized by the fire service, should be considered 
interchangeable with the products categorized as engineered lumber components and assemblies 
for the purposes of this literature section.      

4.1. Firefighter Injuries and Deaths Due to Structural Collapse 
 
There has been an overall decline in the numbers of U.S. firefighter deaths since 1977. (Fahy, 
2010) This fact is aligned with similar declines in the annual number of structure fires for the 
same period. However, while there has been an overall decline in both the number of fires and 
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the number of fire fighter fatalities, statistically firefighters are more likely to experience a 
traumatic injury while operating inside of a structure.  
 
Dr. Rita Fahy cited this counterintuitive trend, “The one area that had shown marked increases 
over the period is the rate of deaths due to traumatic injury while operating inside a structure. In 
the late 1970s, traumatic deaths inside structure fires occurred at a rate of 1.8 deaths per 100,000 
structures fires and by the late 1990s had risen to approximately 3 deaths per 100,00, structure 
fires”. (Fahy, 2010) The major causes of these traumatic injuries inside structures were 
determined to be firefighters becoming lost inside, structural collapse, and rapid fire progression 
(including backdraft, flashover and explosion).  
 

4.1.1. Residential Collapse Trends of NIOSH Firefighter Fatality Investigation Program  
 
Specific to this research project is the nature of firefighter injuries and deaths due to structural 
collapse, more specifically the structural collapse of dimensional lumber and/or engineered 
lumber floor and/or roof assemblies. General trends for incidents investigated by the National 
Institute of Occupational Safety and Health (NIOSH) Firefighter Fatality Investigation Program 
were analyzed for the purposes of determining the involved structural systems. The NIOSH 
Firefighter Fatality Investigation Program provides the most detailed public incident data for 
fatalities that have occurred since the inception of the program in 1997. Table 1outlines the 
incidents, the involved structural system, and the type of assembly (floor or roof) involved in the 
structural collapse.  For additional information regarding specific details for each of the NIOSH 
investigated incidents visit http://www.cdc.gov/niosh/fire/. 
 
 Table 1.  Incidents of Structural Collapse Referencing the NIOSH Firefighter Fatality Investigation Program  

NIOSH 
Firefighter 

Fatality  

 Structural 
Framing System 

Type of 
Assembly  

Occupancy 

FACE 9704 Dimensional 
Lumber  

1st Floor 
Assembly  

One-story single family residence 

FACE 9817  Dimensional 
Lumber 

2nd Floor 
Assembly  

Three-story multi-family 
residential/commercial structure 

FACE 200232  Dimensional 
Lumber  

1st Floor 
Assembly  

Three-story residential duplex 

FACE 200240  Dimensional 
Lumber  

Roof 
Assembly  

2.5 Story single family residence 

FACE 200405 Dimensional 
Lumber  

1st Floor 
Assembly  

Two-story townhome 

FACE 200509 Dimensional 
Lumber  

Roof 
Assembly  

Vacant one-story residence 

FACE 200809 Dimensional 
Lumber 

1st Floor 
Assembly 

Two-story single family residence 

FACE 200826 Dimensional 
Lumber 

1st Floor 
Assembly 

Two-story single family residence 

FACE 200837 Dimensional 
Lumber  

Roof 
Assembly  

Vacant two-story single family 
residence 
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Generally the majority of the NIOSH Firefighter Fatality Investigations addressing structural 
collapse determine the fires ability to weaken or compromise areas within the occupancy that are 
not protected by active or passive fire protection methods. This fact highlights two distinct areas 
within frame or ordinary constructed buildings where a fire has the ability to burn and weaken 
exposed structural elements, i.e. the attic area under the roof assembly or the basement area 
under the first floor assembly. Figure 5 defines the percentage of fire events with respect to floor 
or roof assemblies.  
   

FACE 200923 Dimensional 
Lumber 

1st Floor 
Assembly 

Two-story mixed 
commercial/residential structure 

FACE 200026  Engineered 
Lumber / Wood 

Trusses  

1st Floor 
Assembly  

One-story single family residence 

FACE 200116 Engineered 
Lumber / Wood 

Trusses 

1st Floor 
Assembly  

One-story single family residence 

FACE 200127 Engineered 
Lumber / Wood 

Trusses 

Roof 
Assembly  

One-story single family residence 

FACE 200206 Engineered 
Lumber / Wood 

Trusses 

1st Floor 
Assembly 

Two-story single family residence 

FACE 200211 Dimensional 
Lumber 

1st Floor 
Assembly  

One-story single family residence 

FACE 200624 Engineered 
Lumber / I-Joist 

1st Floor 
Assembly  

One-story single family residence 

FACE 200626 Engineered 
Lumber / I-Joist 

and Wood Trusses

1st Floor 
Assembly  

Two-story single family residence 

FACE 200707 Engineered 
Lumber / I-Joist 

1st Floor 
Assembly  

Two-story single family residence 
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Figure 5.  Structural Assembly Analysis of NIOSH Firefighter Fatality Investigations 
 
Fires within these distinct areas then burn and weaken the structural elements surrounding the 
involved fire area. Figure 6 defines the percentage of fire events with respect to framing systems 
that collapsed during fire ground operations.  
 

    
Figure 6.   Framing System Analysis of NIOSH Firefighter Fatality Investigations 
 
 
 

Roof Assembly 
22%

Floor Assembly
78%

Type/Location of Structural Assembly 

Engineered Lumber 
39%

Dimensional 
Lumber 
61%

Framing System Involved in Collapse 
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4.1.2. Residential Collapse Trends of IAFC Firefighter Near Miss Reporting System  
 
Fatalities that have been investigated by the NIOSH Fatality Investigation program alone does 
not provide the entire picture regarding the number of overall annual occurrences of residential 
structural collapse on the fire ground. Another web-based database created in 2005 by the 
International Association of Fire Chiefs (IAFC) with the sponsorship of a Department of 
Homeland Security, Federal Emergency Management Agency (DHS/FEMA) Assistance to 
Firefighters Grant (AFG) allows for the reporting of firefighter near-miss occurrences. Another 
website, www.firefighterclosecalls.com has been set up to describe near-miss incidents. This site 
identifies the injured firefighters and fire departments. 
 
The National Institute of Standards and Technology (NIST) conducted a review of data from 
both websites for the period from January 2005 to March 2011. There were 118 incidents 
reported that involved residential structural collapse. Seventy-six incidents resulted in 128 
firefighters being injured. (Madrzykowski, 2011) 

4.1.3. Residential Collapse Trends Discussion 
 
There is a distinct trend of structural collapse incidents that have resulted in both firefighter 
injuries and deaths, specific to residential construction. These incidents highlight that at these 
events firefighters and incident commanders were not able to recognize imminent collapse due to 
fire performance issues of both unprotected dimensional and unprotected engineered lumber 
within floor and roof assemblies. As the accuracy of the documentation of the post fire 
investigations increases, additional photographic forensic evidence has become available to 
document incident specific failures.   The fire community will continue to use this information to 
improve construction methods and practices, and for occupant and firefighter educational tools. 

4.2. Fire Endurance Performance of Unprotected Assemblies – Non-Standardized 
Demonstrative Testing  

 
Fire resistive testing methodologies are very well established for combustible assemblies 
designed to achieve an hourly fire resistive rating with passive fire protection. Less understood is 
the structural stability of unprotected combustible dimensional and engineered lumber 
assemblies exposed to fire conditions. When combustible wood assemblies are constructed 
without the protection of passive fire resistive technologies or active suppression systems, both 
dimensional and engineered lumber assemblies are vulnerable to collapse within the operational 
timeline of fire suppression operations.   
 
Subsequent to numerous LODI and LODDs fire service organizations have attempted to 
highlight performance failures noted during real life fire incidents through non-standard 
demonstrative testing methods. Due to a lack of adequate funding, testing experience and proper 
facilities these demonstrative tests document the failure times of the unprotected combustible 
assemblies without consistency with respect to the parametric criteria normally accounted for by 
standardized fire resistance testing methodologies, i.e. demonstrative testing was traditional 
conducted in open air environments which added a degree of ventilation variability and may not 
represent the ventilation limited environment of a basement or attic. The following is a review of 
selected examples of documented demonstrative testing.  
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4.2.1. Demonstrative Testing Conducted by the Los Angeles City Fire Department, 1982. 
 
Conducting Agency: One of the first documented demonstrative fire service tests was 
conducted by John Mittendorf of the Los Angeles City Fire Department in 1981 (Mittendorf, 
1982). Mittendorf cites a need for the tests due to a lack of available information on the 
performance of lightweight constructed systems.  
 
Test Series: This test series evaluated and recorded the behavioral characteristics of roof 
systems under fire conditions. This project tested: metal plate connected (MPC) trusses, 
engineered wooden I-beams (also known as wooden I-joists), open pin-end connected steel web 
(PECSW) truss construction, and panelized construction were subjected to fire conditions. The 
test specimens were constructed to represent actual field conditions.  Trusses used the correct on 
center spacing; 1/2 in., 3/8 in. or 3/4 in. CDX plywood decking; and were hung or supported as 
they would be in normal installations.  The span of the construction was limited to the size of the 
donated products.  The source fire for each test was fueled from four gallons of paint thinner and 
sawn pallets.  The fire exposure for each test was believed to be approximately equal.  No live 
load was imposed on any of the tested assemblies. The test time began at ignition of the thinner 
and pallets.  A time limit of 6 min. per test was used.  
 
Test Results: The collapse times ranged from 1 minute and 20 seconds for a metal plate 
connected truss spaced 16” O.C. with a 3/4” CDX plywood sheathing spanning 30 feet to 5 
minutes for an open web truss spaced 24” O.C. with 1/2” CDX plywood spanning 20 feet.  
 
Table 2.  Non-Standardized Test Results (Mittendorf, 1982). 

Structural Member Span 
(ft.) 

Spacing
(in. o.c.)

Sheathing 
Material 

Loading  
(psf) 

Failure Time
(min:sec) 

Wood I-beams 12 32 1/2" CDX ply. Dead Ld. - 
Self Weight 

1:20 

PECSW construction 20 24 1/2" CDX ply. Dead Ld. - 
Self Weight 

3:20 

MPC Truss floor 
system* 

30 16 3/4" CDX ply. Dead Ld. - 
Self Weight 

5:00 

MPC Truss roof system* Unknown 32 1/2" & 5/8" CDX 
ply. 

Dead Ld. - 
Self Weight 

6:00 

8 x 8' panel. sys., 2x4 
joists 

8 24 1/2" CDX ply. 
&1 x 6" sheath. 

Dead Ld. - 
Self Weight 

No failure  

 * Penetration depth of gusset plate connector = 3/8 in. 
 

Review and Comment: This test series demonstrates a significant reduction in work time for 
firefighters operating on a building constructed with a lightweight roof systems exposed to fire 
conditions. However this series makes a comparative performance analysis difficult due to 
parameter variability. Although the products were tested with respect to their allowable spans, 
the depths of the tested members were not documented. These tests did not apply a structural live 
load to the assemblies, therefore the internal member stresses for the tested components is also 
unknown. The characterization of the fuel load for the fire was not analyzed and the 
environmental, ventilation, and conditions from test to test added a degree of variability.   



17 | P a g e  
 

 COPYRIGHT  2011 UNDERWRITERS LABORATORIES INC. 

 

4.2.2. Demonstrative Testing Conducted by the Illinois Fire Service Institute, 1986.  
 
Conducting Agency:  The Illinois Fire Service Institute (IFSI) in 1986 conducted a similar 
demonstrative study of lightweight constructed floor systems citing similar fire performance 
concerns (Straseske, 1988). The ISFI test series sets out to, “help determine the time available for 
firefighters to suppress a fire within a structure utilizing types of lightweight construction.” The 
IFSI report states, “There is a lot of speculation on what specific floor systems might due under 
fire conditions, but very little gathered data.”  
 
Test Series: The following floor systems were tested: conventional 2 x 10 joists on 16 in. 
centers, wood I-beams on 24 in. centers, open-web trusses with wood members and gusset plates 
on 24 in. centers, open-web trusses with a stamped out steel webs on 24 in. centers, and open-
webbed trusses with a wooden top and bottom chord and pipe web members on 24 in. centers. 
All floor systems were constructed with a 3/4” oriented strand board (OSB) subfloor and loaded 
similarly with an applied load of 31 pounds per square foot. In order to provide some uniformity 
all decks were 8’x16’ and were supported on 24” high concrete masonry unit wall. The perimeter 
was enclosed with 3/4” plywood on three sides. The fuel load was 4 gallons of diesel fuel and 1 
gallon of gas in a cut off 55 gallon barrel approximately 12” high. 
 
Test Results: The collapse times ranged from: 4 minutes and 40 seconds for the engineered I-
Joist floor system, 13 minutes for the 2x10 dimensional lumber floor system, and 15 minutes and 
45 seconds for the floor constructed with metal plate connected trusses.   
 
Table 3.  Non-Standardized Test Results (Straseske, 1988). 

Structural 
Member 

 
Spacing 

Assemb. 
Rating 

(min:sec) 

Structural 
Failure 

(min:sec) 

 
Loading 

(psf) 
2 x 10 16 in. o.c. 9:001 > 13:00 31.0 
I-joist 24 in. o.c. 4:401 4:40 31.0 
MPCT2 24 in. o.c. 9:001 15:45 31.0 
MPSWT2 24 in. o.c. 7:301 N/A 31.0 
TJL 24 in. o.c. 6:501 9:45 31.0 

1 Assembly rating is due to deck burn through. 
2 MPCT = Metal Plate Connected Truss; MPSWT = Metal Plate Steel Web Truss; TJL = Trus Joist L-Series 

Truss; TPSB = Truss Plate Spliced Beam; Fb = fiber bending stress. 

 
Review and Comment: This test series demonstrates a limited work time for firefighters 
operating in a building constructed with an unprotected wood floor system exposed to fire 
conditions. However this series makes a comparative performance analysis difficult due to 
parameter variability. The products were tested without respect to their spacing, allowable spans 
and the applied load created variability for the internal member stresses. The characterization of 
the fuel load for the fire was not analyzed and the ventilation conditions, although partially 
controlled, added a degree of variability.  A review of the video for this test series was conducted 
and these video images suggest a degree of variability in the fire development which may have 
additionally influenced the time to failure for the tested assemblies. A summary of these tests 
results is shown in Table 3. 
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4.2.3. Demonstrative Testing Conducted by the Dutchess Community College Fire Science 
Program, 2009.   

 
Conducting Agency: In 2009 the Fire Science Program at Dutchess Community College 
conducted a demonstrative burn test of engineered wooden I-Joists, the result of these were 
posted in a online power point presentation (Dutchess Community College, 2009).  
 
Test Series: The test assembly was comprised of a series of four engineered I-Joists spanning 16 
ft. with a ½” plywood subfloor. The floor was weighed by one 300 lb. plastic barrel filled with 
water. The floor was supported by 6 ft. high 2x4 finished walls, a rear wall was also constructed 
for fire containment. The assembly burn compartment reached a flashover condition at 
approximately 2 minutes with a structural collapse following at 4 minutes. Additionally the 
Dutchess program also conducted two roof construction comparison burns in 2010. The results 
of these tests were posted in a 4 minute video segment. The test assembly compared the 
performance of a stick built pitched roof assembly with nailed 2x6 members and a 1/2 in. 
plywood roof sheathing to a 2x4 pitched chord metal plate connected wood trusses with a 1/2 in. 
plywood roof sheathing. Both roofs were loaded by equally distributing a 300 lbs. load across the 
roof surface. The fuel load was comprised of wood pallets and hay. The trusses were supported 
at the perimeter by 55 gallon barrels and were in an open air configuration.  
 
Test Results: The 2x4 pitched chord truss assembly reached a fully developed fire condition at 
approximately 90 seconds and the assembly collapsed at 5 minutes. The stick built pitched roof 
assembly reached a fully developed fire condition at approximately 90 seconds, the fire video 
then shows that the fire has reduced in size and separated into two distinct locations, one on the 
roof structure and one concentrated on the fireload, at the 10 minute mark. Prior to 10 minute 
mark there appears to have been burn through of the roof sheathing as the applied roof  loads no 
longer are visible atop the roof sheathing. The fire continues to burn in limited fashion until the 
collapse of the assembly at 21 minutes.  
 
Table 4.  Non-Standardized Test Results (Dutchess Community College, 2009). 

Structural Member Span 
(ft.) 

Sheathing Material Failure Time 
(min:sec) 

Loading  

Engineered Wood I-beams 16 1/2" CDX ply. 4:00 300 lb. conc. load 
MPC Truss roof system* 16 5/8" CDX ply. 5:00 300 lb. distributed 
2x6 pitched roof assembly  16 5/8" CDX ply. 21:00 300 lb. distributed
 * Penetration depth of gusset plate teeth = 3/8 in. 

 
Review and Comment: This test series demonstrates a reduction in work time for firefighters 
operating in a building constructed with a lightweight constructed floor and roof systems 
exposed to fire conditions. However this series makes a comparative performance analysis 
difficult due to parameter variability. The products were tested without respect to their allowable 
spans. In the case of the floor test the internal member stresses varied due to the use of a singular 
concentrated load. While the roof loading was distributed, the geometry and member framing 
sizes varied from 2x4 to 2x6 members creating variability for the internal member stresses. The 
characterization of the fuel load for the fire was not analyzed and the uncontrolled ventilation 
conditions added a degree of variability.  A review of the video for this test series was conducted 
and these images suggest that the fire burned in the decay stage for some time during the 2x6 
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pitched roof assembly test. This size of this decayed fire potentially extended the time to failure 
for the 2x6 pitched roof assembly test. A summary of these tests results is shown in Table 4. 

4.3. Fire Endurance Performance of Unprotected Assemblies – Non- Standardized ASTM 
E-119 Furnace Testing 

 
There are only a limited number of documented Non-Standardized tests of unprotected 
combustible assemblies that conform to the ASTM E119, "Standard Methods of Fire Tests for 
Building Construction and Materials.” Non-standardized tests conform to most of the 
requirements of the ASTM E119 standard, the exception being loading. Numerous agencies have 
conducted Non-Standardized tests with modified loading conditions, i.e. loading less than 100 % 
of the design load.  

4.3.1. National Engineered Lightweight Construction Fire Research Project Report: 
Literature Search and Technical Analysis – National Fire Protection Research 
Foundation, 1992.  

 
Conducting Agency: In October of 1992 the National Fire Protection Research Foundation 
published, “National Engineered Lightweight Construction Fire Research Project Report: 
Literature Search and Technical Analysis” (Grundahl, 1992).  The overall objective of the Fire 
Protection Research Foundation (FPRF) National Engineered Lightweight Construction Fire 
Research Project was to define the actual fire performance characteristics of engineered 
components.  

Report Series: The components examined in this study include: metal plate connected (MPC) 
wood trusses, MPC metal-web wood trusses, pin-end connected steel-web wood trusses, 
wooden I -joists, solid-sawn (e.g., 2 x 10) wood joists, composite wood joists, steel bar joists, 
and steel C joists. The following is a list of the testing citing for Non-Standardized ASTM E-
119 furnace testing conducted with modified loading conditions respective of the structural 
elements being examined for this research project.  

Report Results: The results are summarized in Table 5.  
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Table 5.  Non- Standardized ASTM E-119 Furnace Testing (Grundahl, 1992) 

 
Test 

 
Structural Member 

 
Spacing 

Structural 
Failure 

(min:sec)

Loading (psf) - 
% Design Stress 

NBS 421346 (Son B. , 
Fire Endurance Tests of 
Unprotected Wood-Floor 
Construcitons for Single 
Family Residences: 
NBSIR 73-263, 1973) 

2 x 8; ½ in. ply. w/blk  16 in. o.c. 11:38 21.01 (40%) 

FPL  2 x 10 16 in. o.c. 13:06 40.01 
FPL (R.H. White, 1983) 2 x 10; 23/32" ply. 16 in. o.c. 16:48 11.351 
FPL (R.H. White, 1983) 2 x 10; 23/32" ply. 16 in. o.c. 18:00 11.351 
FPL (R.H. White, 1983) 2 x 10; 23/32" ply. 16 in. o.c. 18:24 11.351 
FPL (R.H. White, 1983) 2 x 10; 23/32" ply. 16 in. o.c. 18:30 11.351 
NBSIR 73-141 (Son B. 
a., 1973) 

6 x 1¾ in. C-joist; 3/4" 
ply. w/carpet 

24 in. o.c. 3:45 51.41 

NBSIR 73-164 (Son B. , 
Fire Endurance Test of a 
Steel Sandwich Panel 
Floor Construciton, 
NBSIR 73-164, 1973) 

6 x 3 in. 14 ga C-joist; 
top and bottom 3/8” ply.

48 in. o.c. 9:00 40.01 

BMS 92 (Subcommittee 
on Fire Resistence 
Classifications of the 
Central Housing 
Committee on Research, 
1942) 

2 x 10; 3/4” ply. 16 in. o.c. N/A2   N/A3 

1 Assumed to be a limited load test.  Loading not 100% of design load. 
2 Ultimate fire resistance time period for exposed wood joists was 15 min.  
3  Loading developing 1000psi maximum fiber bending stress. 
 

Review and Comment: The FPRF report and the source literature were reviewed for testing 
conducted prior to 1992. Non-standardized ASTM E-119 furnace testing provides a 
comparative analysis to standardized ASTM E-119 furnace testing with one exception, a reduced 
applied loading. This modified loading conduction results in a reduction in the member design 
stress. The majority of the tests conducted were of unprotected dimensional lumber floor 
assemblies. A summary of these tests results is shown in Table 4. 

4.3.2. Underwriters Laboratories Inc.  “Structural Stability of Engineered Lumber in Fire 
Conditions”, Project Number 07CA42520, File Number NC9140, September 2008  

 
Conducting Agency: The project, conducted by Underwriters Laboratories Inc. in September of 
2008, provides fire resistive performance of nine assemblies tested as part of a fire research and 
education grant sponsored by the Fire Prevention and Safety Grants under the direction of the 



21 | P a g e  
 

 COPYRIGHT  2011 UNDERWRITERS LABORATORIES INC. 

 

Department of Home Security/Federal Emergency Management Agency/Assistance to 
Firefighters Grants.  
 
Test Series: Nine fire tests were conducted.  Seven of the samples represented floor–ceiling 
constructions and two samples represented roof-ceiling constructions.  A goal of the project was 
to develop comparable fire performance data among assemblies.  All assemblies were intended 
to represent typical residential construction.  Some assemblies included construction features 
such as 2 by 10 floor joists and 2 by 6 roof rafters that the fire service expressed satisfactory 
knowledge of their structural performance based upon their experience.  Other assemblies 
included lighter weight wood structural members such as "I" joists and trusses.  Two of the 
assemblies did not include a ceiling (unprotected wood), six of the assemblies included a ceiling, 
protecting the wood flooring assembly, consisting of 1/2-inch thick regular gypsum board and 
one assembly included a 3/4-inch thick plaster ceiling.   
 
The nine fire tests complied with the requirements of ASTM E119 but the applied structural load 
was non-traditional.  Typically, a uniform load is applied on the floor or roof to fully stress the 
supporting structural members.  This load is generally higher than the minimum design load of 
40 psf specified by the building code for residential construction.  For the tests conducted in this 
study the loading was modified to represent typical conditions during a residential fire.  A load 
of 40 psf was placed along two of the four edges of the floor – ceiling assemblies to represent 
loads around a perimeter of a room.  On each sample, two 300 pound concentrated loads were 
placed near the center of the sample.  A mannequin, intended to simulate fire service personnel, 
represented each concentrated load.  For the two samples that represented roof-ceiling 
assemblies, the two mannequins were the only live load applied on the test sample.   
 
The construction details of the nine samples are summarized in Table 6. 
 
Table 6.  Summary of Test Samples (Underwriters Laboratories, Inc., 2008) 
Test Assembly 

No. 
Supports Ceiling Floor or Roof 

1 2 by 10s @ 16 inch 
centers 

None 1 by 6 subfloor & 1 by 4 finish 
floor 

2 12 inch deep "I" 
joist @ 24 inch 
centers 

None 23/32 inch OSB subfloor, carpet 
padding & carpet 

3 2 by 10s @ 16 inch 
centers 

1/2 inch regular 
gypsum wallboard 

1 by 6 subfloor & 1 by 4 finish 
floor 

4 12 inch deep "I" 
joist @ 24 inch 
centers 

1/2 inch regular 
gypsum wallboard 

23/32 inch OSB subfloor, carpet 
padding & carpet 

5 Parallel chord truss 
with steel gusset 
plate connections, 
14 inch deep @ 24 
inch centers 

1/2 inch regular 
gypsum wallboard 

23/32 inch OSB subfloor, carpet 
padding & carpet 

6 Parallel chord truss 
with glued 
connections, 14 

1/2 inch regular 
gypsum wallboard 

23/32 inch OSB subfloor, carpet 
padding & carpet 
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Test Assembly 
No. 

Supports Ceiling Floor or Roof 

inch deep @ 24 
inch centers 

7 2 by 6s @ 16 inch 
centers with 2/12 
pitch 

1/2 inch regular 
gypsum wallboard 

1 by 6 roof deck covered with 
asphalt shingles 

8 2 by 10s @ 16 inch 
centers 

3/4 inch plaster 1 by 6 subfloor & 1 by 4 finish 
floor 

9 Roof truss with 
steel gusset plate 
connections @ 24 
inch centers with 
2/12 pitch 

1/2 inch regular 
gypsum wallboard 

7/16 inch OSB covered with 
asphalt shingles 

 
Test Results: The results of the ASTM E119 fire tests are expressed in terms of hours such as 
1/2 hour, 1 hour or 2 hour rated assemblies.  These time ratings are not intended to convey the 
actual time a specific structure will withstand a fire.  All fires are different.  Variations result 
from room size, combustible content and ventilation conditions.  The ASTM E119 test method 
does provide a benchmark that enables a comparison of fire performance between test samples.   
 
For unrestrained floor-ceiling assemblies and unrestrained roof-ceiling assemblies such as the 
tested samples, ASTM E119 includes the following Conditions of Acceptance: 
 

1. The sample shall support the applied load without developing conditions that would 
result in flaming of cotton waste place on the floor or roof surface. 

 
2. Any temperature measured on the surface of the floor or roof shall not increase more than 

325 ºF. The average temperature measured on the surface of the floor or roof shall not 
increase more than 250 ºF.   

 
The results of the nine fire tests in terms of the ASTM E119 Conditions of Acceptance are 
summarized in Table 7. 
 
Table 7.  Summary of Test Results ASTM E119 (Underwriters Laboratories, Inc., 2008) 

Test 
Assembly 

No. 

Time of 
250ºF avg. 

temperature 
rise on 

surface of 
floor / roof 
(min:sec) 

Time of 
325ºF max. 

temperature 
rise on 

surface of 
floor / roof 
(min:sec) 

Flame 
passage 
through 

floor / roof 
(min:sec) 

Collapse 
(min:sec) 

Fire 
resistance 

rating 
(min) 

      
1 * * 18:30 18:45 19 
2 * * 06:00 06:03 6 
3 * * 44:15 44:45 44 
4 * * * 26:45 27 
5 * 29:15 28:40 29:15 29 
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6 * 24:15 26:00 26:45 24 
7 39:45 38:30 26:00 40:00 26 
8 * * * 79:45 51** 
9 * * * 23:15 23 

* - This condition was not achieved during the fire test.  
** - Plaster ceiling in contact with furnace thermocouples at 51 minutes.  The test method requires that the junction of the 
thermocouples in the furnace be placed 12 inches away from the ceiling surface at the beginning of the test and shall not touch 
the sample as a result of deflection. 

 
In addition to the fire resistance rating determined by the Conditions of Acceptance in ASTM 
E119, a finish rating is typically published for fire resistive assemblies with combustible supports 
such as the tested as samples.  The finished rating is defined as the time when the first 
occurrence of either: (1) a temperature measured on the face of the combustible supports nearest 
to the fire increases more than 325 ºF or (2) the average temperature measured on the face of the 
combustible supports nearest the fire increases more than 250 ºF.   
 
Several fire test standards similar to ASTM E119 such as ISO 834:1 Fire-resistance tests – 
Elements of building construction – Part 1: General requirements define load bearing capacity as 
the elapsed time that a test sample is able to maintain its ability to support the applied load 
during the fire test.  The ability to support the applied load is detailed in the report (Table 8). 
 
Table 8. Summary of Significant Events in Addition to ASTM E119 Conditions of Acceptance (Underwriters 
Laboratories, Inc., 2008) 

Test 
Assembly 

No. 

Initial 
falling of 

ceiling 
material 

(More than 
1 ft2) 

(min:sec) 

Average 
temperature 

on 
unexposed 
surface of 
ceiling at 

initial falling  
(ºF) 

Finish 
rating 

(min:sec) 

Loadbearing 
capacity 

(min) 

     
1 No ceiling No ceiling 00:45 18 
2 No ceiling No ceiling 00:30 4 
3 23:30 605 15:30 45 
4 17:15 531 7:45 25 
5 16:30 519 10:45 24 
6 16:00 559 12:15 25 
7 15:45 253 15:15 40 
8 74:00** 1109 74:00** 80 
9 13:45 730 14:45 24 

Notes:** - plaster ceiling in contact with furnace thermocouples at 51 minutes 

 
Review and Comment:   

 The overall objective of the Structural Stability of Engineered Lumber in Fire Conditions 
project was to develop comparable fire performance data for unfinished and finished 
assemblies constructed with dimensional and engineered lumber components.    
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similar to ASTM E119 with standards such as the ISO 834:1 Fire-resistance tests – Elements 
of building construction.  

4.3.3. Underwriters Laboratories Inc.  “Structural Stability of Engineered Lumber in Fire 
Conditions”, Project Number 08CA33476, File Number NC10412, Submitted to 
Chicago Fire Department - September 2009  

 
Conducting Agency: The project, conducted by Underwriters Laboratories Inc. in September of 
2009, provides fire resistive performance of three alternate assemblies tested in addition to the 
fire research and education grant sponsored by the Fire Prevention and Safety Grants under the 
direction of the Department of Home Security/Federal Emergency Management 
Agency/Assistance to Firefighters Grants. A total of three fire tests were conducted on test 
assemblies representing floor–ceiling constructions so as to develop comparable fire 
performance data among assemblies.  All the test assemblies were intended to represent typical 
residential construction.   
 
Test Series: The first assembly was constructed with parallel chord trusses with metal gusset 
connections as the structural components with a regular 1/2” gypsum board ceiling and included 
the following unique features: Recessed lighting fixture penetrations in the ceiling, HVAC 
supply and return penetrations in the ceiling, HVAC duct work in the interstitial space above the 
ceiling, Metal gusset connection on the bottom cord and AFG grant sponsored test # 5 was 
similarly constructed without the unique features noted above. 

The second assembly was constructed with parallel chord truss with glued connections as the 
structural components.  This assembly was similar to the AFG grant sponsored test # 6 with the 
exception that this test did not include a ceiling. 

The third assembly was constructed with parallel chord truss with metal gusset connections as 
the structural components and included simulated stairwell framing. 
 
The construction details of the three test assemblies are summarized in Table 9and detailed in 
Test Records 1 through 3. 
 
Table 9.  Summary of Test Samples (Underwriters Laboratories, Inc., 2009) 
Test Assembly 

No. 
Supports Ceiling Floor or Roof 

1 Parallel chord truss 
with steel gusset 
plate connections, 
14 inch deep @ 24 
inch centers with 
bottom chord 
splices, can lights 
and duct work 

1/2 inch regular 
gypsum wallboard 

23/32 inch OSB 
subfloor, carpet padding 
& carpet 

2 Parallel chord truss 
with glued 
connections, 14 
inch deep @ 24 
inch centers 

None 23/32 inch OSB 
subfloor, carpet padding 
& carpet 
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Test Assembly 
No. 

Supports Ceiling Floor or Roof 

3 Parallel chord truss 
with steel gusset 
plate connections, 
14 inch deep @ 24 
inch centers with 
simulated staircase 
and bottom chord 
splices 

None 23/32 inch OSB 
subfloor, carpet padding 
& carpet 

 
The three fire tests complied with the requirements of ASTM E119 but the applied structural 
load was non-traditional.  Typically, a uniform load is applied on the floor to fully stress the 
supporting structural members.  This load is generally higher than the minimum design load of 
40 psf specified by the building code for residential construction.  For the tests described in this 
report, the load placed on the samples was intended to represent typical conditions during a fire.  
A load of 40 psf was placed along two of the four edges of the floor – ceiling assemblies to 
represent loads around a perimeter of a room.  On each sample, two 300 pound concentrated 
loads were placed near the center of the sample.  A mannequin, intended to simulate fire service 
personnel, represented each concentrated load.   
 
Standard ASTM E119, Fire Tests of Building and Construction Materials, describes a fire test 
method that establishes benchmark fire resistance performance between different types of 
building assemblies.  For floor-ceiling assemblies, the standard requires a minimum 180 square 
foot sample prohibit the passage of flame through the sample and limit the temperature rise at 
specific locations as the sample while the sample supports a load and is exposed to a 
standardized fire.  The standardized fire represents a fully developed fire within a residential or 
commercial structure with temperatures reaching 1000 ºF at 5 minutes and 1700 ºF at 60 
minutes. 
 
Test Results: The results of the ASTM E119 fire tests are expressed in terms of hours such as 
1/2 hour, 1 hour or 2 hour rated assemblies.  These time ratings are not intended to convey the 
actual time a specific structure will withstand an actual fire event due to differences in building 
configuration and construction, fuel load, and ventilation. However, the results from ASTM 
E119 test method enable a useful benchmark to compare the fire resistance performance of test 
assemblies.   
 
For unrestrained floor-ceiling assemblies such as the tested assemblies, ASTM E119 includes the 
following Conditions of Acceptance: 
 

1. The sample shall support the applied load without developing conditions that would 
result in flaming of cotton waste place on the floor surface. 

2. Any temperature measured on the surface of the floor shall not increase more than 325 ºF 
and the average temperature measured on the surface of the floor shall not increase more 
than 250 F. 

 
The results of the three fire tests in terms of the ASTM E119 Conditions of Acceptance are 
summarized in Table 10. 
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Table 10.  Summary of Test Results ASTM E119 (Underwriters Laboratories, Inc., 2009) 

Test 
Assembly 

No. 

Time of 
250ºF avg. 

temperature 
rise on 

surface of 
floor 

(min:sec) 

Time of 
325ºF max. 

temperature 
rise on 

surface of 
floor 

(min:sec) 

Flame 
passage 
through 

floor 
(min:sec) 

Collapse 
(min:sec) 

Fire 
resistance 

rating 
(min) 

      
1 * * 26:00 30:08 26 
2 12:30 11:15 11:45 13:06 11 
3 10:45 5:00 11:30 13:20 5 

Notes: 
* - This condition was not achieved during the fire test. 
 
Other significant data obtained during the fire tests included observation of the conditions of the 
ceiling and floor surfaces, temperatures in the concealed space above the ceiling membrane and 
deflections of the floor and roof surfaces. 
 
The finish rating and the load bearing capacity of Benchmark assemblies from the UL project 
and the three tested assemblies are summarized in Table 11. 
 
Table 11.  Summary of Significant Events in Addition to ASTM E119 Conditions of Acceptance 
(Underwriters Laboratories, Inc., 2009) 
Test Assembly 

No. 
Initial falling of 
ceiling material 

(More than 1 ft2) 
(min:sec) 

Average 
temperature 
on unexposed 

surface of 
ceiling at 

initial falling  
(ºF) 

Finish 
rating 

(min:sec) 

Load 
bearing 

Capacity 
(min) 

Benchmark1 1 No ceiling No Ceiling 00:45 18 
Benchmark2 2 16:00 559 12:15 25 
Benchmark3 3 16:30 519 10:45 24 
Benchmark4 4 23:30 605 15:30 45 
Benchmark5 5 74:00** 1109 74:00** 80 

1 17:15 646 13:00 24 

2 No ceiling No ceiling 00:15 10 
3 No ceiling No ceiling 00:30 5 

** - plaster ceiling in contact with furnace thermocouples at 51 minutes 
Notes: 
1 – Benchmark 1 data represents a combustible floor-ceiling assembly of typical unprotected 
legacy construction (2 x 10) without a ceiling 
2 – Benchmark 2 data represents a combustible floor-ceiling assembly of typical modern 
construction of parallel chord truss with glued connections with a ½ thick regular gypsum 
board ceiling 
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3 – Benchmark 3 data represents a combustible floor-ceiling assembly of typical modern 
construction of parallel chord truss with steel gusset connections with a ½ thick regular 
gypsum board ceiling  
4 – Benchmark 4 data represents a combustible floor-ceiling assembly of typical protected 
legacy construction (2 x 10) with a ½ inch regular gypsum board ceiling 
5 – Benchmark 5 data represents a combustible floor-ceiling assembly of typical protected 
legacy construction (2 x 10) with a ¾ inch metal lath and plaster ceiling 
 

Review and Comment:  From the previous 2008 UL project, it was determined that the  load 
bearing capacity of an unprotected combustible floor-ceiling assembly representing typical 
unprotected legacy construction (2 x 10) without a ceiling was 18 minutes.  The time duration 
was based upon the performance of the assembly when exposed to the time-temperature curve 
defined in Standard ASTM E119.  This was defined as the benchmark (Benchmark 1) fire 
resistance performance of traditional exposed lumber construction typically found in lowest floor 
above basement or crawl spaces. 
 
 The fire containment performance of Test Assembly 1 representing modern steel gusset 

truss construction with a ceiling with penetrations was 6 minutes more than the 
benchmark performance 

 The fire containment performance of Assembly 2 representing unprotected modern glued 
truss construction was 8 minutes less than the benchmark performance.  

 The fire containment performance of Assembly 3 representing unprotected modern steel 
gusset construction with stairwell framing was 13 minutes less than the benchmark 
performance.   

 Similar to previous results, unprotected wood assemblies exhibited a reduced load 
bearing capacity when significantly weakened by fire. The unprotected engineered wood 
assemblies upon combustion contributed significant fuel loads to the experimental fires 
raising corresponding temperatures above the standardized ASTM E119 time temperature 
curve.  

 Unprotected engineered assemblies exhibit a reduced load bearing capacity when 
significantly weakened by fire as evident in a comparative analysis comparing test 
standards similar to ASTM E119 with standards such as the ISO 834:1 Fire-resistance 
tests – Elements of building construction.  

4.4. Fire Endurance Performance of Unprotected Assemblies – Standardized ASTM E-119 
Furnace Testing 

 

4.4.1. National Engineered Lightweight Construction Fire Research Project Report: 
Literature Search and Technical Analysis –Fire Protection Research Foundation, 
1992.  

 
Conducting Agency: In October of 1992 the National Fire Protection Research Foundation 
published, “National Engineered Lightweight Construction Fire Research Project Report: 
Literature Search and Technical Analysis” (Grundahl, 1992).  The overall objective of the Fire 
Protection Research Foundation (FPRF) National Engineered Lightweight Construction Fire 
Research Project was to define the actual fire performance characteristics of engineered 
components.  
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Report Series: The components examined in this study include: metal plate connected (MPC) 
wood trusses, MPC metal-web wood trusses, pin-end connected steel-web wood trusses, 
wooden I -joists, solid-sawn (e.g., 2 x 10) wood joists, composite wood joists, steel bar joists, 
and steel C joists. The following is a list of the testing citing for Standardized ASTM E-119 
furnace testing conducted with modified loading conditions respective of the structural 
elements being examined for this research project.  

Table 12.  .  Standardized ASTM E-119 Furnace Testing (Grundahl, 1992) 
 

Test 
 

Structural Member 
 

Spacing 
Structural 

Failure 
(min:sec) 

Loading (psf) -
% Design Stress

FM FC 209 (Factory 
Mutual Research, 1974) 

2 x 10; 23/32" ply. 
w/vnl 

24 in. o.c. 13:34 62.1 (100%) 

FM FC 212 (Factory 
Mutual Research , 1974) 

2 x 10; 23/32"ply. 
w/cpt  

24 in. o.c. 12:06 62.4 (100%) 

NBS 421346 (Son B. , 
Fire Endurance Tests of 
Unprotected Wood-Floor 
Construcitons for Single 
Family Residences: 
NBSIR 73-263, 1973) 

2 x 10; 1/2” & 5/8” ply. 16 in. o.c. 11:38 63.7 (100%) 

FPL (R.H. White, 1983) 2 x 10; 23/32" ply. 16 in. o.c. 6:12 79.2 (100%) 
FPL (R.H. White, 1983) 2 x 10; 23/32" ply. 16 in. o.c. 6:48 79.2 (100%) 
FPL (R.H. White, 1983) 2 x 10; 23/32" ply. 16 in. o.c. 7:30 79.2 (100%) 
FPL (R.H. White, 1983) 2 x 10; 23/32" ply. 16 in. o.c. 5:30 79.2 (100%) 
FPL (R.H. White, 1983) 2 x 10; 23/32" ply. 16 in. o.c. 6:18 79.2 (100%) 
FM FC 250 (Factory 
Mutual Research , 1977) 

12 in. MPCT; 3/4" ply. 24 in. o.c. 10:12 60.0 (100%) 

FM FC 208 (Factory 
Mutual Research , 1974) 

7¼ in. Steel C-joist; 
23/32”ply. w/vnl  

24 in. o.c. 7:30 69.8 (100%) 

FM FC 211 (Factory 
Mutual Research, 1974) 

7¼ in. Steel C-joist; 
23/32”ply. w/cpt 

24 in. o.c. 5:12 69.8 (100%) 

 
Review and Comment: The FPRF report and the source literature were reviewed for testing 
conducted prior to 1992. The majority of the tests conducted were of unprotected dimensional 
lumber floor assemblies. A summary of these tests results is shown in Table 12. 
 
4.5. Fire Endurance Performance of Unrated Full Scale Assembly Testing   
 
4.5.1. Fire Performance of Selected Residential Floor Construction Under Room Burnout 

Conditions - National Bureau of Standards, 1980. 
 
Conducting Agency: In December of 1980 the Center for Fire Research at the National 
Engineering Laboratory National Bureau of Standards authored, “Fire Performance of Selected 
Residential Floor Construction Under Room Burnout Conditions” (Fang J. , 1980). A series of 
seven large-scale room burnout fire tests were conducted with a set of selected residential floor 
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to ceiling assemblies to provide data on the performance of the assemblies; these assemblies 
were then compared to future tests on the same constructions in a fire endurance furnace.  
 
Test Series: Four wood frame and three light gauge steel-frame, load bearing assemblies, each 
measuring 10.7’x 10.7’ in size, were exposed from the underside to a fire environment produced 
from the burning of typical furniture and interior finished material in a room. These tests 
examined the performance of: conventional 2 x 8 spaced at 16 in. and 24 in. centers, 7-1/4 in. 
deep C-shaped galvanized steel joists spaced at 24 in. and 32 in. centers, and one 12 in. deep 
metal plate connected truss spaced at 24 in. on center. The floor framing was covered with one 
layer of 23/32-in plywood subfloor with a finished carpet. The fuel load for each experiment was 
common to a typical recreation room of the period and included a sofa, an upholstered chair, an 
ottoman, an end table, a bookcase and a coffee table.  
 
Table 13.  Non-Standardized Test Results (Fang J. , 1980). 

Structural 
Member 

 
Spacing 

Plywood 
Subfloor 

Thickness 

Structural 
Failure 

(min:sec) 

 
Loading 

(psf) 
2 x 8 wood joist 16 in. o.c. 5/8  10:43 40.00 
7-1/4 steel joist 24 in. o.c. 5/8 3:47 72.00 
7-1/4 steel joist  32 in. o.c. 3/4 3:59 40.00 
2 x 8 wood joist  24 in. o.c. 23/32 12:00 40.00 
7-1/4 steel joist 24 in. o.c. 23/32 15:58* 67.0 

12 MPCT1  24 in. o.c. 23/32 18:34 67.0 

2 x 8 wood joist 24 in. o.c.  23/32 35:18* 40.0 
1 MPCT = Metal Plate Connected Truss 

* No joist collapse, times refer to excessive deflection rate.  
  

Review and Comment: The fire resistance periods based on flame-through of the floor 
assembly and structural failure of floor joists varied from 10 – 12 minutes for floors with 
unprotected wood joists and was 4 minutes or less for floors with unprotected steel joists/ The 
addition of a 1/2 in. thick gypsum board ceiling as a protective layer increased the fire resistance 
time of the steel joist floor assembly approximately 12 minutes. A summary of these tests results 
is shown in Table 13. 

4.5.2. Structural Collapse Fire Tests: Single Story, Wood Frame Structures - National 
Institute of Standards and Technology (NIST), 2004.  

 
Conducting Agency: In March of 2004 NIST conducted NISTIR 7094, “Structural Collapse 
Fire Tests: Single Story, Wood Frame Structures” (Stroup, 2004). A series of fire tests was 
conducted in Phoenix, Arizona to collect data for a project examining the feasibility of predicting 
structural collapse. The fire test scenario was selected as part of a training video being prepared 
by the Phoenix, Arizona Fire Department.  
 
Test Series: Multiple fires were started in each structure to facilitate collapse; the fires were not 
intended to test the fire endurance of the structures. Four structures with different roof 
constructions were used for the fire tests. The roof structure was built with manufactured trusses 
on 2 ft. centers. These structures were identical except for the roof construction. One structure 
had a roof consisting of asphalt shingles on ½ in five-ply plywood while a second structure had 
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wood frames with polyurethane foam cushioning material. Two wood end tables, a wood coffee 
table, and two table lamps were also placed in the living room. The bedroom contained two sets 
of foam mattresses and box springs on metal frames. Wood bed tables were placed adjacent to 
each bed. Two wood dressers were located in the room. One dresser was located along the wall 
opposite the ends of the two beds while the second dresser was adjacent to the side of the second 
bed. Finally, a chair with polyurethane padding on a wood frame was positioned in the bedroom 
diagonally opposite the end corner of the first bed. Table lamps were placed on top of the two 
bed tables. Both rooms in each structure had nylon wall-to-wall carpet laid on the floor over 3 lb. 
pad.  
 
The living room and bedroom areas of each structure were ignited simultaneously using electric 
matches. Peak temperatures obtained during the tests ranged from approximately 1500 °F to 
1800 °F. The roof of each structure collapsed approximately 17 minutes after ignition. This 
limited set of burn tests indicated that infrared cameras may not be a viable tool for predicting 
structural collapse in residential structures. The thermal signature of the fire coming through the 
roof is washed out by radiation from smoke or fire plumes or was obscured by water spray or 
rain. Since one typically expects hot smoke or fire plumes as well as water sprays to be present at 
residential fire scenes, thermal images do not appear to be an adequate indicator of pending 
structural collapse. A summary of these tests results is shown in Table 14. 
 
Table 14. Non-Standardized Test Results (Stroup, 2004). 

Structural Member Spacing 
(in.) 

Sheathing Material Failure Time 
(min:sec) 

Loading  

2x6 pitched roof MPC 
Truss roof system 

24 1/2" CDX ply. w/ 15 
lb. felt and asphalt 
shingles  

17:30* (3) 300 lb. 
concentrated  loads 

2x6 pitched roof MPC 
Truss roof system 

24 1/2” OSB ply. w/ 15 
lb. felt and asphalt 
shingles 

17:00* (3) 300 lb. 
concentrated  loads 

2x6 pitched roof MPC 
Truss roof system 
 

 
24 

1/2" CDX ply. w/ 
(2) layers of 30 lb. 
felt and cement 
tiles  

 
16:00* 

(3) 300 lb. 
concentrated  loads 

2x6 pitched roof MPC 
Truss roof system 

24 1/2” OSB ply. w/ 
(2) layers of 30 lb. 
felt and cement 
tiles 

17:10* (3) 300 lb. 
concentrated  loads 

* Partial collapse occurred local to the firefighter mannequins. 

 
Review and Comment: This test series makes a comparative roof performance analysis with a 
ventilated “realistic equivalent fire load”. Fuel packages for this project were characterized using 
cone calorimeter experiments. The roof trusses were equivalent but not tested with respect to 
their maximum allowable spans. The study subjected the roof systems to three concentrated live 
loads consisting of two 300 pound mannequins and a 300 roof top mechanical unit. The 
documented collapse times were recorded when the mannequins fell through the roof assemblies. 
Structural collapse was determined based on mannequins fall through but deflections were not 
monitored for the roof structure, it is therefore difficult to ascertain if the documented collapse 
times were due to sheathing failures or by the collapse of the structural elements. This limited set 
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of burn tests indicated that infrared cameras may not be a viable tool for predicting structural 
collapse in residential structures. This project did not provide a forensic analysis of the failures 
mechanisms of the structural elements. 
 

4.5.3. The Performance of Composite Wood Joists Under Realistic Fire Conditions – Tyco 
International, 2008.  

 
Conducting Agency: In July of 2008 the Fire Suppression and Building Products Division of 
Tyco International conducted a series of five comparative demonstrative tests at Underwriters 
Laboratories (UL) in Northbrook Illinois.  This project was entitled, “The Performance of 
Composite Wood Joists Under Realistic Fire Conditions” (Tyco Fire Suppression & Building 
Products , 2008). This project created a simulated one room furnished basement fire. The test 
setup represented a seating area that had been located in a basement.  
 
Test Series: The furniture was comprised of synthetic material (i.e. furniture, carpet, etc.). The 
floor was covered in a Berber type carpet. The fuel package consisted of a couch and loveseat, a 
coffee table with plastic children’s toys, two end tables with lamps, a picture on the wall and an 
empty entertainment center arrangement. The room measured 16 ft. x 16 ft. with a ceiling height 
of 8 ft. to 9 ft. 2 in. depending upon the floor assembly tested. The ignition scenario included a 
small wastebasket filled with a ½ lb. of shredded 20 lb. copy paper and a polyester blanket 
draped over the arm of the couch. The ceiling was constructed of 11-7/8 in. deep composite 
wood I-joists spaced at 24 in. centers. The floor was loaded with a total live load of 1280 lbs or 
about 5 lbs/ft2. The load consisted of two 300 pounds firefighter mannequins and concrete cinder 
blocks. Three sprinkler scenarios were evaluated as part of this program; including a single 
sidewall sprinkler, four pendent sprinklers and a single pendent sprinkler. The remaining two 
unsprinklered tests (i.e. “freeburn”) were performed using the same fire scenario and structural 
loading as the sprinklered tests with exposed composite wood joists. The report documents the 
ability for the three sprinkler designs tested to significantly control the fire event, limit the fire 
damage to areas local to the ignition source and inhibit the fires ability to involve and 
compromise the structural elements. Two unsprinklered tests were conducted. The first 
unsprinklered “freeburn” test documented flashover at 7:09 with structural collapse at 11:30. The 
second unsprinklered “freeburn” test documented flashover at 5:15 and structural collapse at 
8:34.  
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A summary of these tests results is shown in Table 15. 
 
Table 15. Non-Standardized Test Results. 
Structural Member Spacing 

(in.) 
Sheathing and 

Finish Material  
Failure Time

(min:sec) 
Loading  Sprinkler 

11-7/8” Engineered 
Wood I-beams.  

24 7/8” CDX ply. w/ 
carpet pad and 
Berber Carpeting  

N/A - Fire 
Controlled at 

2:55 

(2) 300 lb. 
conc. loads with 
uniformly dist. 

of 5 lbs./ft. 
 

Yes – 
Residential 
Horizontal 
Sidewall   

11-7/8” Engineered 
Wood I-beams.  

24 7/8” CDX ply. w/ 
carpet pad and 
Berber Carpeting 

N/A - Fire 
Controlled at  

3:00 

(2) 300 lb. 
conc. loads with 
uniformly dist. 

of 5 lbs./ft. 
 

Yes – 
Residential 
Pendant  

(13 gpm)

11-7/8” Engineered 
Wood I-beams  

24 
 

7/8” CDX ply. w/ 
carpet pad and 
Berber Carpeting 

 
N/A - Fire 
Controlled at  

4:15 

(2) 300 lb. 
conc. loads with 
uniformly dist. 

of 5 lbs./ft. 
 

Yes – 
Residential 
Pendant  

(22 gpm)

11-7/8” Engineered 
Wood I-beams  

24 7/8” CDX ply. w/ 
carpet pad and 
Berber Carpeting 

11:10 (2) 300 lb. 
conc. loads with 
uniformly dist. 

of 5 lbs./ft. 
 

None 

11-7/8” Engineered 
Wood I-beams  

24 7/8” CDX ply. w/ 
carpet pad and 
Berber Carpeting 

8:34 (2) 300 lb. 
conc. loads with 
uniformly dist. 

of 5 lbs./ft. 
 

None  

 

Review and Comment: The Tyco test series clearly demonstrates the advantages of active fire 
suppression systems. It also consistently demonstrates a significant reduction in work time for a 
firefighters operating in a building constructed with an unsprinklered and unfinished engineered 
I-Joist floor systems exposed to fire conditions. This test series makes progress towards a 
comparative performance analysis. The products were tested with respect to their allowable 
spans and the applied load, although atypical, was consistent. The characterization of the fuel 
load for the fire was considered equivalent to a modern synthetic fuel load and the environmental 
conditions were controlled as the testing was conducted in a large research facility.    

 

4.5.4. Fire Performance of Houses. Phase I Study of Unprotected Floor Assemblies in 
Basement Fire Scenario, 2009.  

 
Conducting Agency: In December of 2009 J. Z. Su of the National Research Council Institute 
for Research in Construction (NRC-IRC) conducted the experiments in the report titled, “Fire 
Performance of Houses. Phase I Study of Unprotected Floor Assemblies in Basement Fire 
Scenario” (Su, 2009). This project seeks to research fires in single-family houses to determine 
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factors that affect the life safety of occupants. The safety of emergency responders in a fire 
originating in single-family houses was not within the scope of the NRC-IRC research project. 
 
Test Series: The research established a typical sequence of events such as the smoke alarm 
activation, onset of untenable conditions, and structural failure of test assemblies, using specific 
fire test scenarios in a full-scale test facility. This test facility (referred to as the test house 
hereafter) simulated a typical two-story detached single-family house with a basement, which 
complied with the minimum requirements in the National Building Code of Canada (NBCC).  
 
The experimental facility represented a typical two-story single-family house with a basement. 
Each story of the test facility had a floor area of 1022 ft2 and a ceiling height of 8 ft. The 
basement was partitioned to create a fire room (17’- 4” by 17’-1” wide) representing a basement 
living area. The structure provided for a doorway from basement and the first floor, removable 
exterior windows and operable interior doorways. Ventilation utilizing these devices were 
provided to replicate the timeline of fire induced ventilation conditions coupled with additional 
ventilation provided by occupant evacuation.  
 
A simple fuel package was developed for use in Phase 1 full-scale experiments to create a 
repeatable fire that simulated a basement living area fire. This fuel package consisted of a mock-
up sofa constructed with exposed polyurethane foam and wood cribs. Combined with different 
ventilation conditions, the fuel package provided two relatively severe basement fire scenarios 
with a reproducible fire exposure (above 800°C) to the unprotected floor-ceiling assemblies.  
 
The full-scale experiments addressed the life safety and egress of occupants from the perspective 
of tenability for occupants and structural integrity of structural elements as egress routes. A 
range of engineered floor systems, including wood I-joist, steel C-joist, metal plate and metal 
web wood truss assemblies as well as solid wood joist assemblies, were used in the full-scale fire 
experiments. A single layer of oriented strand board (OSB) was used for the subfloor of all 
assemblies without additional floor finishing materials on the test floor assemblies. Floor 
assemblies loaded with self-weight assembly dead loads and an uniform imposed live load of 20 
psf.. A summary of these tests results is shown in Table 16. 
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Table 16.  Non-Standardized Test Results (Su, 2009). 

 Open Basement 
Doorway 

Closed Basement 
Doorway  

Assemblies Tested   
Test  

Structural 
Failure  

(min:sec) 

Test  Structural 
Failure 

(min:sec) 
2x10 Solid Wood Joist  UF-01 12:20 UF-02 20:00 
11-7/8 in. Wood I-Joist A UF-03 8:10 UF-09 12:58 
8 in. Steel C-Joist  UF-04 7:42 -  
12 in. Metal-plate wood truss  UF-05 7:49 -  
11-7/8 in. Wood I-Joist B UF-06. 6:22 -  

UF-06R 6:20 -  
UF-06RR 6:54 -  

12 in. Metal web wood truss UF-07 5:25 UF-08 7:54 
Note: 

1. In addition to the solid wood joists assembly, two engineered floor assemblies – one with the longest time 
and the other with the shortest time to reach failure in the open basement doorway scenario – were selected 
for testing with the closed basement doorway.  

 
Review and Comment: In all of the NRC-IRC experiments, structural failure of the test floor 
assemblies occurred. The moment of floor failure was characterized by a sharp increase in floor 
deflection and usually accompanied by heavy flame penetration through the test assemblies as 
well as by a sharp increase in compartment temperature above the test floor assemblies. With the 
relatively severe fire scenarios used in the experiments, the times to reach structural failure for 
the wood I-joist, steel C-joist, metal plate and metal web wood truss assemblies were 35-60% 
shorter than that for the solid wood joist assembly.  
 
In all experiments with the open basement doorway, the structural failure occurred after the 
inside of the test house had reached untenable (incapacitating) conditions. Results from replicate 
tests gave very repeatable durations to structural failure. Having a closed door to the basement 
limited the air available for combustion, given the relatively small size of the basement window 
opening, and prolonged the times for the test assemblies to reach structure failure (from 50-60% 
longer than with the open basement doorway). There was structural deflection of all of the floor 
assemblies prior to their structural failure. The steel C-joist floor assembly produced the highest 
deflection rate, followed by metal-web and metal-plate wood  trusses. The solid wood joist 
assemblies produced the lowest deflection rate. There were three distinct patterns for structural 
failure of the test assemblies. For the solid wood joist assemblies, the structure failure occurred 
after deflection of the floor, mainly in the form of OSB subfloor failure (burn through). For all 
other floor assemblies, after deflection of the floor, the structure failure occurred either in the 
form of complete collapse into the basement or in the form of a “V” shaped collapse due to joist 
or truss failure. The main mode of structural failure for the solid wood joist assemblies after they 
structurally deflected was by flame penetration through the OSB subfloor, with most of the wood 
joists significantly charred but still in place at the end of the tests. Whereas for all other floor 
assemblies, after they structurally deflected, failed by complete structural collapse due to joist or 
truss failure.   
 
 



37 | P a g e  
 

 COPYRIGHT  2011 UNDERWRITERS LABORATORIES INC. 

 

4.5.5 Performance of Protected Ceiling/Floor Assemblies and Impact on Tenability with a 
Basement Fire Scenario, 2011.  
 
Conducting Agency: In May of 2011 J. Z. Su of the National Research Council Institute for 
Research in Construction (NRC-IRC) issued Summary Report NRCC-54007, “Fire Performance 
of Protected Ceiling / floor assemblies and impact on tenability.” (Su, 2009). This project seeks 
to research fires in single-family houses with protected ceiling and floor assemblies to determine 
factors that affect the life safety of occupants.  
 
Test Series: After a previous study of unprotected floor/ceiling assemblies under basement fire 
scenarios, a further experimental program was undertaken to investigate the performance of 
protected floor/ceiling assemblies and the tenability conditions in a test facility representing a 
two-story detached single-family house.  
 
A series of full-scale fire experiments were conducted using four types of floor systems (wood I-
joist, steel C-joist, metal web wood truss and solid wood joist assemblies), which were selected 
from the assemblies that had been tested in the previous study. The test floor assemblies were 
protected on the basement side (the fire exposure side) by a regular gypsum board ceiling, 
residential sprinklers or a suspended ceiling. Table 17 shows a matrix for the full-scale fire 
experiments. The study focused on the impact of the protection measures on the life safety of 
occupants from the perspective of tenability for occupants and integrity of structural elements as 
egress routes.  
 
Table 17. Matrix of Full-Scale Fire Experiments. 

Test Assembly  Gypsum board 
ceiling only  

Suspended ceiling 
only  

Sprinklered  

only  

Wood I-joist  X X X  

Metal web wood truss  X   X 

Steel C-joist  X   

Solid wood joist  X   

 
 
The experiment tested the fire performance of the protected floor/ceiling systems, tenability 
conditions in the floor areas above the fire, and timeline for fire initiation, smoke alarm 
activation, onset of untenable conditions, and structural failure.  
 
Four experiments were conducted respectively using a wood I-joist assembly, steel C-joist 
assembly and metal web wood truss assembly, as well as, solid wood joist assembly with regular 
gypsum board on the basement side of the test assembly (i.e. gypsum board ceiling in the fire 
room). The experiments conducted using the gypsum board protected assemblies exhibited the 
same chronological sequence of fire events — fire initiation, smoke alarm activation, onset of 
untenable conditions, and finally structural failure of the test floor assemblies. The smoke alarms 
in the basement fire compartment took 30 s to activate consistently. Smoke obscuration was the 
first hazard to arise. The smoke obscuration limit was reached at around 190 s in these 
experiments.  Untenable (incapacitation) conditions were reached shortly after smoke 
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obscuration. Heat exposure reached the incapacitation doses on the first story after 240-300 s; 
CO exposure reached the incapacitation doses on the second story after 300-400 s. Compared to 
the experiments conducted in the previous study using the same floor structures without gypsum 
board protection, tenability conditions were similar or improved slightly whilst the structural 
performance was improved significantly with the gypsum board protected floor assemblies. The 
times taken to reach structural failure for the gypsum board protected floor assemblies were 
extended beyond those with no protection. With gypsum board protection, all engineered test 
assemblies had the structural failure time similar to that of the solid wood joist assembly under 
the test fire scenario.  
 
This project also conducted experiments utilizing a two-sprinkler layout in the basement fire 
room and a single pendant sprinkler system below the bottom of the exposed combustible floor 
assemblies.  The two sprinkler system experienced activation of one  sprinkler by heat and was 
able to control the fire quickly and keep the temperature in the fire room close to the ambient 
level. Tenability limits were not reached during the 1200-s experiment. There was no structural 
damage to the test floor assembly and no damage to the sprinkler piping system either. The 
single sprinkler system also effectively protected the structural integrity of the test floor 
assemblies and kept the conditions tenable in the test house during the experiments. The test 
floor assemblies had no structural damage and the tenability limits were not reached during the 
experiments. 
 
Table 18 Comparative Structural Performance Timelines for Experiment (in seconds)  

Test Number Test Assembly 
Structure 

Structural Failure Increased Time for 
Structure* 

Protection by Gypsum Board 
PF-01 Solid-sawn wood 

joist 
1320 580 

PF-02 Steel C-joist 1320 858 
PF-04 Wood I-joist 1247 757 

PF-06C Metal-web wood 
truss 

1424 1099 

Protection by Suspended Ceiling 
PF-05 Wood I-joist 638 148 

Protection by Residential Sprinklers 
PF-03 Wood I-joist not reached unlimited 

PF-03B Wood I-joist not reached unlimited 
PF-06 Metal-web wood 

truss 
not reached unlimited 

* The increase in the time taken to reach structural failure from the unprotected assembly from 
previous experiments as compared to a similar protected assembly.  
 
Review and Comment: With the gypsum board protected floor assemblies, tenability conditions 
were similar or improved slightly, while the structural performance was improved significantly 
in the experiments, compared to the experiments conducted in the previous study using the same 
floor structures without gypsum board protection. With gypsum board protection, all engineered 
test assemblies had similar structural failure times, matching that of the solid wood joist 
assembly under the test fire scenario. The benefit of the suspended ceiling as a protection 
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measure for the test assembly was marginal, compared to the same test assembly without a 
suspended ceiling. The residential sprinkler systems effectively protected the structural integrity 
of the test assemblies and there was no structural failure or damage to the test assemblies in the 
test scenario. The residential sprinkler systems also kept the conditions tenable in the test house 
during the experiments. 
 
4.5.5. Lennon, T. “Large Scale Natural Fire Tests on Protected Engineered Timber Floor 

Systems”. Fire Safety Journal, March 2010  
 
Conducting Agency: As part of an ongoing research project to investigate the performance in 
fire of specific types of innovative construction products and techniques (ICPT), BRE Global 
have carried out large-scale fire tests to determine the response of different floor systems to a 
realistic fire scenario.  
 
Test Series: The principal objective was to determine the mode of failure of different floor 
systems to provide information to key stakeholders (particularly the Fire and Rescue Service), 
which can be taken into account in the dynamic risk assessments that underpin fire fighting 
operations. The following presents the results and observations from those fire tests for three 
floor systems: (i) solid timber floor joists, (ii) I-section floor beams with solid timber top and 
bottom flanges and an oriented strand board (OSB) web, and (iii) a timber truss incorporating 
solid timber upper and lower chord members and a pressed steel web member. These reflect the 
two most common types of engineered floor systems used in the UK and allow for direct 
comparison with a more ‘‘traditional’’ form of construction. 
 
Three tests were performed at BRE’s North East test facility in a single story compartment 
formed from concrete blocks. The compartment was designed to dimensionally reflect a typical 
domestic dwelling with an associated design loading appropriate for this purpose. The 
compartment had internal dimensions of 13 ft. x 10 ft. with the joists spanning in the long 
direction. The floor-to-ceiling height of the compartment was 8 ft. The compartment had two 
ventilation openings, one on the short and one on the long sides, both measuring 2.5 ft. x 3.3 ft. 
Based on this layout, the size and spacing of the engineered floor joists of each type of floor was 
determined by the corresponding floor manufacturer.  
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The purpose of the tests was to evaluate the response of the floor systems to a “realistic” fire 
scenario such as may occur in a room with in a modern apartment building. The dimensions and 
ventilation condition within the room of origin were consistent with a fire within the living area 
of an apartment building where the door is closed. They are also consistent with previous 
research into the performance of timber frame structures in fire. To provide a comparison with 
the results from standard fire tests and to evaluate the performance of the passive fire protection 
the fire load density was calculated such that the floor joists would be exposed to a natural fire of 
a severity equivalent to 60 min. of exposure in the standard fire test. The figure adopted of 450 
MJ/m2 is lower than codified design values but is in line with published average fire load 
densities and consistent with previous research into the performance of medium rise timber 
frame buildings in fire. The equivalent severity was calculated using the time equivalence 
method of BSEN1991-1-2 taking into account the number and size of openings and floor area. In 
addition, the predicted compartment time–temperature response was calculated according to the 
parametric approach detailed in annex A of BS EN 1991-1-2. The design fire load was provided 
by 12 cribs each with 25 kg of solid timber, giving a total fire load of 5400 MJ, for each test. 
 
The floor system was designed for an imposed load of 1.5kN/m2, in addition to its self-weight, 
which is representative of a typical load in a residential building as per BS EN 1991-1-1 for 
category A buildings. At the fire limit state the structure will typically be designed for a 
combination of 50% of the imposed load and 100% of the dead load. This load combination is 
consistent with the guidance in the UK National Annex to BS EN 1991-1-2. Therefore, a 
uniformly distributed load of 0.75kN/m2 was applied to the floor system during testing using 36 
sand bags (each 25 kg). The floor deflections due to the application of the imposed load were 
measured by taking readings prior and post application of the load. The difference between these 
two values was taken as the deflection due to loading. The maximum-recorded deflection was 
just over 3.5 mm. 
 
Performance of the plasterboard lining 
The three floor systems were designed by the manufacturers to achieve 60 min. fire resistance. 
For this purpose, the engineered I- section joists were protected by 2 x15 mm plasterboards while 
the solid timber and truss web joists were protected by 2 x 12.5 mm plasterboard. The 30 mm 
plasterboard specification for the I-section joists was extremely efficient in protecting the floor. 
The outer layer of the lining fell away during the test. However, the internal layer remained 
intact until the fire entered its decay phase. Comparatively 25mm of type F plasterboard was 
insufficient to protect the solid and truss web joists for 60 min in a fire. Both layers of the thinner 
boards fell away during the steady state phase of the fire resulting in significant damage to the 
joists above. The performance of the lining to the I-section joists meant that the test did not 
provide enough information to draw a conclusion about the failure behavior of the floor. 
Comparatively a large volume of new information has been collected for steel webbed 
engineered floor joists, and some observations have been made regarding the likely mechanisms, 
which cause failure and the associated rate of deflection, at the point of failure.  
 
Comparison of the deflection behavior of different joist systems  
 
Comparison of data for deflection and average temperature for the points of maximum observed 
deflection.shows the relationship between average joist temperature, deflection, and time for all 
three tests, at the point of maximum observed deflection. This provides an opportunity to 
compare the performance of the two engineered floor systems against solid joists.  
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Initially, the deflection of the solid timber joists remained insignificant for approximately 30 
min. After this, the maximum deflection increased at an almost steady rate to reach a maximum 
value of about 29 mm after approximately 56 min of exposure. This is also the time at which the 
maximum average temperatures in all tests appears to have been reached. The initial deflections 
of the two engineered floor systems were of a comparable magnitude with both reaching a value 
of approximately 6mmafter48minofexposure.This is almost half the deflection reached by the 
solid timber joists after the same time of exposure. After this, the rate of increase of the 
deflection of the engineered I-section joists remained much lower than that of the solid timber 
joists. With a maximum deflection of nearly 8 mm reached at 56 min (and remained unchanged 
at 60 min). The fire protection provided by the 30 mm fire line plasterboard used in this test was 
effective. After the first 48 min of fire exposure, a sharp increase in the rate of deflection of the 
engineered truss joists started to take place. After 56min of fire exposure, the maximum 
deflection was nearly 70mm (75mm after 60min).  
 
Once the fire was extinguished, the floor continued to deflect reaching a maximum value of 90 
mm. To give a comparative picture of the maximum deflection of each floor system the 
deflections measured after 60 min. at different locations across the floor. Where the test was 
terminated prior to 60 min. the last measured deflection were provided. The deflections of the 
engineered truss joists are the most significant. In general, for approximately the same joist 
temperature, it can be seen that the engineered truss joists deflected almost three times more than 
the traditional solid timber joists, after approximately 60min of fire exposure.  
 
Failure modes of fire damaged timber floor joists  
The rate at which deflections develop, especially prior to failure, is particularly important as far 
as safety is concerned and gives a good indication of the type of failure observed, i.e. brittle, 
ductile ,etc. Since failure did not occur in all floors the maximum rate of deflection observed 
after an exposure to fire of 30 min. will be used for comparison. For the solid timber joists this 
rate of deflection was nearly 1.0 mm/min, and remained constant over a period of about 30 min. 
This is a typical behavior for this type of floor giving reasonable warning before final collapse. 
In general, collapse occurs when the depth of char is such that the residual solid timber section is 
insufficient to support the load applied to the floor. The rate of deflection of the engineered I-
section joists was approximately 0.2 mm/min. This indicates that the floor was well protected 
from fire by the 30 mm plasterboard, as recommended by the floor manufacturers. However, this 
also meant the resistance of the floor to direct fire exposure could not be evaluated in this 
experiment. Tests on similar floors suggest that when the lining to the joists is breached then the 
OSB web of the I-joists may be ‘burned through’. This may result in a loss of connectivity 
between the top and bottom flanges, which would be extremely detrimental to the load bearing 
capacity of the joists and could lead to a very sudden failure of the floor system.  
 
The rate of deflection of the engineered truss joists was approximately 6.4 mm/min. This was 
accompanied by large deflections which occurred quite suddenly over a short period of time. 
This indicates a more dangerous mode of failure compared to that of solid floor joists. In this test 
the elapsed time between the point at which deflections within the floor became noticeable and 
the floor suffering significant damage, was less than 10 min. At this stage a decision was made to 
terminate the test to prevent the floor from collapsing within the following few minutes. This is 
an undesirable mode of failure. In general, failure of the engineered truss joists is likely to occur 
due to loss of material caused by combustion of the solid timber flanges. In addition, charring of 
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the chords can cause failure of the mechanical fixings joining the steel web to the chords. This 
may lead to a loss of connectivity between the flanges leading to collapse of the section. 
However, this mode of failure is likely to be a localized one. This is because the steel web of an 
engineered truss joist is manufactured with a number of small discrete web modules each 
connected with its own mechanical fixings to the top and bottom chords. It was apparent that 
only a number of these modules failed during the test which prevented immediate collapse of the 
entire floor. It should be noted that the similar mode of failure was also reported in work 
undertaken in Canada on similar joists tested in a furnace. 
 
Review and Comment: Like many systems the performance of floors is currently evaluated via 
a standard furnace test of limited dimensions with unrealistic boundary conditions. The intention 
in this project was to investigate the performance of a floor system connected to load bearing 
walls through proprietary connections and subject to a typical value of imposed load and a fire 
scenario that included direct flame impingement. The experimental program under-taken 
involved testing three different floor systems for typical residential applications exposed to a 
realistic fire scenario under realistic conditions of load and restraint. In each case a system 
representing a separating/compartment floor was selected such as would be used to separate 
different occupancies within an apartment building. For this reason the floors required a notional 
60 min. fire resistance period. Guidance on the appropriate level of fire protection was taken 
from manufacturer’s information. The general conclusion that may be drawn from the results of 
this test program is that engineered floors may be able to offer the same fire resistance as that of 
solid timber joists floors provided that the engineered joists are properly protected, from fire, by 
adequate boarding and that a good quality of installation is maintained during construction. 
However, when exposed directly to fire, some engineered joists may fail in a more rapid manner 
when compared to solid timber joists. This was supported by the following observations:   
 The performance of the engineered I-section joists shows that this type of floor may be 

capable of providing 60 min. fire resistance on natural fire scenarios provided that two layers 
of 5/8” fire resistant plasterboard are used, as recommended by the manufacturers. However, 
more tests are needed to assess the exact behavior of such joists if exposed directly to fire 
due, for example, due to failure of the lining boards.   

 When exposed to fire directly, the behavior of engineered truss joist floors, similar to the one 
tested, result in a more rapid mechanism of failure. The test showed that under this condition 
this type of floor may develop large deflections, and continue to deflect at a high rate over a 
short period of time leading to a sudden failure of the floor system. This mode of failure was 
not observed in the solid timber joists test. In this case, the steel modules forming the web of 
the section were detached due to charring of the timber chords which caused the connecting 
plate to lose its bond.  

 The chipboard flooring offers some contribution to the overall fire resistance of the floor 
system by delaying the spread of fire if the ceiling void is breached. It also may offer 
additional structural resistance by acting as a stress skin should some of the joists become 
damaged. 

 The joist hangers have  been shown to be capable of surviving 60 min. exposure to a natural 
compartment fire with little or no damage observed. 

 The deflection of the engineered truss joists was almost three times that of the solid timber 
joists after 60 min. of fire exposure. 
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 This research compared the full scale performance of dimensional and engineered floor 
systems with passive protection while exposing the built assembly to a ventilated “realistic 
equivalent fire load”.   

 The study subjected the floor systems to a live load equivalent to 50% of the live load 
required by the local building code and documented the structural performance and failure 
mechanisms of the floor elements relative to finished ceiling failures during the fire tests.  

 Comparison of the data for deflection and average temperature for the points of maximum 
deflection provides a potentially useful comparison of temperature affects as they correlate to 
structural stability. This comparative method should be considered for future analysis of 
protected and unprotected assemblies. 

4.5.6. Madrykowski, D. “Examination of the Thermal Conditions of a Wood Floor 
Assembly above a Compartment Fire”. NIST Technical Note 1709, August, 2011 

 
Conducting Agency: Four real-scale experiments were conducted by the National Institute of 
Standards and Technology to measure the temperatures above and below a wood floor assembly 
exposed to fire conditions from below. The objectives of the experiments were: 1) to examine the 
heat transfer through a wood floor assembly and 2) to examine the ability of a thermal imager to 
determine the potential severity of the fire beneath the floor assembly and the ability to provide a 
sense of the structural integrity of the floor assembly in order to provide improved situational 
awareness.  
 
Test Series: Each experiment was conducted in a wood framed two story structure. Each story 
consisted of a single compartment with interior dimensions of approximately 15.3 ft x 15.9 ft  x 
8.0 ft high. The initial fuel in each experiment consisted of six wood pallets and hay in 
the center of the lower level compartment.  
 
The support for Experiment 1 was composed of wooden I-joists, 11.9 in tall with a laminated 
veneer lumber flange width 2.3 in and a height of 1.4 in. The web of the joist was made from 
OSB that was 0.43 in thick. These joists conformed to the APA standard PRI 40 series 
specifications. The joists were spaced 24 in apart on center. Experiment 1 used laminate flooring 
over OSB.   
 
The support for Experiment 2 was similar to the support for the floor in this Experiment 1, 
wooden I-joists, 11.9 in tall with a laminated veneer lumber flange width of 2.3 in and a height 
of 1.4 in. The web of the joist was made from OSB that was 0.43 in thick. These joists 
conformed to the APA standard PRI 40 series specifications. The joists were spaced 24 in apart 
on center. Experiment 2 used carpeting and padding over OSB.    
 
The support for Experiment 3 was composed of solid wood joists. The joists had a nominal “2 x 
12” cross-section which measured 1.25 in by 11.25 in. The joists were spaced 16 in apart on 
center. They spanned the entire 16 ft width of the structure. Solid wood bridging was installed 
between the joists. As with experiment 2, carpet and padding partially covered the OSB sub-
flooring in this experiment. 
 
The support for Experiment 4 was similar to Experiment 1. The floor structure was composed of 
wooden I-joists, 11.9 in tall with a laminated veneer lumber flange width of 2.3 in and a height 
of 1.4 in. The web of the joist is made from OSB that is 0.43 in thick. These joists conformed to 
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These experiments demonstrated that TIs alone cannot be relied upon to determine the structural 
integrity of a wood floor system. Therefore, it is critical for the fire service to review their 
practice of size-up and other fire ground tactics needed to enable the location of the fire prior to 
conducting fire operations inside a building. The United States Fire Administration (USFA) 
provided support for this project. 
 
Test Results: All four experiments show that the combination of surface temperature and 
contrast of the joists past the flooring material as viewed with a thermal imager could be used as 
a reasonable indication of the existence of a fire, but very little could be determined qualitatively 
about the potential for floor collapse. The information available from a thermal imager, namely 
the variations and magnitude of infrared radiation from the flooring surface, is complicated by 
many factors. Consequently, it provides no straightforward indication of either 
severity of the fire below or its duration, which are better characterized indicators of potential 
collapse hazard. This set of experiments provides evidence of many of these complicating 
factors, and the effect they have on qualitative analysis using thermal imagers.  
 
The collapse times for these experiments is given in Table 20. Matrix of Full-Scale Fire 
Experiments, no floor collapse occurred on the fourth experiment. In a real world scenario, 
differences in structural loading and fuel load could affect collapse time. In these experiments, 
the fuel loading was small compared to a furnished structure, and the loading on the upper level 
consisted only of the water-filled barrels in the center. In a more realistic scenario, fuel loading 
in the lower level could vary greatly from densely furnished to almost empty, and the structural 
loading would likely include, at a minimum, a full set of furniture. Firefighters inside the 
structure would likely be moving as well, providing significantly greater stress on the floor than 
the static load used in these experiments. Although collapse times are reported here, it should be 
noted that wood flooring systems were weakened prior to complete structural collapse. 
 
Table 20. Matrix of Full-Scale Fire Experiments 

Experiment    Collapse time after ignition 

 sec (min:sec)  

1  1470 (24:30)  

2   1675 (27:55)  

3   1485 (24:45)  

4 No Collapse 

4.6. Literature Review Summary 
 
A significant amount of work has been conducted, utilizing a variety of scales and methods, to 
evaluate the performance of unprotected combustible wood floor assemblies. An identified trend 
exists in the most recent research to conduct full scale testing using equivalent content fire 
loading to evaluate the anticipated fire behavior and structural performance encountered during 
actual fire events. This trend should be continues and full-scale experiments should include a 
variety of ventilation conditions to evaluate the structural performance of unprotected residential 
floor assemblies under a multitude of possible developed fire conditions.   
 



47 | P a g e  
 

 COPYRIGHT  2011 UNDERWRITERS LABORATORIES INC. 

 

The current project should also seek to address gaps in the previous literature with regard to 
standardized testing methodologies. Although there is a significant amount of data in this area, 
currently gaps exists in the area of unprotected assembly testing and newly developed 
technologies introduced into the residential market place.  
 
The testing parameters developed for this project should attempt to determine a comparative 
timeline of performance for the assemblies tested with respect to national fire department 
response and operational timelines as compared to both structural instability as well as structural 
collapse. Additional efforts should also be made to provide a consistent description and analysis 
of the failure mechanisms for the tested assemblies with the intent of providing the fire service 
with an understanding regarding the identification of a potentially dangerous damaged floor 
assembly.  

5.  Heat Release Rate Experiments 
UL conducted a series of experiments to characterize the fuel load selected for the subsequent 
full-span experiments.  Three experiments were conducted examining the burning characteristics 
of combinations of pallets and cardboard boxes filled with expanded polystyrene trays.  This 
allowed for measurement of heat release rates to better understand the fire behavior in the 
subsequent experiments.  Ventilation and the amount of available oxygen play an important role 
in the fire behavior and spread.  The fuel load was chosen based on four key criteria; 
representative of actual fuels, ability to create a representative and reproducible heat release rate 
and the ability to create ventilation limited conditions in the test structures.  The boxes of foam 
have similar burning characteristics to synthetic products such as polyurethane upholstered 
furniture and plastic storage bins or toys.  The pallets have similar burning characteristics as 
natural products such as wood furniture.  Together the fuel load was designed to create sustained 
burning and ventilation limited conditions to represent those that would be seen in an actual fire 
event.  

5.1. Facility and Instrumentation 
 
The fuel was positioned in the nominal 50 by 50-ft. fire test cell (Figure 13) equipped with a 25-
ft. diameter heat release rate measurement hood (Figure 14).   Four inlet ducts provide make up 
air in the test facility and are located at the walls 5 ft. above the test floor to minimize any 
induced drafts during the fire tests.   
 
The heat release calorimeter is equipped with convective and total heat release instrumentation. 
The convective instrumentation calculates the heat release rate from the energy rise of the 
products of combustion entering the calorimeter. The total heat release instrumentation calculates 
fire size using oxygen consumption techniques.  The heat release calorimeter is calibrated up to a 
10 MW fire size.   
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Figure 21.  Pallet/Box Heat Release Rates 
 

 
Figure 22.  Pallet/Box Total Heat Released 
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5.4. Discussion 
 
The goal of the fuel load was to be repeatable due to the number of experiments being 
conducted, to be representative of actual fuel loads found in residential basements and to be 
reasonable and conservative in regards to energy production.  The fuel load was also expected to 
create ventilation limited conditions with the ventilation openings closed and flashover 
conditions with the ventilation openings open.  Figure 21 shows that the heat release of the fuel 
package is repeatable.   Examining the repeatability of the total heat released shows that all three 
experiments are within 9% of the average total heat released (Figure 22). 
 
Two previous studies examined the fuel loads found in basements.   The first by the National 
Research Council of Canada (NRCC) (Bwalya, 2004) surveyed households and concluded that 
there was an average loading of 360 MJ/m2 for a basement living room in homes with an average 
room size of 23 m2.  The second study was conducted by the National Bureau of Standards (now 
NIST) (Fang & Breese, 1980).  This study also surveyed homes.  The survey identified the mean 
fuel load of 28.3 kg/m2 for a basement recreational room, 13.7 kg/m2 for utility rooms and 15.6 
kg/m2 for other basement rooms.  Overall, the average of movable fuel load in the basement of 
the 200 homes was 24 kg/m2 with an average basement size of 32 m2.  The approximate 
composition of the fuel was 83% wood or paper, 16% plastic or fabric and 1% other.  Their 
survey was followed up by experimental testing which concluded that a range of 5,400 MJ to 
14,000 MJ total available heat was in the fuel loads. 
 
The amount of energy produced during the heat release rate experiment was calculated by 
integrating the area under the curve of the heat release rate versus time plot of the average of the 
three experiments.  This value was 3,700 MJ over the 30 minute experiment.  Utilizing the 
NRCC loading of 360 MJ/m2 and multiplying by the area of the basement used in the subsequent 
experiments of 63 m2 yields 22,680 MJ.  Assuming only one half of the basement can be 
considered a living room yields 11,340 MJ fuel loading.  This value falls within the NBS study 
range of 5,400 MJ to 14,000 MJ.  In order to remain conservative the total fuel load used in most 
of the full-scale experiments was selected to be two of the experimental pallet/box 
configurations.  Each has available heat production of 3,700 MJ for a total of 7,400 MJ. 
 
Comparing the selected fuel load to the composition found in the NBS study demonstrates a 
similar fuel composition.  Pallets (wood) compose 89% of the selected fuel load and expanded 
polystyrene (plastic) composes 11% as compared to the 83% wood/paper and 16% plastic/fabric 
composition in the NBS study.  This demonstrates that the selected fuel load of pallets/boxes is 
representative of fuel loads found in actual basements both in terms of heat content and 
composition. 
 
Another point of comparison that is relevant to this discussion is the total energy released during 
a living room fire.  Recently UL completed a study that involved modern living room fires 
(Kerber, 2010).  A heat release rate experiment was conducted burning a living room 
arrangement of two sofas, a chair, coffee table, end table, television stand, television and 
carpeted floor and the total heat released was 3,650 MJ which is comparative to the 3,700 MJ 
released by the pallet/box fuel load.  The main difference is the time at which the heat is released 
and the peak heat release rate.  The living room’s peak heat release rate was 11 MW and the fire 
lasted 19 minutes versus the 4.5 MW peak and a burn time of 30 minutes for the fuel package 
selected for these experiments.  Since the experimental basement is simulated to have storage 
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and a living room the fuel package selected for these experiments can be considered conservative 
as compared to the living room fire exposure. 
 
To assess the ability to generate ventilation limited fire scenarios the amount of available oxygen 
can be combined with the theoretical total energy release can be compared to the actual energy 
release from the heat release rate experiments.  The total internal volume of the subsequent 
experimental structures is 12,260 ft3 including the basement and first floor.  That value 
multiplied by 21 % oxygen available yields 2,575 ft3 of oxygen.  This volume of oxygen can be 
converted to mass to determine the mass of oxygen initially available in each structure assuming 
a standard temperature and pressure condition (40.46 g/ft3).  Multiplying by the theoretical value 
of 13.1 kJ (Huggett, 1980) of energy per gram of oxygen gives the theoretical maximum energy 
able to be produced in the closed experimental structure if all oxygen is able to burn.   
 
Theoretical maximum energy = 104185 g O2 x 13.1 kJ/g O2 
Theoretical maximum energy = 1,364,817 kJ = 1,365 MJ 
 
The single fuel package of pallets and boxes selected for these experiments produces 3,700 MJ 
which is greater than the 1,365 MJ necessary to consume all of the oxygen in the experimental 
structure.  This meets the final criteria of the fuel package which is to create ventilation limited 
conditions during the experiments.  Additional fuel provided by the second fuel package or the 
burning of the floor system itself will speed up the time to ventilation limited conditions. 
 
Examining ventilation limited conditions by assessing available oxygen when the structure is 
closed is one scenario that will be explored in the full-scale experiments but another scenario 
will be to have all of the ventilation (door and 3 windows) open during some of the experiments.  
In this scenario it is desired to transition to flashover to replicate real world scenarios observed in 
many basement fires.  To find the minimum heat release rate needed for flashover to occur in the 
experimental structure Thomas’s Flashover Correlation (Thomas, 1981) equation for heat release 
rate can be solved. 
 
Qfo = 7.8 Aroom + 378 (Avent Hvent

½) 
Where:  Qfo = Heat release rate necessary for flashover (kW) 

Aroom = Area of all surfaces within the room, exclusive of the vent area (m2) 
Avent = Area of the total of all vents (m2) 
Hvent = The difference between the elevation of the highest point of all the vents and the 

lowest point of all the vents (m) 
 
Solving this equation yields a minimum heat release rate to achieve flashover of 5.4 MW.  This 
is slightly above the average peak heat release rate of the single fuel package of 4.5 MW.  For 
this reason a second fuel package will be included as target fuel in the experimental basement 
and the contribution of the combustible floor system, regardless of the type, will be expected to 
contribute enough to transition the basement fire experiment to flashover. 
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6. Field Experiment Description 
 
A series of ten experiments was conducted to examine four different residential flooring systems 
while varying, ventilation parameters, fuel load and floor loading (Table 21).  The purpose was 
to test flooring systems at their full span capabilities under simulated realistic fire conditions.  
These experiments consist of a simulated basement covered by a floor/truss system and a 
stairwell to an enclosed first floor.   
 
Table 21.  Experimental Series 
Experiment  Floor Framing System Ventilation Description 

1 Dimensional Lumber (2 x12)* Maximum Ventilation 
2 Dimensional Lumber (2 x12)* Sequenced Ventilation 
3 Engineered I-Joist (12 in.)* Maximum Ventilation 
4 Engineered I-Joist (12 in.)* Sequenced Ventilation 
5 Engineered I-Joist (12 in.)* Sequenced Ventilation/No boxes 

on pallets 
6 Engineered I-Joist (12 in.)* Maximum Ventilation /Modified 

Load 
7 Metal Steel C-Joist (12 in.)* Maximum Ventilation 
8 Metal Steel C-Joist (12 in.)* Sequenced Ventilation 
9 Parallel Chord Metal Plate Connected Wood 

Truss (14 in.)* 
Sequenced Ventilation 

10 Parallel Chord Metal Plate Connected Wood 
Truss (14 in.)* 

Maximum Ventilation 

*Size denotes nominal size.  

6.1. Facility 
 
This series of field experiments was conducted at the Delaware County Emergency Services 
Training Center in Sharon Hill, PA.  Two identical concrete structures were built on a concrete 
slab (Figure 29).  They were designed to simulate residential basements.  A top structure was 
placed on the concrete structures to create a simulated first floor.  The steel framed top structure 
was moved by crane from structure to structure depending on which structure was being used for 
the experiment. 
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array of thermocouples with measurement locations of 0.03 m, 0.3 m, 0.6 m, 0.9 m, 1.2 m,1.5 m, 
1.8 m and 2.1 m (1 in, 1 ft, 2 ft, 3 ft, 4 ft, 5 ft, 6 ft and 7 ft) below the decking in the basement 
and ceiling on the first floor  (Figure 42).  The standard uncertainty in temperature of the 
thermocouple wire itself is   2.2 C at 277 C and increases to  9.5 C at 871 C as determined 
by the wire manufacturer (Omega Engineering Inc., 2011). 
 
Gas velocity was measured utilizing differential pressure transducers connected to bidirectional 
velocity probes (Figure 43).  These probes were located in the basement doorway, doorway at 
the top of the stairs and each of the three windows.  There were five probes on the vertical 
centerline of each doorway located at 0.3 m (1 ft) from the top of the doorway, the center of the 
doorway, 0.3 m (1 ft) from the bottom of the doorway and two equally spaced between these 
probes.  There were three probes on the vertical centerline of the windows located 0.15 m (6 in) 
from the top of the window, the center of the window and 0.15 m (6 in) from the bottom of the 
window.  Thermocouples were co-located with the bidirectional probes to complete the gas 
velocity measurement.  Positive measurements are flows out of the structure while negative 
velocity measurements are into the structure.  The transducers were factory calibrated and 
documented to have an accuracy of ± 1 % (Setra, 2002). 
 
Deflection of the floor system was measured in three locations along the centerline of the long 
dimension of the structure using linear deflection gauges.  The first location was in the center of 
the long span floor section prior to the wall enclosing the stairwell.  The second location was in 
the center of the shorter span adjacent to the stairwell opening and the third was centered in the 
long span section beyond the stairwell.  The gauges were set to measure maximums of 5 in. of 
upward deflection and 20 in. of downward deflection (Figure 44).  The gauges have an accuracy 
of 0.15% of the full-scale measurement with a repeatability of 0.015% of the full-scale 
measurement (Unimeasure Inc., 2011). 
 
Video cameras were placed inside and outside the structure to monitor both smoke and fire 
conditions throughout each experiment (Figure 45). Eight video camera views were recorded 
during each experiment.  The views recorded are detailed in Table 22 and shown in Figure 46 
and Figure 47. 
 
All readings from instrumentation that were impacted by collapse or suppression are assumed to 
provide data that is not reliable.   
 
Table 22.  Video camera views 
View Description View Label (Figure 46 and Figure 47) 
Inside front basement corner Front Basement 
Inside rear basement corner Back Basement 
Inside first floor doorway First Floor 
Outside back overall Back 
Outside back close-up Back Close 
Outside front close-up Thermal Imaging Back IR 
Outside front Front 
Outside side Side 



60 | P a g
 

Figure 41.
 
 
 

V

g e  

.  Measuremen

TC

TCBCo 

VELBW1 

VELBW2 

 COPY

nt Locations a

BCe 

V

VELBW3 

Back Ba

      
          

YRIGHT  2011 UN

and Labels 

TCBS 

VELBD 

asement 

   Front 
 Basement 

NDERWRITERS LAB

 
BORATORIES INC.

TCF

Deflec

Deflecti

Deflec

TC

FFCo 

VE

ction_R 

on_C

ction_F 

Firs

FFCe 

TCFFTS 

ELFFTS 

st Floor 

 



61 | P a g
 

Figure 42.
  

Figure 44.
 

Figure 46.
 
 
 

g e  

.  Thermocoup

.  Deflection G

.  Quad Video

 COPY

ple array with

Gauge 

 1 

YRIGHT  2011 UN

 
h detail 

NDERWRITERS LAB

 

 
 
 

Figure 4
window
 

Figure 4

Figure 4

BORATORIES INC.

43.  Velocity p
w with detail 

45.  Bullet cam

47.  Quad Vid

probe location

mera 

deo 2 

ns in doorway 

 

and 



62 | P a g
 

6.2. F
 
The fuel 
of pallets
made up 
lb. of the
 
The fuel 
quarter o
center of
fire was i
were lit r
charged u
fuel pack
contribut
 
Experime
removed 
 

Figure 48.

 

6.3. S
 
The load
the floor.
barrel de
system te
assembly 
assembly
deflection
Table 23
both crite

g e  

Fuel Load 

load was ba
s contained s
each fuel pa

e fuel packag

packages we
of the structu
f the fuel pac
ignited the s
remotely wit
until the hea
kage located 
ted to the fire

ent 5 had a m
and just the

.  Fuel packag

Structural L

ding of the flo
.  The positio
pended on th

echnologies a
y . Two differ
y: Bending st
n criteria. Th
 summarizes
eria.  Each b

 COPY

ased on the h
six pallets w
ackage for a 
ges in the hea

ere located i
ure.  The squ
ckage was lo
ame way as 

th a thin wire
at from the w

closest to th
e if ignited b

modified fue
e wood pallet

ge locations 

Load 

oor systems 
on of the bar
he calculated
and was targ
rent criteria 
tress/Momen
he lower loa
s the percent

barrel was fil

YRIGHT  2011 UN

heat release r
ith a weight 
combined av
at release rat

in the center 
ares in Figur

ocated 9 ft fro
the heat rele

e wrapped ar
wire ignited t
he basement 
by flame and

el load in wh
ts remained.

was provide
rrels, the num
d load for ea

geted to be 65
were used to
nt capacity c

ad from eithe
tage of the a
lled to the ap

NDERWRITERS LAB

 

rate experim
range of 21
verage weig
te experimen

of the front 
re 41 show t
om the end w
ease experim
round a pack
the matches 
doorway wa

d heat propag

hich the boxe
 

ed by water f
mber of barr
ach system.  
5% of the al
o determine 
criteria or Co
er criterion w
allowable loa
ppropriate m

BORATORIES INC.

ments describ
0 lb to 240 l

ght of 450 lb
nts.   

quarter of th
the locations
walls and 10

ments with tw
k of matches
and in turn i
as ignited.  T
gation durin

es of expand

Figure 4

filled steel b
rels and the a
The load wa
lowable des
the allowabl
ode minimum
was used as t
ad applied to

mass of water

ed in Section
lb. per stack
.  This was l

he structure 
s of the fuel 
0 ft from the 
wo UL ignite
s that was el
ignited the ig
The second f
ng the experim

ded polystyre

49.  Remote ig

barrels positi
amount of w
as consistent
sign load for 
le load for e
m (L/360) li
the allowabl
o the test ass
r and positio

n 4.  Each st
.  Two stack
less than the 

and the back
packages.  T
side walls.  

ers.  The ign
ectrically 
gniters.  Onl
fuel package
ment. 

ene trays we

 
gnition 

ioned on top
water in each
t across the f
the floor 
ach test 
ive load 
le design loa
embly under

oned to provi

tack 
ks 
 667 

k 
The 
The 

niters 

ly the 
e only 

ere 

p of 
h 
floor 

ad.  
r 
ide 



63 | P a g
 
the calcu
Appendix
 
Experime
the load u
and side 
the cente
UL (Und
research 
 

 

6.4. V
 
The vent
LIGHT, V
aggregate
ventilatio
air. Such
by the bu
area of th
into the b
able to be
manner.  
 
Three dif

1. M
2. N
3. 

 
Ventilati
dynamics
chosen at
middle (F
door (or 

g e  

ulated load.  D
x B.   

ent 6 had a n
used for the 
walls to sim

er of the floo
derwriters La
project. 

Ventilation 

ilation open
VENTILAT
e glazing are
on shall be th
h openings sh
uilding occup
he stairwell, 
basement of 
e opened and
 

fferent venti
Maximum V
No Ventilati
Sequenced V
operations.  

on or the am
s of a house 
t the extreme
Figure 50).  
front door) o

 COPY

Detailed cal

non-uniform
other experi

mulate furnitu
r.  This load

aboratories, I

Parameters

ings were si
TION AND H
ea of not less
hrough wind
hall be provi
pants.  Assum
54 ft2 of gla
the structure
d closed as d

lation param
Ventilation –
ion – All ven
Ventilation –
 

mount of air a
fire.  In an a
es and a sim
This simulat
opened at 8 m

YRIGHT  2011 UN

culations an

m load distrib
iments.  It co
ure and two b
d was consist
Inc., 2008) a

s 

zed based on
HEATING w
s than 8 perc

dows, doors, 
ided with rea
ming this en

azing is requ
e.  Window a
desired as op

meters were u
– All ventilat
ntilation ope
– Ventilation

available to t
attempt to bo

mulated realis
ted realistic 
minutes afte

NDERWRITERS LAB

 

nd details of b

bution where
onsisted of b
barrels filled
tent with the
and the furna

n the Interna
which states,
cent of the fl
louvers or o

ady access o
ntire basemen
ired.  Theref
and door op
pposed to gla

used during t
tion opening
enings closed
n openings o

the fire does
ound the pro
stic scenario 
scenario or s

er ignition (F
BORATORIES INC.

barrel placem

e the total loa
barrels loade
d to 300 lb to
e load used in
ace experime

ational Resid
, “All habita
loor area of s
other approv
r shall other
nt is habitab
fore, a door 
enings were
ass that coul

these experi
gs open 
d 
opened to sim

s play a sign
oblem the ve
 could be co
sequenced v

Figure 51).  T

ment are loc

ad was subst
ed to 40 lb/ft
o simulate tw
n previous r
ents conduct

dential Code
able rooms sh
such rooms.
ved openings
rwise be read
ble with the e
and 3 windo

e closed with
ld fail in an u

iments. 

mulate fire d

nificant role i
ntilation par

onsidered som
ventilation ha
This simulat

cated in 

tantially less
t2 along the b
wo firefighte
esearch don
ted as part o

e Section R3
hall have an 
 Natural 
s to the outdo
dily controlla
exception of
ows were bu
h plugs that w
unrepeatable

department 

in the fire 
rameters wer
mewhere in 
ad the first f
es the entry 

s than 
back 
ers in 
e by 

of this 

03 
 

oor 
able 
f the 
uilt 
were 
e 

re 
the 

floor 
of a 



64 | P a g
 
firefighti
firefighti
next to th
11:30 the
 
Modern b
infiltratio
and the r
“no venti
in compa
 
Basemen
               

Opened a
 
Figure 50.
 

               
12012 Inter
blower doo
in the warm
changes pe

Opened at 
11:00 

g e  

ing crew.  At
ing crew gain
he basement 
e front windo

building cod
on from outs
esults report
ilation” is th
arison to the 

nt 
          Open

at 10:30       

.  Sequenced V

                   
rnational Energ
or pressure of 0
m southernmos
er hour. 

 COPY

t 10 minutes
ning entry or
door was op

ow was open

des, however
side of the bu
ted in this re

hus used in th
other ventila

ned at 11:30 

            Open

Ventilation De

               
gy Conservatio
0.2 in. water ga
st climate zone

YRIGHT  2011 UN

s the baseme
r ventilating
pened, at 11:
ned. 

r, require air
uilding enve

eport did not 
his report so
ation scenar

 
ned at 10:00

etails 

on Code manda
auge) for a maj
es, climate zone

NDERWRITERS LAB

 

ent door (or b
g the baseme
:00 the side 

r-tight buildi
elope is requi

comply with
mewhat loos
ios describe

0 

First F
          

 
 
 
 
 

ate an air leaka
jority of the ho
es 1 thru 2, are

BORATORIES INC.

back door) w
ent (Figure 5
window was

ing envelope
ired to be str
h these mod
sely and rep
d.  

Floor 
               Op

age rate of less 
ouses, that is, c
e more lenient w

was opened t
2).  At 10:30
s opened (Fi

es for houses
rictly contro

dern requirem
resent restric

pened at 8:0

 than 3 air chan
climate zones 3
with an air exc

to simulate a
0 the window
igure 53) and

s where air 
olled1. The te
ments. The p
cted ventilat

0 

 

nges per hour (
3 through 8.  H
change rate of 5

a 
w 
d at 

ests 
phrase 
tion 

(at a 
ouses 
5 



65 | P a g
 

Figure 51.
front door
 
 
 
 

7. Fiel
 
The resul
the exper
and each
experime
ventilatio
 

Table 23

Experim

1 

2 

3 

4 

5 

6 

g e  

.  Firefighter o
r (8:00 after ig

ld Experi

lts of the ten
riments.  The
 floor system

ents with the
on but contin

3.  Experimen

ment Flo

Dim
Lu

Dim
Lu

Engi

Engi

Engi

Engi

 COPY

 
opening 
gnition) 

iment Re

n experiment
e fuel was va

m was tested
e “No/Sequen
nued the sequ

ntal Summary 

oor System 

mensional 
umber 
mensional 
umber 

ineered I-Joi

ineered I-Joi

ineered I-Joi

ineered I-Joi

YRIGHT  2011 UN

Figure 52.  F
back door (1

esults 

ts are detaile
aried for Exp

d with a max
nced” ventil
uenced vent

Fu

Pallets

Pallets

ist Pallets

ist Pallets

ist Pallet

ist Pallet

NDERWRITERS LAB

 

Firefighter op
10:00 after ign

ed in this sec
periment 5, t
imum and se
lation descrip
tilation prior 

uel 
(B

s/boxes 

s/boxes 

s/boxes 

s/boxes 

ts only 

ts/boxes

BORATORIES INC.

 
pening 
nition) 

Fi
si

ction.  Table 
the load was
equenced ve
ptor experien

r to the end o

Load Lim

Stress 

Bending Momen

64 % 

64 % 

45% 

45% 

45% 

49% 

igure 53.  Fire
de window (1

23 details th
s varied for E
entilation sce
nced collaps

of the experi

miting Crite

nt) 
Defle

(L/3

47

47

66

66

66

71

efighter openi
1:00 after igni

he variables 
Experiment 
enario.  The 
se prior to 
ment. 

eria 

Vection 
360) 

7% 

7% 

6% 

6% No

6% No

1% 

 
ng 
ition) 

of 
6 

Ventilation

Maximum

Sequenced

Maximum

o / Sequence

o / Sequence

Maximum

ed

ed



66 | P a g e  
 

 COPYRIGHT  2011 UNDERWRITERS LABORATORIES INC. 

 

7 
Steel C-Joist Pallets/boxes 42% 49% Maximum 

8 
Steel C-Joist Pallets/boxes 42% 49% Sequenced 

9 Parallel Chord 
MPCWT 

Pallets/boxes 63% 67% No / Sequenced

    10 Parallel Chord 
MPCWT 

Pallets/boxes 63% 67% Maximum 

 
The locations of the labels used in this section are shown in Figure 54.  The labels are configured 
by combining the measurement with the level, location and height as shown in Table 24. 
 
Table 24.  Instrument Label Description 

Measurement Level Location Height Below Ceiling Examples 

Temperature “TC” - Basement “B”  
- First Floor “FF” 

- Center “Ce” 
- Corner “Co” 
- Base of Stair “BS” 
- Top of Stair “TS” 

0.03 m (1 in) “1” 
0.3 m (1 ft) “2” 
0.6 m (2 ft) ”3” 
0.9 m (3 ft)  “4” 
1.2 m (4 ft) “5” 
1.5 m (5 ft) “6” 
1.8 m (6 ft)  “7”  
2.1 m (7 ft) “8” 

TCBCe3 
 
TCFFTS7 

Velocity “VEL” - Basement “B”  
- First Floor “FF” 

- Door “D” 
- Window 1 “W1” 
- Window 2 “W2” 
- Window 3 “W3” 
- Top of Stair “TS” 

Top “T” 
Top/Middle “TM” 
Middle “M” 
Bottom Middle “BM” 
Bottom “B” 

VELBDT 
 
VELFFTSBM 

Deflection “Deflection” NA - Front “F” 
- Center “C” 
- Rear  “R” 

NA Deflection_C 
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7.1. Experiment 1 – Dimensional Lumber 
 
In this experiment all of the ventilation openings were open prior to ignition and the fire was 
ignited in the rear fuel package closest to the base of the stairs.  The fire spread until the floor 
system collapsed and then was suppressed.  The timeline of events is detailed in Table 25.  The 
results for the experiment are presented in the following sections: observations, temperature, gas 
velocity, and deflection. 
 
Table 25.  Experiment 1 Timeline 
Time (s, mm:ss) Event 

0 (0:00) Ignition 
238 (3:58) Flames attach to the floor system 
669 (11:09) Collapse 
675 (11:15) End of experiment 

 

7.1.1. Observations 
 
The observations are presented as a series of images captured from eight camera locations, six 
were video cameras and two were thermal imaging cameras.  The views were captured at the 
start of the experiment (0:00, Figure 55), once flames attached to the floor system (3:58, Figure 
56), when flames appear at the top of the stairs to the first floor (4:30, Figure 57), and 5 seconds 
before collapse (11:04, Figure 58).  
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Figure 81.
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7.5. Experiment 5 – Engineered I Joist 
 
In this experiment all of the ventilation openings were closed prior to ignition and the fire was 
ignited in the rear fuel package closest to the base of the stairs.  The fuel package for this 
experiment was modified by removing the boxes of expanded polystyrene trays.  The floor 
collapsed during the sequential ventilation, after the opening of the first floor door.  The 
experiment was terminated just after collapse, at the onset of suppression.  The timeline of events 
is detailed in Table 29.  The results for the experiment are presented in the following sections: 
observations, temperature, gas velocity, and deflection. 
 
Table 29.  Experiment 5 Timeline 
Time (s, mm:ss) Event 

0 (0:00) Ignition 
225 (3:45) Flames attach to the floor system 
480 (8:00) First floor door opened 
507 (8:27) Collapse 
525 (8:45) End of experiment 

 

7.5.1. Observations 
 
The observations are presented as a series of images captured from eight camera locations, seven 
were video cameras and one was a thermal imaging camera.  The views were captured at the start 
of the experiment (0:00, Figure 142), once flames attached to the floor system (3:45, Figure 
143), when flames are seen exiting the doorway to the first floor (4:20, Figure 144), and 5 
seconds before collapse (8:22, Figure 145). 
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7.6. Experiment 6 – Engineered I Joist 
 
In this experiment all of the ventilation openings were open prior to ignition and the fire was 
ignited in the rear fuel package closest to the base of the stairs.  The fire spread until the floor 
system collapsed and then was suppressed.  The loading on the floor system was modified in this 
experiment to reflect the loading used on previous floor furnace experiments.  Instead of having 
a uniform loading of 65 % of the design stress, the rear of the floor system was loaded with 40 
lb/ft2 on two walls and two 300 lb barrels were located at the mid span  (See Section 6.3).  The 
timeline of events is detailed in Table 30.  The results for the experiment are presented in the 
following sections: observations, temperature, gas velocity, and deflection. 
 
Table 30.  Experiment 6 Timeline 
Time (s, mm:ss) Event 

0 (0:00) Ignition 
180 (3:00) Flames attach to the floor system 
409 (6:49) Collapse 
475 (7:55) End of experiment 

7.6.1. Observations 
 
The observations are presented as a series of images captured from eight camera locations, seven 
were video cameras and one was a thermal imaging camera.  The views were captured at the start 
of the experiment (0:00, Figure 165), once flames attached to the floor system (3:00, Figure 
166), when flames are seen exiting the doorway to the first floor (3:22, Figure 167), and 5 
seconds before collapse (6:44, Figure 168). 
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Figure 166
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7.7.1. Observations 
 
The observations are presented as a series of images captured from eight camera locations, seven 
were video cameras and one was a thermal imaging camera.  The views were captured at the start 
of the experiment (0:00, Figure 187), once flames attached to the floor system (3:00, Figure 
188), when flames are seen exiting the doorway to the first floor (4:10, Figure 189), and 5 
seconds before collapse (8:10, Figure 190). 
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8.1.2. Floor Systems 
 
Two different floor systems were examined during these experiments.  Experiment A and B used 
the same engineered wood I joist floor system used in field experiments 3 through 6 with a 
different fuel load and ignition sequence.  Experiment C and D used the same floor system as 
field experiments 9 and 10 with differences in protection areas and ignition sequences.  Each 
floor system utilized 23/32 in. tongue and groove oriented strand board (OSB) decking. 
 

1. Engineered Wood I joist (Depth 11 7/8 in, Flange Thickness 1 ½ in., Flange Width 2 ½ 
in., Web Depth 8 7/8 in., Web Width 3/8 in.), unprotected [Figure 287] 

2. Parallel Chord Wood Truss (14 in. deep), protected with ½ in. gypsum board [Figure 
288] 

 
Experiment 3 had a parallel chord wood truss floor system that was protected with a layer of ½ 
in. gypsum board.  The only penetrations were ten recessed lights that were installed in the 
ceiling (Figure 289).  Experiment 4 also had a parallel chord wood truss floor system that was 
protected with a layer of ½ in. gypsum board and recessed lights.  However this floor had a 80 ft2 
exposed section of trusses as allowed by the International Residential Code Section R501.3 (See 
Below) that will go into effect at the start of 2012 (Figure 290 and Figure 291).  The exposed 
area was fire blocked using gypsum board (Figure 292). 

R501.3 Fire protection of floors. Floor assemblies, not required elsewhere in this code to be fire 
resistance rated, shall be provided with a ½ inch gypsum wallboard membrane, 5/8 inch wood 
structural panel membrane, or equivalent on the underside of the floor framing member. 

Exceptions: 
1.    Floor assemblies located directly over a space protected by an automatic sprinkler system in    
       accordance with Section P2904, NFPA13D, or other approved equivalent sprinkler system. 
2.    Floor assemblies located directly over a crawl space not intended for storage or fuel-fired   
      appliances. 
3.    Portions of floor assemblies can be unprotected when complying with the following: 
      3.1 The aggregate area of the unprotected portions shall not exceed 80 square feet per    
            story. 
      3.2 Fire blocking in accordance with Section R302.11.1 shall be installed along the     
           perimeter of the unprotected portion to separate the unprotected portion from the    
           remainder of the floor assembly. 
4. Wood floor assemblies using dimension lumber or structural composite lumber equal to or 
greater than 2-inch by 10-inch nominal dimension, or other approved floor assemblies 
demonstrating equivalent fire performance. 
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thermocouple locations had an array of thermocouples with measurement locations of 0.03 m, 
0.3 m, 0.6 m, 0.9 m, 1.2 m,1.5 m, 1.8 m and 2.1 m (1 in, 1 ft, 2 ft, 3 ft, 4 ft, 5 ft, 6 ft and 7 ft) 
below the decking in the basement (Figure 294).  The standard uncertainty in temperature of the 
thermocouple wire itself is   2.2 C at 277 C and increases to  9.5 C at 871 C as determined 
by the wire manufacturer (Omega Engineering Inc., 2011). 
 
Gas velocity was measured utilizing differential pressure transducers connected to bidirectional 
velocity probes (Figure 295).  These probes were located in the basement doorway, doorway at 
the top of the stairs and each of the three windows.  There were five probes on the vertical 
centerline of each doorway located at 0.3 m (1 ft) from the top of the doorway, the center of the 
doorway, 0.3 m (1 ft) from the bottom of the doorway and two equally spaced between these 
probes.  There were three probes on the vertical centerline of the windows located 0.15 m (6 in) 
from the top of the window, the center of the window and 0.15 m (6 in) from the bottom of the 
window.  Thermocouples were co-located with the bidirectional probes to complete the gas 
velocity measurement.  Positive measurements are flows out of the structure while negative 
velocity measurements are into the structure.  The transducers were factory calibrated and 
documented to have an accuracy of ± 1 % (Setra, 2002). 
 
Deflection of the floor system was measured using linear deflection gauges in five locations.   
Three locations along the centerline of the long dimension of the structure measuring vertical 
displacement, and two attached to the top chord of joist above the fire location measuring 
horizontal displacement (Figure 296).  The gauges were set to measure maximums of 5 in. of 
upward deflection and 20 in. of downward deflection.  The gauges have an accuracy of 0.15% of 
the full-scale measurement with a repeatability of 0.015% of the full-scale measurement 
(Unimeasure Inc., 2011). 
 
Video cameras were placed inside and outside the structure to monitor both smoke and fire 
conditions throughout each experiment (Figure 297). Eight video camera views were recorded 
during each experiment.  The views recorded are detailed in Table 22 and shown in Figure 46 
and Figure 47. 
 
Table 36.  Video camera views 
View Description View Label (Figure 298 and Figure 299) 
Inside front basement corner In Front  
Inside rear basement corner In Back  
Inside middle of basement In Mid 
Outside back and side overall Back/side 
Outside close-up of doorway Doorway 
Outside close-up Thermal Imaging Door IR 
Outside front Front 
Outside top  Top 



201 | P a
 
 

Figure 293
 
 
 

g e  

3.  Measureme

TC

TCBCo

VELBW1 

VELBW2 

IN_MID 

 COPY

ent Locations 

CBCe 

o 

V

VELBW3 

Front B

    
         

YRIGHT  2011 UN

and Labels 

TCBS

VELBD

Basement 

     Back 
  Basement 

NDERWRITERS LAB

 
BORATORIES INC.

Deflec

Deflec

Defle

VE

ction_F 

ction_C 

ection_R 

ELFFTS 

 



202 | P a
 

Figure 294
 

Figure 296
 

Figure 298

 

8.2. Fuel
 
There we
fuel load
300, Figu
used to ig
utilized 2
source (F

g e  

4.  Thermocou

6.  Deflection 

8.  Quad Vide

l Load 

ere three diff
d described in
ure 303).  Ex
gnite the floo
2 igniters (de
Figure 302). 

 COPY

uple tree locat

Gauge 

o 1 

ferent fuel lo
n Chapter 4, 
xperiment B 
or system (F
escribed in C

YRIGHT  2011 UN

tions 

oads for the 4
the same co
did not have

Figure 301).
Chapter 4) pl

NDERWRITERS LAB

 

 
Figure 2

Figure 2

Figure 2

4 experimen
onfiguration 
e a fuel load
 Experiment
laced above 

BORATORIES INC.

295.  Velocity 

297.  Bullet ca

299.  Quad Vi

nts.  Experim
as most of t

d; instead a p
t C also did n
the gypsum 

probe locatio

amera 

ideo 2 

ments A and 
the field exp
propane plum
not have a fu
board ceilin

ons in window 

 

D utilized th
eriments (Fi

mber’s torch 
fuel load but 
ng as the ign

 
  

he 
igure 
was 

nition 



203 | P a
 
 

Figure 300

Figure 302
  

8.3. Stru
 
The load
the floor 
across th
system.  
calculate

g e  

0.  Experimen

2.  Experimen

uctural Load

ding of the flo
depending o
e floor syste
Each barrel 
d load.  Deta

 COPY

nt A fuel load 

nt C ignition lo

d 

oor systems 
on the calcul
em technolog
was filled to
ailed calcula

YRIGHT  2011 UN

ocation 

was provide
lated load fo
gies and was
o the appropr
ations and de

NDERWRITERS LAB

 

 
Figure 3
 

 
Figure 3

ed by water f
or each system
s calculated t
riate level w
etails of barr

BORATORIES INC.

301.  Experim

303.  Experim

filled steel b
m (Figure 30
to be 65% o

with water an
rel placemen

ment B ignition

ment D fuel loa

barrels positi
04).  The loa
f the design 

nd positioned
nt are located

n sequence 

ad 

ioned on top
ad was consi
stress of the

d to provide 
d in Appendi

 

 

p of 
istent 
e 
the 
ix C. 



204 | P a
 

 

8.4. Ven
 
All 4 of t
ventilatio
the stairs
306 show
 

Figure 305
 
 
 
 
 
 
 

g e  

ntilation Par

these experim
on locations 
s were open a
w fire coming

5.  Fire from t

 COPY

F

rameters 

ments were c
were open.  
at the start a
g from the v

the ventilation

YRIGHT  2011 UN

Figure 304.  Ba

conducted w
The baseme

and for the du
ventilation op

n openings 

NDERWRITERS LAB

 

arrel loading p

with “maximu
ent door, 3 b
uration of th
penings duri

Figure 3

BORATORIES INC.

placement 

mum ventilati
basement win
he experimen
ing Experim

306.  Doorway

ion” meaning
ndows and d
nts.  Figure 3

ment 1. 

y at the top of

 

g all of the 
door at the to
305 and Figu

f the stairs 

op of 
ure 



205 | P a g e  
 

 COPYRIGHT  2011 UNDERWRITERS LABORATORIES INC. 

 

9. Laboratory Experiment Results 
 
The results of the 4 experiments are detailed in this section.  Table 37 details the variables of the 
experiments.  The fuel was varied for Experiments B and C, the floor load was consistent for 
every experiment and each floor system was tested with a maximum ventilation scenario.   
 

Table 37.  Experimental Summary 
Experiment  Floor System Fuel Load Ventilation 

A Wood I-Joist Pallets/boxes 65% of design stress Maximum  
B Wood I-Joist Propane 

Torch/pallets 
65% of design stress Maximum 

C Parallel Chord Wood 
Truss with gypsum 

2 Igniters in 
void space 

65% of design stress Maximum  

D Parallel Chord Wood 
Truss with gypsum 

Pallets/boxes 65% of design stress Maximum 

 

9.1. Experiment A – Engineered I Joist 
 
In this experiment all of the ventilation openings were open prior to ignition and the fire was 
ignited in the front fuel package closest to the base of the stairs.  This experiment was a replicate 
of Field Experiment 3 except that there was no wind condition due to being inside the laboratory.  
The fire spread until the floor system collapsed and then was suppressed.  The timeline of events 
is detailed in Table 38.  The results for the experiment are presented in the following sections: 
observations, temperature, gas velocity, and deflection.   
 
Table 38.  Experiment A Timeline 
Time (s, mm:ss) Event 

0 (0:00) Ignition 
140 (2:20) Flames attach to the floor system 
380 (6:20) Collapse 
400 (6:40) End of experiment 

 

9.1.1. Observations 
 
The observations are presented as a series of images captured from eight camera locations, seven 
were video cameras and one was a thermal imaging camera.  The views were captured at the start 
of the experiment (0:00, Figure 307), once flames attached to the floor system (2:20, Figure 
308), when there was sustained flames coming from the stairwell doorway on the first floor 
(2:40, Figure 309), 5 minutes after ignition (5:00, Figure 310), and 5 seconds before collapse 
(6:15, Figure 311). 
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Figure 308
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Figure 309
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Figure 310
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Figure 314
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9.2. Experiment B – Engineered I Joist 
 
In this experiment all of the ventilation openings were open prior to ignition and the fire was 
ignited using a propane plumbers torch placed on an  I- joist located at the center, where the fuel 
load would be placed as in the previous experiment.  The torch initially burnt through the web of 
the joist and did not ignite it.  The torch was repositioned but burned through the joist again and 
did not create a fire that would spread beyond the area of ignition.  Pallets were brought into the 
structure as a back-up ignition source.  As the pallets were being ignited the small self-sustaining 
flame from the plumbers torch spread across the floor system and combustion was maintained.  
The fire spread until the floor system collapsed and then was suppressed.  The timeline of events 
is detailed in Table 39.  The results for the experiment are presented in the following sections: 
observations, temperature, gas velocity, and deflection. 
 
Table 39.  Experiment B Timeline 
Time (s, mm:ss) Event 

0 (0:00) Ignition 
1320 (22:00) Torch removed 
1508 (25:08) Stack of 6 pallets ignited 
1555 (25:55) Flames attach 
1885 (31:25) Collapse 
2020 (33:40) End of experiment 

 

9.2.1. Observations 
 
The observations are presented as a series of images captured from eight camera locations, seven 
were video cameras and one was a thermal imaging camera.  The views were captured at the start 
of the experiment (0:00, Figure 326), just after the torch was removed (22:02, Figure 327), once 
flames attached to the floor system (25:55, Figure 328), when there was sustained flames coming 
from the stairwell doorway on the first floor (27:28, Figure 329), and 5 seconds before collapse 
(31:20, Figure 330). 
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9.3. Experiment C – Parallel Chord Truss 
 
In this experiment all of the ventilation openings were open prior to ignition and the fire was 
ignited remotely above the gypsum board ceiling with 2 igniters placed on a truss located at the 
center of the span, directly above where the front fuel load would be placed as in the previous 
experiment.  The fire burned and filled the void space with smoke but ran out of oxygen and 
began to decay.  At 15:00 after ignition firefighters used tools to open a hole in the gypsum 
board ceiling approximately 2 ft. by 3 ft. just inside the basement door.  The hole was completed 
by 17:45 after the initial ignition.  This allowed for some smoke to clear and oxygen to enter the 
void space however the fire had self-extinguished.  At 23:30 two additional igniters were placed 
on the bottom chord of a truss in the hole that was created.  At 24:00 the igniters were ignited 
with a propone torch.  The fire spread in the space above the gypsum board ceiling, until the 
floor system collapsed and then it was suppressed.  The timeline of events is detailed in Table 
40.  The results for the experiment are presented in the following sections: observations, 
temperature, gas velocity, and deflection. 
 
Table 40.  Experiment C Timeline 

Time (s, mm:ss) Event 
0 (0:00) Ignition in the void above the gypsum board 

900-1065 (15:00-17:45) 2 ft. by 3 ft. (approximate) hole opened in ceiling by fire fighters 
1440 (24:00) Second ignition of 2 igniters in hole 
2686 (44:46) Collapse 
2700 (45:00) End of experiment 

 

9.3.1. Observations 
 
The observations are presented as a series of images captured from eight camera locations, seven 
were video cameras and one was a thermal imaging camera.  The views were captured at the start 
of the experiment (0:00, Figure 345), when smoke had spread throughout the void space above 
the gypsum board ceiling and reduced visibility (4:00, Figure 346), just after firefighters finished 
creating an opening in the gypsum board to provide oxygen to the void space (17:45, Figure 
347), conditions as the second ignition took place (24:00, Figure 348), when flames first became 
visible through the decking of the floor system (40:20, Figure 349), and 5 seconds before 
collapse (44:41, Figure 350). 
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9.4. Experiment D – Parallel Chord Truss 
 
In this experiment the parallel chord truss floor system was covered with a ½ in. layer of gypsum 
board with the exception of 80 ft2 that was exposed at the back of the structure as detailed in 
Section 8.1.2.   All of the ventilation openings were open prior to ignition and the fire was 
ignited in the front fuel package closest to the base of the stairs.  The fuel package ignited and 
the exposed wood floor system were on opposite sides of the basement.  The fire spread until the 
floor system collapsed and then was suppressed.  The initial collapse occurred above the fuel 
package and not in the unprotected floor system area. The timeline of events is detailed in Table 
41.  The results for the experiment are presented in the following sections: observations, 
temperature, gas velocity, and deflection. 
 
Table 41.  Experiment D Timeline 

Time (s, mm:ss) Event 
0 (0:00) Ignition 

105 (1:45) Flames impinge on ceiling 
790 (13:10) Collapse 
935 (15:35) Front section of floor collapses  
945 (15:45) End of experiment 

 

9.4.1. Observations 
 
The observations are presented as a series of images captured from eight camera locations, seven 
were video cameras and one was a thermal imaging camera.  The views were captured at the start 
of the experiment (0:00, Figure 368), once flames impinged on the floor system (1:45, Figure 
369), when there was sustained flames coming from the stairwell doorway on the first floor 
(3:42, Figure 370), 5 minutes after ignition (5:00, Figure 371), 10 minutes after ignition (10:00, 
Figure 372), when flames were visible in the exposed 80 ft2 (12:10, Figure 373), and 5 seconds 
before collapse (13:05, Figure 374).  This experiment was allowed to burn until the rear section 
of the floor collapsed.  Figure 375 shows four video captures of the thermal imaging camera as 
the rear section collapsed.  The bottom chord of the trusses disconnects at the chord splice on a 
couple trusses and then the whole section collapsed. 
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Figure 369
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Figure 371
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Figure 373
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Figure 374
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10. Discussion 
 
The field and laboratory experiments allowed for the assessment of variables that have not been 
thoroughly analyzed in previous studies, such as the use of longer and more realistic floor span 
lengths, more realistic and varied fire loads, different ignition locations in the basement, bounded 
and more realistic ventilation scenarios, and additional engineered floor system products.  A 
detailed structural analysis compares modes of failure between the different experiments, code 
change implications are discussed and most importantly the impact of firefighter operations is 
examined based on all of the experimental results. 

10.1. Structural Analysis 
 
In order to understand how the different floor systems behave when subjected to fire conditions 
it is important to analyze when the floor structure becomes weakened, collapse times, and failure 
mechanisms. Weakening of the floor structure can be described as the moment when the 
structure demonstrates behaviors that would not be expected during the normal service life of the 
structure, i.e. progressive deflections beyond acceptable design limits. This weakening indicates 
that the floor structure has been damaged by the fire event and that the structural integrity has 
been compromised. When the vertical deflections exceed acceptable design limits, a high degree 
of variability and unpredictability is introduced. The floor structure’s ability to carry the applied 
loads during this weakened fire damaged state is not accounted for during the design process and 
therefore cannot be described as “reliable or safe” for fireground operations. The fire service 
should realize that they are being subjected to rapidly changing dangerous conditions during 
these periods of progressive deflections and that the published collapse times DO NOT represent 
the only time period where they can become trapped due to a collapse of a damaged floor 
system.  
 
Table 42 details two different times during the experiment and introduces a third time for use 
during the analysis.  The first is the time in which the fire attaches to the floor system and begins 
to spread horizontally.  This time was determined based on observations from the video of the 
experiments.  This time ranges from 1:38 to 3:58.  Reasons for the differences include air 
temperature, humidity, wind conditions, ventilation parameters, floor system moisture content 
and fuel package moisture content and geometry.  The second time recorded in the table is the 
time to floor collapse.  This was the time that at least one of the 55 gallon drums that was 
providing loading fell through the floor or the time that the ISO 834 criteria was exceeded.  In 
every experiment at least one full section of floor collapsed, usually the full section between the 
basement door and the start of the stairwell.  The final time recorded in the table is the difference 
between the collapse time and when the fire spread to the floor system.  This difference in time 
will be referred to as Δt.   In an attempt to separate the fuel load and environmental issues from 
the time to collapse this value allows for a comparison across the experiments which partially 
filter out the events leading up to floor ignition.  In other words the floor could be ignited by 
pallets or furniture or an electrical short but once it attaches to the floor system, the floor system 
becomes the dominant fuel to increase the size of the fire. It also serves as the starting point for 
the loss of structural integrity for the wood floor system. 
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It is important that the fire service reinforce their understanding of the content driven fires as 
compared to fires driven by contents and involved areas of combustible elements of the building 
structure, commonly referred to as content and structure fires by the fire service. The following 
analysis illustrates how quickly a fire spreads to unprotected combustible elements of the 
building structure. This timeline, when compared to the response timeline of responding 
departments, demonstrates the likelihood that the arriving firefighters will be faced with 
mitigating a content and structure fire for fires originating or spreading to unfinished areas of the 
building.  
 
The subsequent sections of the structural analysis examine alternative methods to determine 
structural failure as well as go into detail on what mechanisms may have caused the floor 
systems to collapse.   
 
Table 42.  Collapse Time Table 
Experiment 

Number 
Floor Support Ventilation 

Description 
Fire Spread 

to Floor 
Collapse Δt 

(min:sec) 
1 Dimensional 

Lumber (2 x12) 
Max Vent 3:58 11:09 7:11 

2 Dimensional 
Lumber (2 x12) 

Sequenced 
Vent 

2:00 12:45 10:45 

3 Engineered Wood I-
Joist (12 in.) 

Max Vent 3:15 6:00 2:45 

4 Engineered Wood I-
Joist (12 in.) 

No Vent 2:43 6:49 4:06 

5 Engineered Wood I-
Joist (12 in.) 

No Vent/No 
boxes 

3:45 8:27 4:42 

6 Engineered Wood I-
Joist (12 in.) 

Max 
Vent/Furnace 

DHS load 

3:00 6:49 3:49 

7 Steel C-Joist (12 in.) Max Vent 3:00 8:15 (6:11 
exceeds ISO 

834:1*) 

3:11 

8 Steel C-Joist (12 in.) Sequenced 
Vent 

3:32 14:04** (10:08 
exceeds ISO 

834:1*) 

6:36 

9 Parallel Chord 
MPCWT*** 

No Vent 2:26 6:08 3:42 

10 Parallel Chord 
MPCWT 

Max Vent 1:38 3:28 1:50 

* Collapse is defined by the sooner of these times in the analysis 
** Water from barrels at 11:10, also deflection max at 10:08 
*** MPCWT = Metal Plate Connected Wood Truss 
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Experiment 
Number 

Floor Support Ventilation 
Description 

Fire Spread 
to Floor 

Collapse Δt 
(min:sec) 

A Engineered Wood 
I-Joist (12 in.) 

Max Vent / Same 
as Exp. 3 

2:20 6:20 4:00 

B Engineered Wood 
I-Joist (12 in.) 

Max Vent / Torch 
ignition 

25:55 31:25 5:30 

C Parallel Chord 
MPCWT 

Max Vent / Void 
Ignition 

24:00 44:46 20:46 

D Parallel Chord 
MPCWT 

No Vent / 80 ft2 
exposed 

Unknown 13:10 NA 

10.1.1. ISO Analysis 
 
There are standard test methods used to test the structural stability of floor systems such as UL 
263 – Fire Tests of Building Construction and Materials.  This is the standard that is followed 
that results in an hourly rating of an assembly.  Commonly these hourly ratings are required by 
code in commercial buildings; public buildings, multi-family structures, etc. (Not single family 
homes). One of the requirements that pertain to floor system stability is that it is intended to 
evaluate the length of time that these types of assemblies will contain a fire or retain their 
structural integrity, or both, dependent upon the type of assembly involved, during a 
predetermined test exposure. The test evaluates the assembly's resistance to heat, and in some 
instances to a hose stream, while carrying an applied load, if the assembly is load bearing. 
 
Several fire test standards similar to UL 263 such as “ISO 834:1 Fire-resistance tests 
– Elements of building construction – Part 1: General requirements” define load bearing capacity 
as the elapsed time that a test sample is able to maintain its ability to support the applied load 
during the fire test. The ability to support the applied load is determined when both: 
 

(1) Deflection exceeds:  	; and  

 

(2) When the deflection exceeds: 	, the Rate of Deflection exceeds:   per min 
 
where L is the clear span measured in millimeters and d is the distance from the extreme fiber of 
the design compression zone to the extreme fiber of the design tensile zone of the structural 
element as measured in millimeters.  The values of these calculations for these experiments are 
in Table 43. 
 
Table 43.  ISO 834:1 Calculated Values 

Floor System L 
mm (ft.) 

d 
mm (in.)   

mm (in.) 
30

 

mm (in.) 
9000

 

mm (in.) 
Dimensional Lumber 4877 (16) 286 (11.25) 208 (8.2) 163 (6.4) 9 (0.4) 

Engineered I-Joist 6096 (20) 302 (11.875) 308 (12.1) 203 (8.0) 14 (0.6) 
Steel C-Joist  6096 (20) 302 (11.875) 308 (12.1) 203 (8.0) 14 (0.6) 

Parallel Chord 
MPCWT 

6096 (20) 356 (14) 
261 (10.3) 203 (8.0) 12 (0.5) 
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The time to exceed the two criteria that ISO 834:1 uses to define structural stability is shown in 
Table 44.  This shows that all of the wood floor systems maintained structural stability until 
failure while the metal C-joist floor system lost structural stability for a long time period, 124 s 
and 236 s respectively prior to their ultimate collapse.  Experiment 8 actually deflected so much 
prior to collapse that some of the 55 gallon drums providing the loading tipped over. 
Table 44.  Time to exceed ISO values for each experiment 

Test Exceeds criteria 
1 (L2/400d) (s) 

Exceeds criteria 2 
(L/30 and rate of 

L2/9000d) (s) 

ISO Value 
for loss of 

integrity (s) 

Time to 
Collapse (s) 

Difference 
(s) 

1 669 669 669 669 0

2 760 760 760 765 5

3 356 355 356 360 4

4 406 403 406 409 3

5 503 493 503 507 4

6 401 388 401 409 8

7 346 371 371 495 124

8 543 608 608 844 236

9 347 362 362 368 6

10 203 197 203 208 5

A 348 356 356 380 24

B 1880 1881 1881 1885 4

C 2686 2686 2686 2686 0

D 768 769 769 790 21
 

10.1.2.   Mechanisms of Structural Collapse  
 
The structural stability of a floor system during fire conditions is dependent on a number of 
simultaneous variables that are constantly being changed by the fire’s ability to weaken, damage, 
or consume the structural element. The existing literature, and the results of this test series, have 
concluded consistent failure mechanisms for the respective tested elements.  
 
The following describes the key structural collapse failure mechanism for the structural framing 
members tested: 
 

1. The failure mode of dimensional lumber is due to cross section reduction which results in 
joist rupture.  

2. The failure mode of engineered lumber I-Joist is due to burn-out of the web members.  
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3. The failure mode of steel C-Joists is due to a significant loss in strength when exposed to 
high temperatures. This loss of strength then induces progressive deformations which 
exceed various deflection limits prior to complete collapse.  

4. The failure mode of the parallel chord metal plate connected trusses was due to steel/wood 
connection failures 

 

The structural collapse time of the floor system should not be interpreted by the fire service as 
representative of a period of safe operating time when considering or conducting fire ground 
operations. The stability of the floor structure assembly depends on a number of conditions to 
ensure the applied load can be carried safely. In general a collapse may be induced by a stability 
failure of the floor system or a strength failure of the floor system. It is difficult to ascertain by 
experimental data and post fire forensics exactly how the collapse occurred. It is also difficult to 
ascertain when the fire event has significantly compromised the structures ability to carry its 
applied loads. One potential indicator of significant structural damage would be to evaluate when 
the structural elements deflection exceeds limits accounted for in the structural design of the 
floor assembly. Generally most floor systems are designed to perform with allowable deflection 
induced by the total applied load are less than L/240, where L is the span of the element in 
inches.  
 

Applying this rational the following table delineates when the structural elements has been 
weakened beyond the normal parameters considered for the service life of the structure.  
 

Table 45.  Time to exceed the allowable design deflection limits.  
Experiment 

Number 
Floor Support Ventilation 

Description 
Fire 

Spread to 
Floor 

Deflection 
greater than 

L/240 

Structural 
Collapse  

1 Dimensional Lumber 
(2 x12) 

Max Vent 3:58 10:47 11:09 

2 Dimensional Lumber 
(2 x12) 

Sequenced 
Vent 

2:00 12:22 12:45 

3 Engineered Wood I-
Joist (12 in.) 

Max Vent 3:15 4:52 6:00 

4 Engineered Wood I-
Joist (12 in.) 

No Vent 2:43 4:38 6:49 

5 Engineered Wood I-
Joist (12 in.) 

No Vent/No 
boxes 

3:45 5:25 8:27 

6 Engineered Wood I-
Joist (12 in.) 

Max 
Vent/Furnace 

DHS load 

3:00 5:19 6:49 

7 Steel C-Joist (12 in.) Max Vent 3:00 3:10 8:15 (6:11 exceeds 
ISO 834:1)

8 Steel C-Joist (12 in.) Sequenced 
Vent 

3:32 3:43 14:04* (10:08 
exceeds ISO 834:1) 

9 Parallel Chord 
MPCWT** 

No Vent 2:26 3:35 6:08 

10 Parallel Chord 
MPCWT 

Max Vent 1:38 2:32 3:28 

* water from barrels at 11:10, also deflection max at 9:53 
** MPCWT = Metal Plate Connected Wood Truss 
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Experiment 
Number 

Floor Support Ventilation 
Description 

Fire 
Spread to 

Floor 

Structural 
Collapse 

A Engineered Wood 
I-Joist (12 in.) 

Max Vent / Same 
as Exp. 3 

2:20 6:20 

B Engineered Wood 
I-Joist (12 in.) 

Max Vent / Torch 
ignition 

25:55 31:25 

C Parallel Chord 
MPCWT 

Max Vent / Void 
Ignition 

24:00 44:46 

D Parallel Chord 
MPCWT 

No Vent / 80 ft2 
exposed 

Unknown 13:10 

 

10.2. Fuel Load 
 
A common misconception when analyzing the collapse of wood floor systems is neglecting the 
impact the floor system itself plays in the fuel load needed to grow the fire.  Usually the focus is 
on the fuel load in the room and not necessarily on the amount and geometry of wood available 
to burn.  Two sets of experiments can be compared from this experimental series based on 
different fuel loads.  The first is experiments 4 and 5, where the floor system (Engineered I Joist) 
was the same, the loading was the same, but the fuel load was different.  Experiment 4 had the 
full fuel load consisting of wood pallets with cardboard boxes of expanded polystyrene trays on 
top of them.  The impact of the reduced fuel load in Experiment 5 was a 62 second delay in fire 
spread to the floor system.  Experiment 5 had just the wood pallets and no boxes.  Figure 392 
shows the 3 temperature measurement locations in the basement at 6 ft. above the floor or 3 ft. 
below the decking.  It also shows the time of collapse for each experiment which was within 100 
s of each other.  If you compare the time from ignition of the floor system above the fuel load to 
collapse time both experiments are within 36 seconds of each other.  Table 46 shows the peak 
temperatures and temperatures 10 seconds before collapse of each experiment and they are all 
with 10% of each other demonstrating that the temperatures in the basement are independent of 
the change in fuel load.   Experiment 4 with the larger fuel load did not burn hotter than 
Experiment 5. 
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Figure 393
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10.3. Ventilation 
 
Ventilation or the amount of air available to the fire can play a significant role in the fire 
dynamics of a house fire.  In an attempt to bound the problem the ventilation parameters were 
chosen at the extremes (Maximum and No Ventilation) and a simulated realistic scenario could 
be considered somewhere in the middle (Sequenced Ventilation).  In some cases the floor system 
collapsed within 8 minutes after ignition of the fuel package, therefore doing a sequenced 
scenario was not possible with the engineered I-joist or parallel chord truss floor systems. 
 
Each floor system type had 2 ventilation scenarios to compare.  For the dimensional lumber floor 
system, Experiment 1 was conducted with maximum ventilation or all of the openings in the 
open position and Experiment 2 was opened sequentially simulating fire department operations.  
Experiment 1 collapsed 96 seconds faster due to the increased amount of ventilation.  Figure 394 
through Figure 397 show a comparison of temperatures between experiments at two different 
elevations, 7 ft. and 3 ft. above the floor on both levels of the structure, basement and first floor.   
 
The basement temperatures in the open structure (Experiment 1) remained lower as the fire grew 
and cool air was able to flow into the structure from the outside.  The temperatures in the closed 
structure (Experiment 2) increased much faster at the start of the experiment as the heat was 
contained within the structure.  At approximately 140 seconds after ignition in Experiment 2, 
which corresponds to floor system ignition, the fire became ventilation limited as the fuel 
production began to exceed the oxygen available for combustion.  Temperatures decreased by 
approximately 25% and then remain steady until the sequential ventilation began.  Once the floor 
system in Experiment 1became involved in the fire (238 s) the temperatures increased quickly.  
Temperatures throughout the basement at 7 ft. increased from below 100 °C to above 800 °C in 
less than 2 minutes as oxygen was available from the open doors and windows.  At 480 seconds 
in Experiment 2 the first floor front door was opened and the temperatures remained steady.  
Once the basement door and windows began to be opened the fire increased in intensity and the 
temperatures increased to above their original peaks, due to the additional availability of oxygen.   
 
Examining the temperatures on the first floor of the structure in Figure 395 and Figure 397   
shows the extreme temperatures at the top of the stairway.  Once the basement fire increased in 
intensity in Experiment 1 the hot gases, in excess of 700 °C, flowed up the stairway and out 
through the open first floor door.  The temperatures flowing up the stair increased from 100 °C 
to 600 °C in less than 30 seconds.  The rest of the first floor temperatures increased to between 
300 °C and 450 °C.  While still high these temperatures were much less than the temperatures in 
the flow path from the basement to the first floor doorway.  This same phenomena occurred in 
Experiment 2 once the flow path was established.  As the first floor door was opened smoke was 
able to escape allowing air to be pulled in through the cracks in the basement, but once the 
basement door was opened the flow path was created and temperatures at the top of the stairs 7 
ft. above the floor increased 400 °C in 40 seconds.  The temperatures 3 ft. above the floor 
increased 300 °C in 40 seconds. 
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Figure 394
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Figure 396
 

Figure 397
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Figure 399
 

Figure 400
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ventilated fires compromised the structural stability of the floor systems tested. The collapse in 
some cases occurred very rapidly and without significant warning. It is imperative for the fire 
service to understand that any perceived weakness of the structure in the area of operation may in 
fact be a late indicator of the damage that has already occurred. In order for a perceived 
weakness to be present the floor system’s stability and/or strength has already been 
compromised. In these situation firefighters must make every attempt to conduct a controlled 
evaluation of the structure from below prior to continued operations.  
 
On a span of 16 to 20 feet, just as the one used in these experiments, it can be difficult to detect 
the sag of the floor as you crawl on top of it.  Firefighters are often looking for warning signs 
that collapse is about to happen.  Table 49 details the deflection 5 seconds prior to collapse for 
each of the 4 floor systems.  The dimensional lumber floor (16 ft. span) deflected the least prior 
to collapse and the steel C-joist floor (20 ft. span) deflected the most prior to ultimate collapse.  
Figure 416 gives a relative depiction of what a 20 ft. floor span would look like from the side if it 
were deflected 6 and 12 inches from flat.    
 
 
 
 
 
Table 49.  Deflection Prior to Collapse 
Floor System Deflection 5 seconds prior to collapse (in.) 
Dimensional Lumber (2 x12) 5.1 5.2 
Engineered Wood I-Joist (12 in.) 10.7 10.9 12.0 12.8 
Steel C-Joist (12 in.) 14 +* 14 +* 
Parallel Chord MPCWT 13.6 10.4 
* NOTE:   Instrument maximum was 14 in 
 
 
 
 
 
 
 
 
 

10.5.6. Temperatures on first floor prior to collapse 
 
Temperature may not be an important factor in determining the safety of the firefighters 
operating on the floor above a basement fire.  The layout of the first floor indicating the 
temperature measurement locations as well as the section of the floor that collapsed first in every 
experiment (shaded in orange) is shown in Figure 417.  Firefighters operating near the top of the 
stairs would feel the highest temperatures and elevated temperatures would be felt on the 
remainder of the first floor at the 3 ft. elevation (Figure 418 through Figure 420).  Most 
experiments remained tenable for firefighters operating on the first floor as long as it was for a 
short period of time.  Temperatures above 250 °C (500 °F) would not be bearable for a period of 
time much beyond a couple minutes.  There did not appear to be a repeated temperature spike in 

0 in. deflection 
6 in. deflection 

12 in. deflection 

Figure 416.  Relative depiction of 0, 6 and 12 in. deflections on a 20 ft. span
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To date residential floor systems have been a subject that has been very thoroughly tested.  
Future research would be needed to make sure that the fire service is receiving the proper 
message from the research and that they are implementing the results.  Another fire service 
research project should be to examine the effect of applying water through an exterior basement 
opening on the conditions as they pertain to tenability at the top of the stairs and the rest of the 
structure.  Since operating on top of a wood floor system involved in fire is dangerous there 
should be an analysis done on alternative suppression strategies to increase firefighter safety.  
Many fire departments would flow water in through a basement window or doorway to begin to 
suppress the fire however other departments refuse to do so claiming that the conditions inside 
the structure would be made untenable for any occupants inside. 

12. Summary 
 
UL conducted a series of 17 full-scale fire experiments.  Three characterized the fuel by 
measuring the heat release rate of the fuel package. Ten full-scale simulated basement fire 
experiments were conducted at a fire training facility to examine the impact of floor system, 
ventilation, fuel load, and loading on firefighter safety.  Finally, four simulated basement fires of 
the same scale as the field experiments were conducted in the laboratory to examine void space 
fires, fuel load and code implications.   
 
This research project expanded the current body of knowledge of floor system behavior under 
fire conditions by assessing other typical scenarios including: longer floor span lengths, more 
realistic fire loads, different ignition locations, more realistic ventilation scenarios, additional 
engineered floor system products, code change implications and most importantly the impact of 
firefighter operations on floor system failure times and mechanisms. 

 
During the experiments 4 different floor systems were examined.  Floor collapse times ranged 
from 3:28 to 12:45 during the experiments at the training academy.  The dimensional lumber 
experiments collapsed at an average of 11:57 while the engineered floor systems collapsed at an 
average of 7:00. 
 
Fuel load was varied to examine a representative basement fuel load down to just the floor 
system as the fuel load.  These experiments showed that the main component of the fuel load was 
the floor system itself.  Both variations of the fuel load (Experiment 4 and 5) resulted in collapse 
times within 100 seconds of each other. 
 
Ventilation or the amount of air available to the fire can play a significant role in the fire 
dynamics of a house fire.  In an attempt to bound the problem the ventilation parameters were 
chosen at the extremes (Maximum and No Ventilation) and a simulated realistic scenario could 
be considered somewhere in the middle (Sequenced Ventilation).  The engineered I-joist and 
parallel chord truss floor system collapsed before 8 minutes therefore doing a sequenced scenario 
was not possible with these systems.  Limiting ventilation slowed the dimensional lumber floor 
collapse by 1:36, engineered I-joist floor by 0:49, metal C-joist floor by 1:53 and MPCWT floor 
by 2:40. 
 
Floor loading was varied to examine a representative loading found in a home to a lighter load 
consisting of perimeter loading simulating furniture and two 300 lb firefighters in the center of 
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the floor.  Ultimately the load on the floor system did not play a significant role in determining 
the time to collapse but rather the degradation of the floor system as it was consumed and 
weakened by the fire.  
 
Several tactical considerations for the fire service were developed from the experimental results.   
The topics of Operational Timeframe, Size-up, Basement Fire Attack, Ventilation, Floor Sag as a 
Collapse Indicator, Temperatures on the First Floor Prior to Collapse, and overhaul were 
examined for their impact on firefighter safety.  The overriding safety message is that a well-
ventilated basement fire that has involved the floor system is inherently dangerous to operate on 
top of regardless of the construction method or members involved.  The longest time to collapse 
of an unprotected floor system during this series of experiments was 12:45 after ignition.  Since 
the fire department does not typically know when the fire started there is no guaranteed safe 
operational timeframe to be operating on top of a residential basement fire.   
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Experiments 7 and 8 
 
For the C-joist assembly as built, with 20’-8” span, and joist steel grade of 50 ksi 
  
Nominal bending moment capacity (50 ksi steel grade) = 95,700 in-lb 
Factor of safety for bending, Ωb = 1.67 
Allowable bending moment capacity (50 ksi steel grade) = 57,300 in-lb 
Gross moment of inertia (used for effective moment of inertia)  = 15.7 in4 

  
The Allowable (100%) Total Load (based on bending strength) = [ (8) (57,300) ] / [ (20.67)2 (16) 
]= 67.1 psf 
The Allowable (100%) Life Load (based deflection limit of span/480) = [ (0.16) (29,500,000) 
(15.7) ]  /  [ (20.67)3  (12) (16) ]= 43.7 psf 
  
If you choose to use 65% of the combined strength and deflection limits for test loads: 
  
*** 65% of the total allowable load (based on bending strength) = (0.65) 67.1 = 43.6 psf 
*** applied test load based on the total allowable load (based on bending strength) = 43.6 – 5 = 
38.6 psf 
*** 65% of the allowable live load (based on deflection limit of span/480) = (0.65) x 43.7 = 28.4 
psf 
*** applied test load based on the allowable live load (based on the deflection limit of span/480) 
= 28.4 psf 
  
*** applied test load based on the combined strength and deflection criteria above = 28.4 psf 
*** percentage of the allowable bending strength = (28.4) / (67.1) = 42.3 %  
  
*** To simulate the joist mid-span bending moment equivalent to the bending moment generated 
by 28.4 psf of uniformly distributed load, using 5 barrels (each resting on 2 joists; tributary area 
4.13’x2.67’ per barrel) spaced along the 20.67’ span @ 4.13’ o.c., the weight of one barrel 
should be = (0.125/0.130) (28.4) (4.13) (2.67) = 301 lbs 
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