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Abstract. National Fire Protection Association standard 1403 provides the fire ser-
vice with guidance for conducting effective live fire training with the goal of minimiz-
ing health and safety hazards. The document provides guidelines for materials to be

included in the training fuel package, but the fire service has raised questions about
the use of specific types of wood products for this purpose. In this study, the fire
dynamics generated when utilizing five different Class A materials that have been his-

torically employed as training fuels [low density wood fiberboard, oriented strand
board (OSB), pallets, particle board, plywood] in a single compartment fire training
structure (Fire Behavior Lab) were characterized. A specific focus was placed on
understanding the thermal and visual environment created for firefighters located at

typical locations for instructors (front and rear of structure) and students (middle of
the structure). The pallet fuel package required the longest time to transition through
the six ventilation cycles while the OSB fuel package was the quickest. Additionally,

the most consistent fire dynamics were demonstrated with the OSB fuel followed by
particle board and plywood, while fiberboard and pallets resulted in less repeat-
able flashover or rollover demonstration. The OSB fuel package resulted in the high-

est peak heat fluxes and pallets resulted in the lowest. The most severe exposures
were measured at the front instructor location. To control thermal risks when con-
ducting training in the Fire Behavior Lab structure, instructors and students should
orient themselves as low as possible in the observation area and behind the interior

baffle when possible. Considering the high radiant exposures for the front instructor
location, providing a local shield and reducing the time in the training structure can
also reduce risk for thermal injury or personal protective equipment damage. Overall,

different fuels can impact thermal exposures to firefighters, but varying fuels also
affects the consistency of the fire dynamics being presented to the firefighting stu-
dents.
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1. Introduction

Providing training for the global fire service requires instructors to strike an
important balance between achieving training objectives while prioritizing the
health and safety of fire instructors and students. In the United States and several
other countries, National Fire Protection Association (NFPA) 1403: Standard on
Live Fire Training Evolutions outlines the minimum requirements for conducting
live fire training in acquired and fixed facility training structures. NFPA 1403
includes guidance for conducting such training so that learning objectives are
achieved with the goal of mitigating health and safety hazards [1]. One section of
the document provides guidelines for the types of materials that can be included
in the fuel package. Currently, there are no materials specifically designed for live-
fire training, so the fire service will typically incorporate commonly available com-
bustibles. In section 4.13, NFPA 1403 requires that fuel materials be only wood
products, defining acceptable fuels (in the appendix) as ‘‘...pine excelsior, wooden
pallets, straw, hay, and other wood-based products...’’, while also specifically iden-
tifying that ‘‘...pressure-treated wood products, rubber, plastic, polyurethane
foam, tar paper, upholstered furniture, carpeting, and chemically treated or pesti-
cide treated straw or hay shall not be used as part of the fuel load’’ [1]. The stan-
dard does not directly address specific wood-based products, which has led to lack
of clarity on their use in this purpose. Across the United States, some training
organizations specifically forbid the use of certain wood-based products based on
their interpretation of this standard. Others may use any wood-based products
available during training exercises. The International Association of Fire Fighters
(IAFF) released a white paper that highlights the challenges and lack of informa-
tion available to make a holistic risk-benefit judgement [2].

Wood-based products include a wide range of materials that likely have differ-
ent burning characteristics. Recent studies have shown that differences in fuel load
materials, density, components, and geometry can impact the thermal environment
[3, 4], in addition to environmental conditions such as ambient temperature and
humidity. However, these studies do not provide insight into methods to quantify
relative differences in risks in a consistent training fire environment. For example,
Regan documented heat release rate characteristics of common NFPA 1403-com-
pliant training fuel packages and compared them to characteristics of furniture
items to provide the fire service with guidance on fuel selection, but focused on
characterization during free burn conditions [3]. Horn et al. compared peak tem-
peratures from three different training fire environments [4]. However, these train-
ing environments were created with different fuel materials and fuel orientation as
well as different training structures and ventilation configurations, which does not
allow isolation of the effects of fuel source alone.

Although an evolving body of literature exists regarding the risks to firefighters
conducting training, it is also important to understand the benefits of training fire
environments to achieve training objectives. Not only does live-fire training led by
skilled instructors provide an opportunity to develop a practical understanding of
fire dynamics in structures and proficiency in firefighting skills, it also provides a
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means for learners to recognize cues and conditions that are critical to effective
decision-making on the fireground. Many firefighters are visual learners [5], but
training fires often result in visual and tactile (e.g. thermal) cues and fire behavior
that is different from what could be experienced in the field. However, using mate-
rials other than wood products in Class A training fuel packages can result in
unexpected fire growth, which has caused training-related line-of-duty deaths and
injuries [6-9]. The ability to conduct safe yet realistic training within the NFPA
1403 framework has been a topic of discussion for several years [10-12] and is
particularly important when training objectives focus on recognizing key fire
dynamics indicators.

The Fire Behavior Lab is a common training structure used throughout the
United States for fire dynamics instruction and is specifically called out by NFPA
1403 [1]. Training activities inside this single compartment structure are typically
well scripted to identify the impact of structure ventilation on fire behavior. This
structure is designed to generate ventilation-limited fire conditions which can be
controlled to create flame spread across the hot gas layer accumulating below the
ceiling of the structure, also known as a rollover condition, and eventually floor-
to-ceiling flaming in the fire area providing an indication of a flashover condition.
The observation area where students and instructors are situated is 0.9 m below
the fire area to allow visualization of smoke and flames and instruction to take
place. Thus, the Fire Behavior Lab provides a controlled environment to study
the impact of live-fire training fuels on thermal exposure.

The objective of this manuscript is to report the characterization of fire dynam-
ics within the Fire Behavior Lab using common Class A training fuels with a
specific focus on understanding the thermal environment for students and instruc-
tors along with ability of each fuel to provide an environment that achieves the
training objectives. A companions manuscript (Part B of this series [13]) will focus
on chemical exposure risk measurements from these experiments.

2. Methods

A technical panel of fire service training experts from across the United States was
formed at the beginning of this study to help guide method development regard-
ing the training fuels selected, specific Fire Behavior Lab protocol employed, sam-
pling plan, and overall study design. Members of this panel also provided
feedback on the observed fire dynamics and the feasibility of control measures.

2.1. Study Design

This study was designed to test five different wood-based products commercially
available in eastern Pennsylvania (USA) using a single compartment, container-
based structure commonly employed for live-fire training in the United States. The
experimental order for each fuel package followed a block randomization
scheme (each fuel was used in the first five experiments, then reordered for the
next five experiments, etc.) to reduce the potential influence of environmental con-
ditions when using this outdoor training structure. The tested products included:
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� Low density wood Fiberboard — 7.8 ± 0.1 kg per sheet
� Orientated strand board (OSB) — 22.5 ± 0.3 kg per sheet
� Pallets — 16.2 ± 0.6 kg per pallet
� Particle board — 26.1 ± 0.1 kg per sheet
� Plywood — 19.5 ± 1.6 kg per sheet

All sheet materials were approximately 1.2 m � 2.4 m � 11–13 mm thick. OSB,
particle board and plywood sheets were utilized in a single layer, with one sheet
on each of the three walls and two sheets on the ceiling. Fiberboard sheets were
doubled up at each location to account for their lower mass (following typical
protocols identified by the study technical panel). The 1.2 m � 1.2 m pallets were
loaded in the walls with slats oriented vertically and on the ceiling after cutting off
the final slat to fit in the chains holding to the ceiling (this cut piece was added to
the center of the ceiling fuel load). Two pallets were loaded along each wall and
four pallets included along the ceiling. The total wall and ceiling mounted fuel
package weight varied between 78 and 162 kg due to different densities of sheet
goods and solid wood pallets. Furthermore, the orientation of the solid wood pal-
lets also likely results in different exposed surface area than for the sheet goods.
These differences are considered part of the fuel package selection.

In addition to the wall and ceiling fuel load, a source fuel barrel containing
approximately one and a half wooden pallets and a half bale of straw (total com-
bustible weight: 27–32 kg) was used to initiate the experiment. The fuel source
barrel can contribute up to 30 % of the total weight of the fuel load, but the bulk
of this material is consumed during the initial fire development period. Thus, it is
expected that the fuel load on the wall and ceiling has the most impact on the
environment created for fire dynamics training objectives.

2.2. Structure

The Fire Behavior Lab (Figs. 1 and 2), commonly referred to as a ‘‘Flashover
Simulator’’, is a live-fire training structure designed and operated to demonstrate
the stages of compartment fire growth from ignition through flashover. This struc-
ture was first developed in Finland and Sweden in the 1980s [14], with variations
of the original theme becoming common around the world. The structure con-
sisted of two sections built from steel shipping containers: the fire area (3.0 m �
2.4 m) and the observation area (6.1 m � 2.4 m). Both areas had a ceiling height
of 2.4 m. The fire area container was offset 0.9 m vertically from the bottom of
the observation area container.

The observation area walls and ceiling were 4.8 mm thick corrugated steel. The
door used for venting during experimentation was 2.0 m tall and 0.9 m wide. The

0.14 m2 square roof vent was centered along the 2.4 m width of the observation
area and offset 1.4 m from the fire area container. The observation area container
was equipped with an interior baffle that extended across the entire width of the
structure and 0.7 m below the ceiling, and was offset 2.5 m from the fire area con-
tainer. The baffle was left closed for all experiments. The observation area, nor-
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mally used for instructors and students to view the fire behavior, was outfitted
with instruments for data collection and fire dynamics visualization.

The fire area walls and ceiling were 4.8 mm thick corrugated steel lined with
3.2 mm thick steel sheets for added thermal protection. The fuel load was placed
on the upper half of the walls, ceiling, and doors. An example of the OSB fuel
load is shown in Fig. 3 and the remaining fuel materials can be seen in Appen-
dix 1. Fuels on the walls and service doors were mounted 0.9 m above the floor
using steel channels and held upright by steel chains. Ceiling mounted fuels were
supported by steel chains spanning the width of the fire area. The source fuel bar-
rel used for fuel package ignition was centered in the 2.4 m wide fire area and off-
set 0.3 m from the service doors.

Figure 1. Exterior view of Fire Behavior Lab structure.

Figure 2. Isometric cutaway view of the Fire Behavior Lab structure.
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2.3. Training Protocol

A brief description of the operation of the Fire Behavior Lab structure employed
in this study is outlined below, while a more detailed description is included in
Appendix 1. At the start of each training evolution, the fire area doors and the
ceiling baffle were closed and latched. One of the doors in the observation area
was fully open and the roof vent was closed. An instructor ignited the fuel in the
source fuel barrel. Once the smoke layer descended to a height of 0.3–0.6 m above
the fire area floor and a temperature increase was observed, the roof vent was
opened to increase the ventilation in both the observation and fire areas. The rec-
ommended training evolution from the manufacturer of the employed Fire Behav-
ior Lab consists of two distinct time periods. The first time period (hereafter
referred to as the fire development period) begins with the ignition of the source
fuel barrel, which heats the fuels positioned along the ceiling and walls, causing
them to pyrolyze. After the roof vent is opened and ventilation increases, the fire
area typically transitions through rollover and flashover. Upon completion of ini-
tial fire dynamic instruction, the vents are closed to end the first demonstration
cycle. The second distinct time period is referred to as ventilation cycling, when
five additional ventilation cycles are conducted, which result in cyclic changes in
environmental conditions. The exact timing of the fire development period and
each ventilation cycle is dependent on the fuel package and environmental condi-
tions. The determination of when to start and end each cycle was made by an

Figure 3. Example of an OSB fuel load in the Fire Behavior Lab prior
to ignition.
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experienced instructor who had been trained and certified by the manufacturer of
the Fire Behavior Lab structure utilized in these experiments.

In these experiments, each ventilation cycle was expected to produce rollover
into the observation area and eventually flashover in the fire area. If, at a mini-
mum, rollover was not generated during a ventilation cycle, then the fire dynamics
based training objective was not met. Approximately 30 s after rollover into the
observation area (typical timing necessary for the instructor to complete instruc-
tion of the characteristics of dynamic fire events), the roof vent and observation
area door were closed. The vents remained closed for approximately 60 s, simulat-
ing the time period over which students would rotate positions during normal
instruction. Then, the next cycle began with the opening of both the roof vent and
the door. For data analysis purposes, the first ventilation cycle was considered to
be 45 s before the first vents open event to the first vents closed event. Ventilation
cycles that followed were designated as the time between vents closed events.

Once six ventilation cycles were completed, the fire area doors were fully
opened, and two firefighters in full personal protective equipment (PPE) entered
the observation area with a hose line and suppressed the remaining burning fuel
in the fire area. As the training structure began to cool, the remaining fuel debris
was removed via the fire area doors. Depending on the sequence of evolutions and
the ambient conditions, the time between tests varied from two hours to over-
night.

2.4. Instrumentation

The Fire Behavior Lab was instrumented with thermocouples, heat flux gauges,
pressure transducers, oxygen (O2) and carbon monoxide (CO) gas analyzers, and
environmental gas sampling (Fig. 4). An isometric instrumentation view of the
instrumentation layout showing relative vertical distribution of sample locations
can be seen in Appendix 1. The instrument locations were chosen as representative
of areas where instructors and students would be situated during training. These

Figure 4. Fire Behavior Lab structure dimensioned floor plan with
instrumentation layout.
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locations were defined as front, middle, and rear. The front and rear locations
were closest to and farthest from the fire area, respectively, and the middle instru-
ment location was at the interior baffle, oriented toward the fire area. This manu-
script focuses on the thermal exposure to instructors and students in the
observation area, while environmental gas sampling (volatile organic compounds
(VOCs), aldehydes, polycyclic aromatic hydrocarbons (PAHs)) results are dis-
cussed in the companion manuscript (Part B of this series [13]).

Gas temperatures were measured with 0.5 mm diameter bare-bead, type K ther-
mocouples arranged at all three measurement locations. A vertical array of eight
thermocouples was installed, with seven of the thermocouples spaced 0.3 m apart
between 0.3 m and 2.1 m above the floor and the eighth thermocouple placed
25 mm below the ceiling. The estimated total expanded uncertainty associated
with the temperature measurements is ± 15 % [15, 16]. Small diameter thermo-
couples were utilized to limit the impact of radiative heating.

Total heat flux measurements were obtained with nominal 25 mm diameter,
water-cooled Schmidt-Boelter gauges co-located with the thermocouple arrays. At
each measurement location, two heat flux gauges were located approximately
0.9 m above the floor; one was oriented in the horizontal direction and the other
in the vertical direction. Results from an international study on total heat flux
gauge calibration and response demonstrated the total expanded measurement
uncertainty of a Schmidt-Boelter gauge is typically ± 8 % [17].

Pressure measurements relative to ambient conditions were obtained with differ-
ential pressure sensors at the front and rear locations. The pressure transducers
were connected to copper sampling probes via polymer tubing. Pressure sampling
ports were positioned at approximately 0.3 m, 0.9 m, and 2.1 m above the floor at
both locations. The differential pressure sensors had an operating range of
± 125 Pa. The estimated total expanded uncertainty associated with the pressure
measurements is ± 10 % [18].

Gas concentration measurements of oxygen and carbon monoxide were gath-
ered from the front and rear locations at 0.9 m and 2.1 m above the floor. Each
sampling port consisted of a 9.5 mm stainless steel tube through which the gas
sample was pulled from the structure through a course 2 micron paper filter, con-
densing trap, drying tube, and a fine 0.3 micron HEPA filter by a 21.3 LPM vac-
uum pump before reaching the gas analyzer. The estimated total uncertainty
associated with the gas concentration measurements is ± 1 % when compared to
span gas volume fractions [19], with an estimated expanded uncertainty of
± 12 % [20] caused by the non-uniformities and movement of combustion gases
in addition to the limited amount of sampling points.

Visible light cameras as well as thermal imaging cameras were utilized to record
video footage of the experiments. The video footage from each experiment was
used to confirm the timing of ventilation operations and to identify fire behavior
conditions during each ventilation cycle.
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2.5. Fire Dynamics Visual Classification

Study staff and technical panel members examined video footage from the Fire
Behavior Lab experiments and classified the observed conditions during each ven-
tilation cycle as flashover,1 localized rollover,2 or surface burning. Figure 5 pro-
vides visual examples of flashover, localized rollover, and surface burning
conditions from video footage of an experiment in the Fire Behavior Lab. Flash-
over and localized rollover both resulted in a dynamic fire event while flames
moved from the fire area into the observation area. Flames remained in the fire
area during surface burning behavior. The videos were viewed blinded and ran-
domized so the fuel load was not apparent when assessing the fire dynamics cues.
Classification of fire dynamics was used to determine whether fire dynamics based
training objectives could be accurately completed in each ventilation cycle.

3. Results and Discussion

3.1. Thermal Exposure Analysis

3.1.1. Overview Gas temperature (Fig. 6) and heat flux (Fig. 7) along with pres-
sure (Fig. 17 in Appendix 2) and gas concentration (Fig. 18 in Appendix 2) are
presented for an example experiment with the OSB fuel package. In each experi-
ment, thermal conditions (gas temperature and heat flux) at the front and middle
locations peaked in severity immediately prior to the end of each ventilation cycle
due to the radiant heat from close proximity to the fire area and descent of the
upper gas layer in front of the baffle. However, at the rear location, thermal con-
ditions typically peaked after the vents were closed as the hot upper gas layer des-
cended at this location after the rear door was closed. Gas temperatures above
0.9 m from the floor were most responsive to the changes in ventilation due to the
offset between the fire and observation areas. Pressure measurements from the
front and rear locations sharply increased for a brief period of time following
each vents closed event. Peak values of temperatures, heat fluxes, and pressures
were most often recorded at the end of third, fourth, or fifth ventilation cycle,
likely due to heating of the steel walls until fuel consumption reduced the energy
delivered to the structure. Oxygen concentrations near the observation area ceiling
dropped to less than 5% and 15% volume at the front and rear locations, respec-
tively, by the end of the first ventilation cycle. Oxygen concentrations at the front
location remained below 5% for the remainder of the experiment, reinforcing the
limited oxygen available for combustion of the fuels on the ceiling of the fire area.
At 0.9 m above the floor, carbon monoxide and oxygen concentrations remained

1 NFPA 1403 definition of Flashover: ‘‘A transition phase in the development of a compartment fire in
which surfaces exposed to thermal radiation reach ignition temperature more or less simultaneously and
fire spreads rapidly throughout the space, resulting in full room involvement or total involvement of the
compartment or enclosed space.’’

2 NFPA 1403 definition of Flameover (Rollover): ‘‘The condition in which unburned fuel (pyrolysate)
from the originating fire has accumulated in the ceiling layer to a sufficient concentration (i.e., at or above
the lower flammable limit) that it ignites and burns. Flameover can occur without ignition of or prior to
the ignition of other fuels separate from the origin.’’
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near ambient level until ventilation cycling began. Peak CO levels consistently
exceeded 10,000 ppm, particularly at the rear instructor location, which was con-
sistently higher than concentrations at the front instructor location.

The objective of Fire Behavior Lab based training is to provide an immersive
training environment for students to learn important fire dynamics concepts.
Although temperature, heat flux, pressure, and gas profiles had similar responses
across each experiment, the rate at which these changes in conditions occurred
varied considerably. The fire development period (Table 1) varied more between
replicates with the pallets and fiberboard fuels than between those with other
fuels. Additionally, the fire development period was longest with the pallet fuel
load and shortest with the OSB fuel load. The same was also true for the median
duration of each ventilation cycle (Table 2). The relatively large range of cycle
times, particularly for pallets and fiberboard, may be attributed in part to differ-
ences in environmental conditions, particularly humidity. Fuels were stored in a
covered area so were not directly impacted by rain, but fluctuations in humidity
levels will impact moisture concentration of the fuel. Ventilation cycle times
longer than approximately 110–120 s (50–60 s vents open, 60 s vents closed) were
sometimes needed to achieve rollover, flashover and/or steady state conditions.

3.1.2. Conditions at Firefighter Head Height To focus on thermal conditions that
would be present at the approximate head height for kneeling or crouching
instructors and students in the observation area, the following tables summarize

Figure 5. Examples of fire area conditions in Fire Behavior Lab.
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data collected at 0.9 m above the floor. The analysis further focuses on the time-
averaged mean (Table 3) and peak (Table 4) values over the cycling period.

As expected, thermal conditions were most severe at the front instructor loca-
tion, which was closest to the fire source. Though time-averaged mean tempera-
tures were slightly lower at the middle location, the range of median values from
the front and middle locations were similar across all fuels, between 87–102�C and
82–99�C, with considerable overlap in the overall range of mean temperatures
between 69–116�C and 67–107�C, respectively. At the rear location, mean and
peak temperatures and heat fluxes were lower than those from the middle and
front positions (except for a few instances that are described below). At the front
instructor location, the vertical heat flux was more intense than the horizontal due
to the proximity of flames rolling overhead at the end of the fire area. Heat flux
decreased with distance from the source, as did differences between vertical and

horizontal measurements. Peak values regularly exceeded 10 kW/m2 at both front

Figure 6. Temperature data from an example training evolution with
the OSB fuel load in the Fire Behavior Lab.
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and middle locations. At the rear instructor location, time averaged mean heat

flux never exceeded 2.7 kW/m2.
Although the median values of the time-averaged mean gas temperatures 0.9 m

above the floor were typically the lowest for the plywood experiments and the
highest for fiberboard, OSB, or pallets, the range of temperatures produced by the

Figure 7. Heat flux data from an example training evolution with
the OSB fuel load in the Fire Behavior Lab.

Table 1
Median and Range of the Fire Development Period (sec) for Five
Replicates of Each Fuel

Fuel Median Range

Fiberboard 633 457–908

OSB 532 458–629

Pallet 933 842–1202

Particle board 608 548–663

Plywood 604 549–653
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different fuel packages at each location overlapped considerably. Based solely on
gas temperatures, no training fuel package produced a clearly different environ-
ment. However, heat flux values at the front and middle locations were consis-
tently lowest for pallet experiments including the lowest minimum and maximum
values of any of the fuel packages. Fiberboard experiments resulted in some of the
lowest mean heat fluxes at the rear location but also produced the largest median
time-averaged horizontal heat flux at the front and middle locations. Overall,
increasing the distance from the fire area reduced the thermal exposure threat to

Table 3
Median and Range of Mean Gas Temperature (�C) and Heat Flux (kW/
m2) Measurements at 0.9 m Above the Floor from Replicate Experi-
ments with Each Fuel During Ventilation Cycling

Fuel

Gas temperature Vertical heat flux Horizontal heat flux

Median Range Median Range Median Range

Front

Fiberboard 102 95–111 8.2 6.5–8.8 6.8 6.1–8.3

OSB 102 81–116 8.4 6.8–9.8 5.9 4.6–7.3

Pallets 94 69–109 6.9 4.4–8.2 5.1 3.4–5.9

Particle board 96 86–103 7.6 7.2–8.7 6.0 5.2–6.4

Plywood 87 76–111 8.1 7.1–8.6 5.9 5.1–6.7

Middle

Fiberboard 96 92–102 5.3 4.2–5.6 6.6 5.0–7.4

OSB 93 86–107 5.7 5.0–6.7 5.6 4.1–6.0

Pallets 99 67–107 4.8 3.2–6.3 4.9 3.1–6.3

Particle board 91 88–105 5.1 4.9–5.9 4.9 4.7–6.0

Plywood 82 80–100 5.6 4.8–5.8 5.5 5.1–5.6

Rear

Fiberboard 71 61–74 1.4 1.2–1.7 1.6 1.5–1.7

OSB 72 59–92 2.1 1.9–2.7 1.7 1.6–2.5

Pallets 69 53–86 1.7 0.9–2.5 2.1 1.1–2.4

Particle board 69 63–76 1.8 1.6–1.9 1.7 1.4–2.0

Plywood 60 55–80 1.6 1.5–2.2 1.5 1.3–1.9

Table 2
Median and Range of Individual Cycle Duration (sec) for Five
Replicates of Each Fuel

Fuel Median Range

Fiberboard 162 138–231

OSB 127 112–167

Pallet 161 122–300

Particle board 147 107–186

Plywood 142 117–178
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the firefighting students and instructors more consistently than changing fuel
packages. Exceptions to this trend occurred when flames extended under the baffle
to the end of the structure during two of the five experiments with the OSB fuel
load. In these experiments, the peak values at the rear heat flux gauges (16.4 and

29.2 kW/m2) were considerably higher than peak values during the other 23 exper-

iments (3.8 - 8.3 kW/m2). The peak heat fluxes in both cases were sustained for
only a few seconds.

Although this manuscript is primarily focused on the thermal risk to firefighting
instructors and students, pressure (Table 11) and gas concentration (Tables 12
and 13) data from 0.9 m above the floor are presented in Appendix 2 for com-
pleteness. Both the time-averaged mean and overall peak pressures were indistin-
guishable between the front and rear locations. The fiberboard fuel package
generated the lowest mean and peak pressures inside the structure. Mean pressures
from pallet experiments were relatively low, however, peak values from pallet
experiments immediately after vents were closed were the largest. These pressure
spikes may provide insight into chemical exposure risks to firefighters operating
inside the structure. Elevated pressures may drive hot gases and smoke that have
accumulated inside the structure through gaps and interfaces in a firefighter’s PPE
ensemble, which may increase risk for contact with the skin. For example, Mayer
et al have reported contaminants such as benzene at high concentrations under

Table 4
Median and Range of Peak Gas Temperature (�C) and Heat Flux (kW/
m2) Measurements at 0.9 m Above the Floor from Replicate Experi-
ments with Each Fuel During Ventilation Cycling

Fuel

Gas temperature Vertical heat flux Horizontal heat flux

Median Range Median Range Median Range

Front

Fiberboard 153 151–160 15.8 14.5–19.5 13.4 10.7–14.5

OSB 154 123–168 24.2 18.0–27.4 15.4 12.3–20.2

Pallets 150 124–170 14.2 10.2–16.5 9.6 7.0–12.3

Particle board 146 128–154 18.3 18.0–23.9 14.5 13.9–15.0

Plywood 145 128–155 20.0 18.3–22.8 16.0 12.5–16.6

Middle

Fiberboard 151 144–164 9.4 7.5–11.2 11.1 10.5–12.8

OSB 146 131–158 17.8 13.0–21.5 15.4 10.4–16.6

Pallets 159 121–163 8.3 7.9–10.5 8.8 8.0–12.5

Particle board 146 135–163 12.4 10.7–13.3 12.2 10.6–13.8

Plywood 137 134–153 12.3 10.7–13.9 13.7 12.3–15.5

Rear

Fiberboard 128 122–140 4.5 3.9–5.3 4.9 4.8–5.3

OSB 129 113–149 6.1 5.1–29.2 6.0 5.0–16.4

Pallets 135 114–144 4.9 3.8–6.9 5.8 4.9–6.8

Particle board 127 113–143 6.1 5.5–8.3 5.8 5.1–6.4

Plywood 122 115–138 5.3 4.1–6.2 5.1 4.7–5.6
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firefighting PPE [21]. Future research into transient pressure changes inside burn-
ing structures should be performed to further understand this exposure risk. The
oxygen and carbon monoxide gas concentrations (Tables 12 and 13 in Appendix
2) suggest a higher acute exposure risk for fire instructors working at the rear of
the structure compared to the front. This phenomenon likely results from heated
smoke traveling along the ceiling, impacting the relatively cool vertical obstruction
at the back of the structure, and then descending onto the instructor. If SCBA are
worn throughout the training evolution, these changes in gas concentration should
have no impact on firefighter health and safety. However, if the SCBA facepiece is
dislodged or the regulator is temporarily removed (which is strongly discouraged
but anecdotally may occur during instruction), these high CO and low O2 concen-
trations can create an acute risk.

3.1.3. Thermal Class Analysis The mean and peak values of thermal conditions in
the structure provide useful comparisons between fuel loads, but further insight
into safety risks for firefighters and instructors can be gained through analyzing
this data using established thermal class analyses. A variety of classification sys-
tems have been developed and utilized by researchers to provide insight into the
potential hazard of thermal exposures that could be experienced by firefighters in
a fire environment [22-27]. Based on Utech’s categories of a firefighter’s environ-
ment as ‘Routine’, ‘Ordinary’, or ‘Emergency’, Madrzykowski modified the tem-
perature and heat flux ranges as shown in Table 5 [26, 27]. A Routine
environment is slightly more intense than what would be encountered on a hot
summer day. In an Ordinary environment, firefighters can be expected to function
effectively with proper PPE for 10–20 min dependent on the heat absorbed by the
PPE prior to Ordinary exposure. If the PPE is exposed to conditions near the
upper bounds of the Ordinary exposure, the safe operational time will be reduced.
Firefighters should only be expected to operate in Emergency exposures for 60 s
or less prior to degradation of the PPE or an injury occurs. These categories were
applied to data from estimated firefighter head height (0.9 m above the floor) to
characterize the thermal exposures risks at each location with each fuel package
(Table 6). It should be noted that a firefighter’s PPE will be preheated by expo-
sure to conditions classified as Ordinary prior to reaching Emergency conditions.
The suggested time thresholds are useful for comparison purposes, but the impact
of preheating the gear should be carefully considered when applying these thermal
class criteria. However, the amount of time firefighters would be working in con-

Table 5
Thermal Exposure Classifications [26, 27]

Class Heat flux (kW/m2) Gas temperature (�C)

Routine < 2 < 70

Ordinary 2–12 70–200

Emergency > 12 > 200
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ditions characterized as ‘‘Emergency’’ or ‘‘Ordinary’’ following this classification
scheme provides a useful metric to compare thermal exposure risk.

For fire instructors and students at the front and middle locations, the thermal
exposure hazard from radiated heat was consistently classified as more severe than
the hazard from the gas temperature, reinforcing a finding reported by Willi et al.
[28] and Madrzykowski [27]. At the front location, conditions based on the heat
flux data were characterized as Emergency for an average of 3 % (pallets) to
22 % (OSB) of the exposure duration during the cycling period, while the Emer-
gency threshold was never exceeded by the gas temperature 0.9 m above the floor.
At both the front and middle locations, gas temperature hazards were more often
Routine than the heat flux hazard. The OSB experiments resulted in the largest
time in Emergency conditions based on heat flux criteria, while the fiberboard
experiments resulted in the longest average duration in the Ordinary classification
for both the heat flux and temperature hazard.

The longest average duration in Emergency conditions was slightly over 2.5 min
for the OSB fuel package. It is important to note that firefighters would not be
working in these conditions in a continuous manner as this exposure was typically
experienced at isolated times during peak conditions just prior to the vents being
closed for each cycle (see Fig. 7). None of these experiments resulted in continu-
ous exposure in Emergency conditions longer than 60 s. However, for all fuel
packages other than pallets, there was at least one experiment where continuous
exposure in Emergency conditions lasted longer than 15 s after sustained exposure
to Ordinary conditions. The longest single sustained exposure in Emergency con-
ditions was 58 s during a fiberboard experiment. Fire instructors who operate at
the front location can employ strategies to reduce this risk through time, distance,
and shielding (see below), though some of these techniques may be less effective at
reducing the impact of elevated gas temperatures. While gas temperature hazard
levels were regularly considered in the Ordinary hazard range, none of the experi-
ments exceeded the 20 min upper limit [26] at 0.9 m above the floor for any loca-
tion or any fuel package.

At the rear instructor location, the thermal hazard levels were dramatically
reduced and most often considered Routine for both gas temperature and heat
flux. At this location, the hazard due to gas temperature was consistently higher
than that from heat flux due to the extended distance from the flaming materials.
As previously mentioned, two OSB experiments did produce brief flashes of fire
that reached beyond the baffle in the observation area, which resulted in quick
excursions into Emergency conditions (< 5 s each) at the rear instructor location.

3.1.4. PPE Damage Risk In addition to the thermal risk to firefighters operating
in these environments, long duration exposures to elevated thermal conditions can
increase the risk of damage to firefighting PPE. Anecdotally, the Fire Behavior
Lab has been known to create an environment where damage to firefighting hel-
mets and facepieces can occur. In 2016, Willi et al. published results from experi-
ments that aimed to characterize a firefighter’s thermal environment in a variety
of training environments [28], two of which were training evolutions in a Fire
Behavior Lab. During one of these experiments, it was reported that the fire-
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fighter’s SCBA facepiece began to show visible signs of degradation (i.e., bub-

bling) after an exposure with an average heat flux of 1.1 kW/m2 for approxi-

mately 9 min followed by an average heat flux of 5.0 kW/m2 for less than 9 min.
The exposure was also characterized by moderate temperatures that averaged less
than 40 �C and never exceeded 150 �C. It should be noted that the SCBA face-
piece worn by the firefighter in the Willi et al. experiment was tested to an earlier
standard of NFPA 1981. However, even with PPE tested to the latest standard,
firefighters should still be cognizant of the potential for PPE damage from the
prolonged exposures experienced in the Fire Behavior Lab.

The heat flux exposures summarized in Tables 3 and 4, particularly those at the
front and middle positions, were generally more severe than those described by
Willi et al. and could increase risk for damage to firefighter PPE. Firefighting
SCBA facepiece damage and failure has been studied in depth over the past dec-
ade, including damage ranging from microcracking to hole formation for SCBA
facepieces certified to different editions of NFPA 1981: Standard on Open-Circuit
Self-Contained Breathing Apparatus (SCBA) for Emergency Services) [29]. These
results are summarized in Table 7 [30-32]. The magnitude of the heat flux experi-
enced at the front (and potentially middle) location over the duration recorded in
these experiments can increase the risk for damage to SCBA facepieces—particu-
larly those certified prior to the 2013 edition of NFPA 1981—unless control mea-
sures are taken to mitigate the thermal risk.

3.1.5. Firefighters Thermal Exposure Control Options Due to the elevated thermal
risk when conducting training in the Fire Behavior Lab, firefighters should con-
sider important control measures to reduce opportunity for PPE damage and skin
burns. As shown above, training fuel selection can impact the thermal risk, partic-
ularly at the front locations. Pallet fuels produced training environments that
reduced the amount of time in Emergency operating conditions compared to the
particle board and OSB fuel packages. However, the pallet fuel load also requires
the longest overall exposure time within the training structure (fire development
and cycling periods) and such substitutions may not always be possible depending
on the training objectives that are to be achieved (see next section). The fuels
selected for this study were commercially available in eastern Pennsylvania (USA),

Table 7
Summary of SCBA Facepiece Damage from Previous Research [30-32]

NFPA 1981 edition Exposure (kW/m2) Description of damage

2007 5 Microcracking within 5 min exposures

8 Hole formation within approximately 20 min

10 Microcracking within one and a half minute exposures

15 Lens softening after 30 s

Hole formation between 1.5 and 4 min

2013 15 Bubbling after 2 min
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yet other options may be utilized with differences in density (and overall fuel
load), exposed surface area (particularly related to pallet design), and properties
such as heat of combustion. Each of these factors, along with ambient environ-
mental conditions, can impact thermal risk and should be considered with any
fuel package selection.

Firefighters can control their exposure to radiant heat through time, distance,
and shielding. Completing the same training objective in a shorter time frame can
reduce exposure to elevated thermal conditions. Fuel packages that typically had
shortest overall exposure times (e.g. OSB, particle board, plywood—Tables 1, 2)
also tended to expose fire instructors and students to the highest peak heat fluxes.
However, with increased efficiency during instruction or smaller groups of stu-
dents, it may be possible to achieve training objectives with three to four ventila-
tion cycles as opposed to six cycles, which may reduce the time in Emergency
conditions after PPE has already been pre-heated. Additionally, instructors and
students can reduce the amount of time that PPE components are impacted by
radiant heating by simply moving around, such as turning away from the fire (to
better protect their SCBA facepiece) or by rotating their orientation relative to the
fire area (to minimize heating of PPE on a given side). Shielding can also be effec-
tive and may be most easily employed by instructors at the front location by
ducking below the structural offset between the fire area and observation area (see
Fig. 2) to shield from horizontal components of radiation.

Finally, the impact of distance from the fire area was demonstrated by the
marked reduction of time in Emergency conditions when moving from the front
to middle to rear locations. Moving instructors or students as far back from the
fire area as possible while still achieving training objectives can reduce the expo-
sure risk—particularly to Emergency thermal conditions. In addition to the hori-
zontal distance from the fire, changing the vertical distance from the fire area
floor can also provide additional levels of control. The primary analysis of gas
temperature focused on measurements from 0.9 m above the floor as an approxi-
mation of a firefighter’s head height while crouching or kneeling. Small perturba-
tions in vertical location can have a dramatic effect on thermal risk. Temperatures
at ± 0.3 m from this assumed vertical location are summarized in Table 8 along
with relative times in each thermal class (Table 9) at each measurement location.

Changing a firefighters head height by as little as 0.3 m can have important
impacts on thermal exposure risk. Total exposure duration in the lowest risk,
Routine, conditions increased by 8–15 % at the front position and 28–40 % at the
middle position at 0.6 m above the floor compared to 0.9 m. Conversely, raising a
firefighter’s head height from 0.9 m to 1.2 m above the floor increases thermal
risk. Gas temperatures 0.9 m above the floor never reached Emergency conditions
at any of the three locations. However, at 1.2 m above the floor, the time spent in
Emergency conditions averaged between 3–5 min at the front and middle loca-
tions, or between 22–42 % of the ventilation cycling. Additionally, there was an
increase in the average time in Emergency conditions at the rear position with gas
temperatures from 1.2 m above the floor. This analysis is of particular importance
for those training organizations who use benches in the observation area for stu-
dents to sit on. Although the benches may be more comfortable for twenty plus
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minutes of instruction, they can increase thermal hazards by orienting firefighters
higher in the observation area.

Finally, the design of the training structure may be modified to reduce thermal
exposure risk for future construction. The observation area may be constructed
out of a taller container, lowering the floor relative to the fire area (though con-
sideration should be given to other possible risks, such as larger potential fall dis-
tances from the fire area to the observation area). Newer structure design
modifications have included a wider observation area and a fully opened observa-
tion compartment.

3.2. Training Fire Environment Presentation with Different Fuel Packages

To confidently employ substitution control measures such as replacing one train-
ing fuel with another, it is important to understand potential impacts on the
objectives of the fire training evolution. Eleven members of the project team,
including individuals from training organizations around the United States,
reviewed video footage of the 25 experiments in randomized order and without
knowledge of the fuel package employed. For each of the six ventilation cycles
and each of the five different training fuels, eleven individuals reviewed up to five
repetitions, resulting in up to 55 observations per cycle/fuel combination (though
some individuals did not complete observations of all five replicates of each fuel).

Table 8
Median and Range of Mean Gas Temperatures (�C) at 1.2 m, 0.9 m,
and 0.6 m Above the Floor from Replicate Experiments with Each Fuel
During Ventilation Cycling

Fuel

1.2 m above floor 0.9 m above floor 0.6 m above floor

Median Range Median Range Median Range

Front

Fiberboard 171 151–186 102 95–111 87 81–92

OSB 187 181–223 102 81–116 81 73–91

Pallets 186 113–213 94 69–109 78 59–91

Particle board 176 158–209 96 86–103 81 76–89

Plywood 172 158–202 87 76–111 73 70–89

Middle

Fiberboard 146 134–156 96 92–102 75 66–79

OSB 166 151–196 93 86–107 66 63–77

Pallets 169 103–182 99 67–107 69 47–81

Particle board 151 137–174 91 88–105 68 61–79

Plywood 143 137–180 82 80–100 61 50–76

Rear

Fiberboard 99 89–102 71 61–74 52 45–56

OSB 113 99–135 72 59–92 50 40–61

Pallets 111 74–120 69 53–86 45 39–62

Particle board 103 96–109 69 63–76 49 46–54

Plywood 96 88–118 60 55–80 42 37–58
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Table 9
Average and Standard Deviation of Thermal Class Times (mm:ss) from
1.2 m, 0.9 m, & 0.6 m Gas Temperature Data for each Fuel During
Ventilation Cycling

Location Class Fuel 1.2 m above floor 0.9 m above floor 0.6 m above floor

Front Routine

(< 70�C)
Fiberboard 00:06 ± 00:06 00:53 ± 00:35 02:01 ± 01:00

OSB 00:24 ± 00:20 02:12 ± 00:52 03:45 ± 00:45

Pallets 01:18 ± 02:26 03:19 ± 03:09 05:23 ± 03:30

Particle board 00:44 ± 00:23 02:39 ± 00:38 03:45 ± 00:50

Plywood 00:29 ± 00:31 03:02 ± 01:42 04:20 ± 01:39

Ordinary

(70–200�C)
Fiberboard 10:56 ± 01:23 14:06 ± 01:44 12:58 ± 02:04

OSB 06:23 ± 01:00 09:31 ± 00:52 07:57 ± 00:50

Pallets 08:44 ± 01:39 11:08 ± 01:59 09:04 ± 02:28

Particle board 07:56 ± 00:18 10:15 ± 00:58 09:09 ± 01:03

Plywood 08:14 ± 00:57 09:53 ± 01:06 08:35 ± 00:50

Emergency

(> 200�C)
Fiberboard 03:57 ± 00:17 – –

OSB 04:55 ± 01:16 – –

Pallets 04:24 ± 01:26 – –

Particle board 04:14 ± 00:49 – –

Plywood 04:11 ± 00:32 – –

Middle Routine

(< 70�C)
Fiberboard 00:23 ± 00:16 01:29 ± 00:54 06:28 ± 02:40

OSB 00:48 ± 00:24 02:29 ± 00:55 06:13 ± 01:04

Pallets 01:27 ± 02:33 03:24 ± 03:16 07:34 ± 04:26

Particle board 01:19 ± 00:32 02:44 ± 00:45 06:55 ± 02:04

Plywood 01:05 ± 00:46 03:12 ± 01:32 08:26 ± 03:35

Ordinary

(70–200�C)
Fiberboard 11:23 ± 01:29 13:30 ± 01:54 08:31 ± 02:06

OSB 06:52 ± 00:35 09:13 ± 00:58 05:29 ± 01:18

Pallets 09:16 ± 01:10 11:03 ± 02:08 06:53 ± 03:16

Particle board 08:11 ± 00:23 10:10 ± 01:03 05:59 ± 02:15

Plywood 08:25 ± 00:26 09:43 ± 00:43 04:29 ± 02:46

Emergency

(> 200�C)
Fiberboard 03:13 ± 00:10 – –

OSB 04:03 ± 00:49 – –

Pallets 03:44 ± 01:04 – –

Particle board 03:24 ± 00:36 – –

Plywood 03:25 ± 00:22 – –

Rear Routine

(< 70�C)
Fiberboard 04:47 ± 01:36 10:00 ± 01:34 13:31 ± 01:24

OSB 02:36 ± 00:59 06:19 ± 01:46 10:14 ± 01:03

Pallets 04:35 ± 03:33 08:11 ± 03:34 12:45 ± 02:36

Particle board 03:47 ± 00:25 07:58 ± 00:43 11:33 ± 00:46

Plywood 04:52 ± 02:06 08:29 ± 02:21 11:59 ± 01:49

Ordinary

(70–200�C)
Fiberboard 10:03 ± 01:47 04:59 ± 00:57 01:28 ± 00:37

OSB 08:34 ± 00:43 05:23 ± 01:57 01:28 ± 01:10

Pallets 09:26 ± 01:55 06:16 ± 02:31 01:42 ± 01:27

Particle board 09:01 ± 00:31 04:56 ± 00:48 01:21 ± 00:31

Plywood 07:55 ± 01:08 04:26 ± 01:35 00:56 ± 00:59

Emergency

(> 200�C)
Fiberboard 00:08 ± 00:05 – –

OSB 00:33 ± 00:34 – –

Pallets 00:26 ± 00:30 – –

Particle board 00:06 ± 00:08 – –

Plywood 00:08 ± 00:10 – –
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For each fuel, up to 330 total observations were possible over the six ventilation
cycles (55 observations per cycle x 6 cycles), though the total number completed
varied between 304 and 324. The percentage of responses that identified the fire
dynamics presented in each cycle as either ‘Flashover’, ‘Localized Rollover’, or
‘Surface Burning’ (see Fig. 5) were calculated for all five training fuels at each of
the six ventilation cycles (Table 10).

Overall, the fire dynamics environment created by both OSB and particle board
were identified by training experts as achieving the training objectives (flashover
and/or localized rollover) more consistently than other fuel types. In fact, only
6 % of the responses for both fuels indicated surface burning compared to 24–
45 % for the other fuel packages. The plywood fuel package produced similarly
consistent flashover or localized rollover conditions for the first four cycles, but
the material was consumed more completely than the other fuel loads and lost its
consistency in the fifth and particularly the sixth cycles. Fire dynamics produced
by fiberboard and pallet fuel packages were markedly less consistent than the
other fuels. It is possible that the burning characteristics of these materials may be
more impacted by transient variations in ambient moisture than the other wood-
based products that incorporate formaldehyde- and/or isocyanate-based resins.
The pallet fuel load also has additional mass and different area and orientation of
exposed surfaces compared to the sheet goods, which may have impacted time to
produce appropriate amounts of combustible smoke. Fire dynamics from the
fiberboard fuel load were identified as surface burning in more than half of the
response at the fourth cycle and more than 90 % for the fifth and sixth cycle.
This change in fire dynamics could not be attributed to complete consumption of
the material as the sheets were doubled up (as is common for those who use this
material due to its light weight). Previous research has identified challenges when
using this fuel to create training fire environments [33]. Anecdotally, some training
organizations have overcome these challenges with fiberboard by combining pal-
lets with the panels on the ceiling to provide a longer, more consistent cycling per-
iod. This study concentrated on a single fuel type along the walls and ceiling, but
future work should address hybrid fuel packages.

Each of these experiments were initiated with the Fire Behavior Lab at ambient
temperature to allow consistent comparison across each fuel. The structure heats
up during the first cycle, which likely contributes to the relatively low identifica-
tion of flashover conditions during this ventilation cycle. Cycles 2–4 were the most
consistent in producing flashover and/or rollover conditions regardless of the fuel
package. Cycles 5 and 6 experienced reduced flashover conditions across all fuel
packages. Although the typical fire dynamics demonstrations are well suited to the
earlier cycles, instructors may also find value instructing students using the surface
burning conditions. Alternatively, limiting training scenarios to the first three or
four ventilation cycles compared to six cycles would reduce the total time exposed
to elevated thermal conditions, and focus training during the time when the objec-
tives of fire dynamics lessons are more likely to be accurately conveyed.

When utilized as part of a live-fire fire dynamics demonstration, fuel choice
should balance fire dynamics fidelity with risk posed to the firefighting students
and instructors. OSB and the particle board fuels resulted in training environ-
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ments with the highest fire dynamics fidelity followed by plywood, pallets and
then fiberboard. However, OSB and fiberboard produced elevated thermal condi-
tions, followed by pallets, particle board, and plywood (Tables 3 and 4). Addi-
tional training considerations might include the accessibility and cost of the fuel,
challenges in preparing and loading the fuels [33] and relative chemical exposure
risks posed by the different training fire environments created [13]. While this
study focused on wood-based training fuels that are commonly employed in the
United States, other training fuel options with differences in total fuel weight,
exposed surface area, resistance to ambient moisture absorption, and material
properties can impact fire dynamics and should be considered with any fuel pack-
age selection.

4. Summary and Conclusions

To address questions from the NFPA 1403 Technical Committee regarding the
impact of different fuels on training fire environments, the fire dynamics within
the Fire Behavior Lab produced by five different commonly available training

Table 10
Fire Dynamics Created at each Cycle as a Percentage of the Total
Responses from the Project Technical Panel

Fiberboard (%) OSB (%) Pallets (%) Particle board (%) Plywood (%)

Flashover

Cycle 1 24 57 10 72 25

Cycle 2 50 93 18 91 66

Cycle 3 48 91 51 80 79

Cycle 4 9 70 41 61 53

Cycle 5 4 44 43 48 26

Cycle 6 0 22 18 11 9

Total % 23 63 30 61 43

Localized rollover

Cycle 1 69 41 39 26 70

Cycle 2 43 6 59 9 28

Cycle 3 33 9 39 20 21

Cycle 4 41 30 53 37 36

Cycle 5 6 50 41 48 34

Cycle 6 4 54 22 59 9

Total % 32 31 43 33 33

Surface burning

Cycle 1 7 2 51 2 6

Cycle 2 7 2 24 0 6

Cycle 3 19 0 10 0 0

Cycle 4 50 0 6 2 11

Cycle 5 91 6 16 4 40

Cycle 6 96 24 59 30 81

Total % 45 6 27 6 24
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fuels were characterized. The time to complete each training evolution varied
more between replicates with the pallets and fiberboard fuels than between those
with other fuels. As expected, temperatures and heat fluxes were highest at the
front position. The fuel load utilized had minimal impact on the range of gas tem-
peratures recorded, though median thermal conditions were typically the highest
for OSB and fiberboard, while plywood resulted in the lowest median tempera-
ture. Peak heat fluxes, however, were notably higher for the OSB experiments
while pallet fuels loads produced the lowest median heat flux exposures. Using gas
temperature and heat flux data from approximate firefighter head height (0.9 m
above the floor), exposures were characterized as ‘Routine’, ‘Ordinary’, or ‘Emer-
gency’. At the front instructor location, heat flux exposures measured 0.9 m above
the floor were categorized, on average, as Ordinary for 75–93 % of the cycling
duration and as Emergency for 3–22 % of the cycling duration for the five differ-
ent fuel loads. Thermal classifications based on gas temperatures from the same
height were much less severe—the temperatures measured during the 25 experi-
ments were always below the Emergency threshold and thus characterized as
either Routine or Ordinary. However, if the approximated head height of a fire-
fighter was raised from 0.9 m to 1.2 m above the floor, conditions based on gas
temperature from the front location were categorized as Emergency for an average
27–42 % of the cycling duration with the different fuel types. The most consistent
fire dynamics were demonstrated with the OSB and particle board fuels, while the
fiberboard and pallets resulted in much less repeatable flashover or rollover
demonstrations. Overall, fuel substitutions can impact thermal risk for firefighters
but also have important impact on the consistency of the fire dynamics being pre-
sented to the firefighting students. Thermal risks during live-fire training cannot be
completely eliminated, but may be controlled to some extent by locating instruc-
tors and students lower in the observation area, farther from the fire, and by
reducing the exposure time through fewer ventilation cycles when appropriate.
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Appendix 1: Explanatory Material for Study Methods

Example Fuel Load Images

See Figs. 8, 9, 10, 11.
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Figure 8. Example of low density wood fiberboard fuel load in the
Fire Behavior Lab.

Figure 9. Example of pallet fuel load in the Fire Behavior Lab.
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Detailed Training Protocol for Fire Behavior Lab Operation

The Fire Behavior Lab can be operated in a variety of different ways based on
training objectives and manufacturer recommendations. In this study, a common
protocol developed and taught by the manufacturer was adopted and are summa-
rized here. Typical steps associated with the preparatory phase include the follow-
ing:

Figure 10. Example of particle board fuel load in the Fire Behavior
Lab.

Figure 11. Example of plywood fuel load in the Fire Behavior Lab.
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� Gathering of equipment needed including an interior hose line for primary
safety and an exterior hose line for backup as per the water supply require-
ments from the National Fire Protection Association (NFPA) 1403 on Live Fire
Training [1], portable propane torch for ignition of the source fuel, full personal
protective equipment (PPE) and self-contained breathing apparatus (SCBA) for
all instructors and students, and a thermal imaging camera (TIC).

� Loading of the fire area with both source and exposure fuels. The source fuel is
typically comprised of one and a half pallets cut or broken apart and stacked
into a metal source fuel barrel along with a proportional amount of straw, hay,
or excelsior. The exposure fuel is typically comprised of wood-based sheet
goods on both side walls, each of the fire area’s door leafs, and the ceiling of
the fire area. Depending on the jurisdiction, these wood sheet goods could be
oriented strand board (OSB), low-density wood fiber board, particle board,
medium density fiber board, plywood, while others may use wooden pallets or
some combination thereof.

� Hosting of a safety briefing prior to each burn evolution by the identified lead
instructor and safety officer. The safety briefing identifies the training structure
layout, entry and exit points, operation of the ventilation openings, fuel load-
ing, expected fire behavior, and safety precautions in the event of problem such
as an equipment malfunction. After the safety briefing and prior to entry into
the training structure, a safety check is performed on each individual to ensure
that there is no exposed skin and that the PPE and SCBA are donned appropri-
ately.

Once the above steps have been completed, the instructors for the evolution will
ensure that the students are in place inside the structure, the hose lines are in
place, tested, and charged, and will prepare the vents for ignition. It is important
to note that the initial vent position and subsequent vent sequence and operation
may vary based on the specific training structure manufacturer recommendation
and/or jurisdiction in question. At the start of the evolution, the fire area doors,
utilized for the loading and unloading of fuel, are closed and latched. One of the
doors in the observation area is typically closed with the other door positioned
between one half to fully open. The ceiling baffle in the observation area will be
closed once students are in position. The roof vent will be closed to allow for the
initial build up of heat and fire gases within the fire area and forward section of
the observation area (Fig. 12). At this point, the instructors will ignite the fuel in
the source fuel barrel which is positioned to the front of the fire area, approxi-
mately 0.3 m off the front wall and could be located in the center or to either side
of the compartment.

After the source fuel barrel is ignited, the ignition device is removed from the
training structure and the evolution instruction begins. The first ventilation action
is commonly the opening of the roof vent to increase the efficiency of ventilation
in both the observation area and fire area (Fig. 13), leading to a transition of the
space through flashover. The roof vent is actuated once the smoke layer in the fire
area has descended to near the bottom of the air inlets located on the source fuel
barrel (Fig. 14), or approximately 0.3 to 0.6 m above the floor in the fire area.
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Figure 12. Initial Fire Behavior Lab vent position.

Figure 13. Pre-flashover vent position in the Fire Behavior Lab.
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Once the fire area transitions through flashover, flames rolling along the bottom
of the smoke layer are evident in the observation area above the position of the
front instructor and student locations. This fire behavior is due to the presence of
fresh air to support fire growth, which enters in through the opened door of the
observation area, mixes with the hot fuel gases at this interface, and exhausts
upwards through the roof vent. The timing of this demonstration is intended to
limit the students’ and instructors’ exposure to flaming combustion as this radiant
energy increases the rate of heat transfer to firefighters’ PPE. Once the instructor
completes instruction of the characteristics of rollover and flashover, the roof vent
and observation area door are closed (Fig. 15). Closing these vents decreases the

Figure 14. Source fuel barrel with representative pallet size and
location.
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efficiency of burning in the compartment and flaming combustion returns to the
source fuel barrel as the fire becomes further ventilation-limited. This action com-
pletes the first cycle of the given burn evolution. While the vents are closed and
the fire is darkened down, with combustion largely limited to the source fuel bar-
rel, the students rotate positions to ensure each has a different vantage point of
the fire behavior within the training structure, for each cycle performed.

Once the students have reoriented, the rear instructor opens the roof vent and a
single door of the observation area simultaneously. As discussed above, this
increases the airflow within the training structure, subsequently increasing the effi-
ciency of burning, and transitions the fire area through flashover once more. With
flashover in the fire area and rollover evident into the observation area, all vents
are again closed. A full ventilation cycle includes the time when the vents are both
opened and closed, ending when the vents are opened for the next demonstration
cycle. The number of students, the desired learning objectives, the training poli-
cies, and the local weather conditions will determine the number of cycles per-
formed in a given live fire evolution within the Fire Behavior Lab.

For the purpose of these experiments, the Fire Behavior Lab was instrumented
with both thermal and environmental exposure sensors in addition to both stan-
dard and infrared imaging cameras. As such, there were no students or instructors
inside the structure during the experiments. The thermal data and video footage
was monitored remotely and communication was made to position ventilation
openings via radio to firefighters wearing full PPE located outside of the structure.

Figure 15. Post-flashover vent position in the Fire Behavior Lab.
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Isometric View of Instrumentation Layout

See Fig. 16.

Appendix 2: Pressure and Gas Concentrations (O2, CO)
from the Fire Behavior Lab

See Figs. 17 and Table 11.

Figure 16. Isometric cutaway view of the Fire Behavior Lab structure
instrumentation layout.
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Figure 17. Pressure data from example training evolution in the Fire
Behavior Lab.
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See Fig. 18 and Tables 12, 13.

Table 11
Median and Range of Mean and Peak Pressures (Pa) at 0.9 m Above
the Floor From Replicate Experiments with Each Fuel During
Ventilation Cycling

Fuel

Mean Peak

Median Range Median Range

Front

Fiberboard 0.8 - 0.3–1.4 55 44–75

OSB 1.6 0.6–2.2 80 64–145a

Pallets 1.0 - 0.4–3.3 106 65–157a

Particle Board 1.8 1.2–2.9 76 53–104

Plywood 1.5 0.5–2.0 80 71–100

Rear

Fiberboard 0.9 - 0.3–1.4 55 43–71

OSB 1.6 0.5–2.2 85 63–148a

Pallets 1.1 - 0.2–3.2 109 68–163a

Particle Board 1.7 1.2–2.7 81 68–108

Plywood 1.5 0.5–2.0 82 71–103

aCalibration range of pressure transducers was ± 125 Pa

Figure 18. Oxygen and carbon monoxide concentration data from
example training evolution in the Fire Behavior Lab.
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