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a b s t r a c t

The National Institute of Standards and Technology (NIST) and the Center for Better Living (CBL) have

formed an international collaboration to assess the performance and failure mechanisms of gypsum

wall assemblies under real fires/furnace conditions. In an effort to compile an experimental database

necessary to validate models that could be used to predict their performance and ultimate failure under

various design fires, a full scale test was conducted in the Large Fire Laboratory (LFL) at NIST. This paper

provides a valuable experimental data set on the performance of a full scale loaded gypsum steel stud

assembly exposed to an intense full scale compartment fire.

Published by Elsevier Ltd.

1. Introduction

While standard fire resistance testing has reduced the number
of fires that have resulted in loss of life, the inability of the fire
resistance rating to act as an absolute predictor of performance in
an actual fire was recognized from the beginning. Standard fire
resistance tests are conducted under furnace conditions and
furnace data is of limited use to validate computational models
that could be used to predict the performance and failure of these
assemblies under arbitrary fire loadings [1–3]. Specifically, realis-
tic fires do not heat assemblies uniformly or in a continuous
manner, and real fires move causing the assembly to cool even in
the presence of smoke and flames.

There is no documented understanding of the performance
and failure of load bearing steel stud gypsum board wall assem-
blies under realistic fire conditions; this greatly hampers the
application of performance-based design approaches. Data and
sub-model implementation in EL’s Fire Dynamics Simulator (FDS)
of gypsum assembly failure will enable performance based design
and afford the ability to quantify how fire spreads from one
compartment to another. Load bearing steel stud gypsum assem-
blies are an ideal construction assembly to investigate the failure
mechanism of load bearing structure as these are very common.

Without physical knowledge of actual performance and failure
mechanisms under realistic fires, it is impossible to predict the
time of failure of a load bearing steel stud gypsum board wall
assembly under fire exposures. Such information is critical to
estimate safe egress times from buildings and provide guidance to
firefighters entering a building. To this end, the National Institute
of Standards and Technology (NIST) and the Center for Better
Living (CBL) have formed an international collaboration to assess
the performance and failure mechanisms of gypsum wall assem-
blies under real fires/furnace conditions and to compile an
experimental database necessary to validate models that could
be used to predict their performance and ultimate failure under
various design fires.

In support of this collaboration, the first ever experiment to
expose a full scale loaded gypsum steel stud assembly to an
intense compartment fire was conducted as a proof-of-concept
exercise in order to determine the feasibility of such testing.
Results obtained from this experiment are presented and
discussed.

2. Experimental description

The experiment was conducted in the Large Fire Laboratory
(LFL) at NIST. A major focus of this work is to be able to compare
the performance/failure of loaded assemblies under realistic fire
exposures to that of furnace exposures. Accordingly, a wall was
constructed using two layers of 15.9 mm thick type X gypsum
board attached to a custom-built self-supporting steel stud frame.
The specific dimensions of the steel stud frame assembly are
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shown in Fig. 1a. Steel studs with yield strength of 228 MPa were
equally spaced at 609 mm, and a bridging channel (3.0 m long)
was installed at mid-height of the frame. The installation of the
gypsum board to the studs was performed in accordance with
ASTM guidelines [4–7]. Fig. 1b displays the steel stud gypsum
wall assembly that includes two layers of gypsum board on each
face. Each layer consisted of three single gypsum board panels;
two with dimension of 1219 mm�3048 mm and one gypsum
board panel with dimensions of 610 mm�3048 mm. Each was
attached to the studs using type S drywall screws. The seams of
each layer were then staggered as done in practice.

To quantitatively investigate the performance/failure of loaded
assembles exposed to the real fire, temperatures were measured
using type K thermocouples (22 gage) installed at various locations of
the steel stud gypsum wall assembly. The locations included (1)
inside the interior cavity of the assembly (twenty thermocouples),
and (2) the unexposed surface (nine thermocouples). Detailed

information on the locations of the thermocouples is displayed in
Fig. 2a and b.

A robust steel loading frame was first set to the test position
and the test wall assembly was then positioned in between the
loading beam (sitting on two hydraulic jacks) and an upper beam
(fitted to the top of the test assembly). In order to prevent the test
wall assembly from falling out (in the event that test wall
assembly failed), the top and bottom tracks of the test wall
assembly (only the track) were screwed, respectively, to top and
bottom beams.

A compartment of dimensions 3048 mm (width)�3048 mm
(height)�4048 mm (length) was finally placed against the load-
ing frame (see Fig. 3a–b). Gaps between the compartment and the
test wall assembly were sealed with fire-resistant ceramic fiber
material. The compartment was designed not to interact
mechanically with the test wall assembly. This design is very
similar to how the thermal exposure is provided during furnace
testing [1,8]. A 1200 mm�2000 mm opening was constructed at
the western side of the compartment. As shown in Fig. 3a, the
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steel stud gypsum wall assembly was loaded via two hydraulic
jacks mounted on the bottom of the test frame. A load cell was
mounted above each of the hydraulic jacks. Each of the load cells
was calibrated using instrumentation in the NIST manufacturing
metrology division prior to the test. In these calibration tests,
various loads were applied to the load cells and a plot of voltage
as a function of applied load was generated. The applied loads
during the calibration procedure encompassed the full range of
load detectable with these particular load cells. In this study, the
applied load to the test wall assembly was a nominal value of
65 kN, which corresponded to 90.5% of the maximum design load.
The maximum design load was determined by following the
specification of the design of a cold-formed steel structural
member proposed by the American Iron and Steel Institute
(AISI) [9].

During the test, horizontal deflection at three points (25% wall
height, 50% wall height, and 75% wall height; (see Fig. 2b) was
also measured on the test wall assembly in order to examine the
out-of-plane deflection of the assembly. In addition, the vertical
displacement of the sliding platen that rested on the hydraulic
jacks was measured.

The combustibles within the compartment consisted of four
wood cribs (50 kg each) and one sofa (polyurethane foam supple-
mented with wood, 45 kg, 1750 mm in length�950 mm in
depth�750 mm in width). This combination of combustibles
has been used to accelerate initial fire growth in prior compart-
ment tests focused at determining performance/failure of non-
load bearing gypsum assemblies under realistic fires [10]. The fire
was initiated by igniting the sofa. Measurements inside the
compartment consisted of two thermocouple trees to measure
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temperature and two total heat flux gages mounted near the
loaded test wall to quantify heat flux that the test wall received. A
thermocouple tree was located near the doorway (approximately
1.1 m away from the western side of compartment wall) and near
the corner opposite the doorway (approximately 1.1 m away from
the eastern side of compartment wall). Each tree included ten
thermocouples, which were located nominally 300 mm apart
with the highest thermocouple positioned 50 mm below the
ceiling. The total heat flux gauges were water cooled to 607
5 1C in order to mitigate water condensation on the surface of
gauges during the test. The total heat flux gauges used were
calibrated at NIST prior to the test at the water cooling temperature.

The exhaust of the compartment was directed to the
9.0 m�12.0 m large scale exhaust hood and calorimeter to deter-
mine the heat release rate using oxygen consumption calorimetry
[11]. The compartment design and fuel loading was based on the
work of Jones [12]. Since this test was a proof-of-concept exercise, the
fuel load used was reduced as compared to Jones [12] to limit the
duration of the fire in order to verify the performance of the frame
(and concept) constructed for these experiments.

3. Results and discussion

Fig. 4 displays temporal images of the compartment fire
development after ignition. Piloted ignition initiated on the sofa
resulted in a rapidly developing fire. As shown in the figure, the
onset of flashover was observed approximately 260 s after igni-
tion and then a ventilation-controlled fire developed. As the fuel
was consumed, the fire began to diminish 1080 s after ignition.
The maximum radiant intensities (judged by the luminosity from
fire) in the compartment were observed around 1300 s after
ignition (See Fig. 4).

Fig. 5 displays the measured heat release rate (HRR) as a
function of time. In the figure, the measured HRR rapidly
increased over a period of approximately 260 s, producing the
first peak of HRR, which occurred at the onset of flashover. During
this period, radiant heat from the fire resulted in ignition of two
cribs located at the western side of the compartment, accelerating
the transition to a fully developed fire. As the fire grew into the
fully developed phase, two identical peaks of HRR of 3710 kW
were observed. This can be attributed to the fact that the fuel (i.e.,
pyrolysates from cribs and a sofa) in the western side of the
compartment was consumed faster than that in the eastern side.
This interesting phenomenon can be confirmed by gas-phase
temperatures measured from each thermocouple tree installed
at different locations of the compartment (which are displayed
and discussed in Fig. 6).

Fig. 6a–b displays the measured temperatures inside the
compartment as a function of time after ignition. In Fig. 6b, two
distinct peaks (except for bottom regime) were observed in

temperature measured from the thermocouple tree B (installed
close to the door way), similar to the HRR measurement. After
flashover, more radiant energy was delivered to the cribs installed
near the door way (compared to those inside the compartment)
due to the projected flames, resulting in fast fuel pyrolysis
reactions and thus the first peak of the HRR. As a result, the rate
of temperature rise measured from thermocouple tree B was
much faster than that measured from thermocouple tree A over
the same period (between 600 s and 900 s). This result suggests
that the fuel load distribution will affect the temperature profiles
inside the compartment. Therefore, the thermal loads that are
delivered to the structure exposed to real fires will not be uniform
along the compartment in contrast to the furnace exposure tests.
As temperatures inside the compartment rapidly increased, fuel
produced from the cribs installed at the rear of the compartment
begin to burn actively, producing the second peak of the HRR.

In Fig. 6a–b, the time–temperature histories specified in ASTM
E119 testing protocol [13] and parametric fire equations (given in
Annex A of Eurocode 1 [14]) were also plotted for a direct
comparison to that of real fire exposure in this experiment. These
prescribed time–temperature curves have been commonly used
for a standard fire resistance testing of load bearing steel stud
gypsum board wall assemblies [1,8,15]. The time–temperature
relationship prescribed by ASTM E 119 in Fig. 6 was fitted using

180 s 260 s 330 s 690 s 900 s 1080 s 1300 s 1800 s

Fig. 4. Sequential images of compartment fire after ignition.
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the following equation [16]:

T ¼ 750½1�expð�0:49
ffiffi
t
p
Þ�þ22

ffiffi
t
p
þTa ð1Þ

where T is the temperature, t is the time (in minutes), and Ta is the
ambient temperature. In the figure, the parametric fire tempera-
ture curve for the heating phase of the fire was calculated using
the following relationship [14]:

T ¼ 20þ1325½1�0:324expð�0:2tnÞ�0:204expð�1:7tnÞ

�0:472expð�19tnÞ� ð2Þ

where tn is the fictitious time defined as tdG (in hour), G is given
as (Fv/0.04)2/(b/1160), Fv is the opening factor, and b (¼700
J/m2 s1/2 K [15]) is the thermal inertia of the bounding materials
of the fire compartment. More details on variables and cooling
phase time–temperature calculation are well summarized else-
where [14].

Except for the bottom regime of the western side of the
compartment, the measured temperatures from real fire expo-
sures increased in a rate similar to other time–temperature
curves until flashover. After this period, the rate of temperature
rise measured from each thermocouple tree was much faster and
greater than that observed in other time–temperature curves. The
measured temperatures in the compartment continued to
increase until 1200 s, reaching a maximum temperature of
1200 1C, and then decayed. In contrast to the ASTM E 119 time–
temperature curve (that continuously increased and does not
decay), the parametric fire temperature curve produced a fair
approximation in terms of estimating the maximum compart-
ment temperature and its corresponding time (although the
maximum compartment temperature is slightly lower and
its corresponding time is overestimated compared to real fire
measurements). However, there was a large difference in the
temperature decay rate between the two cases for the cooling
phase. In addition, the parametric fire temperature curve does not

take the influence of fuel distribution (that resulted in two
different peaks in the temperature and HRR) into consideration.

The total heat flux impinging on the surface of the compart-
ment wall was measured using two heat flux gauges (vertically
mounted 762 mm and 2229 mm away from the compartment
floor) and is displayed in Fig. 7. It is important to note that the
total heat flux gauges were not installed on the test wall assembly
to protect them from possible damage caused by structural failure
and, more importantly, not perturb the test wall itself. For
comparison, the total heat flux measured in a furnace test
operated following the ASTM E119 testing protocol [17] was also
plotted in the figure. Initially, heat fluxes measured from both the
real fire and furnace exposures were similar, suggesting that the
ASTM E119 method produces a similar magnitude of thermal load
as the real fire test performed in this particular study. After the
onset of flashover (approximately at 260 s), the total heat flux
measured for the real fire exposures, however, increased much
faster compared to that for the furnace exposures, reaching the
maximum value for both locations approximately at 1300 s. The
measured heat flux distributions in the present study were very
similar to those measured from other real fire tests [18,19].
Another significant difference in the measured total heat flux,
compared to the furnace exposures, was that the magnitude of
the total heat flux varied as a function of height in the compart-
ment. For furnace exposures, the measured total heat was of the
same magnitude, irrespective of height of the furnace. For the
load-bearing wall assembly subjected to non-uniform heat flux
distributions along the height, a thermally induced curvature (due
to thermal load) can affect the integrity of structural elements
and thus some elements can attain the load limit, causing the
structural failure [20].

In order to investigate the influence of the fire’s thermal load
on the integrity of structural elements, the cumulative radiant
energy, E, impinging on the surface of the test wall assembly was
calculated using the following relationship [15]:

E¼ es
Z t

0
T4dt ð3Þ

where e is the emissivity of the gas (assumed to be equal to 1) and
s is the Stefan–Boltzmann constant. This method assumes that
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the contribution of convective heat transfer to the test wall
assembly is negligible since most of the energy transferred to
the test wall assembly is strongly affected by radiative heat
transfer (that is coupled with the fourth power of the gas
temperature).

The cumulative radiant energy, E, was calculated using the
averaged compartment fire temperature along the height (deter-
mined from temperature profiles in Fig. 6a–b) and plotted against
time in Fig. 8a–b. For comparison, the calculated E from the ASTM
E119 time–temperature curve (i.e., furnace exposures) was also
plotted in the figure. The calculated E for the furnace exposures
continuously increased; for the real fire exposure in the present
study it was clearly divided into three phases. In phase I, the
calculated E for both in real fire and furnace exposures slowly
increased, keeping a similar value in magnitude, suggesting that
the ASTM E119 method produced a similar magnitude of thermal
load with the real fire test performed in this particular study
during this phase. In phase II, there were distinct deviations in E

for each of the exposures. The rate of E rise for the real fire
exposures was much faster compared to that for the furnace
exposures expected for the bottom regime of the compartment. In
Fig. 8a, for example, the time at which the test wall assembly is
exposed to 1.3�105 kJ/m2 was approximately 1500 s (near the
end of phase I) for the real fire exposures while the equivalent
magnitude of E for the furnace exposures was observed approxi-
mately at 2250 s. Similar behaviors were observed in Fig. 8b. It is
also interesting to note that a maximum value in the calculated E

is higher in the western side of the compartment than in the
eastern side but the transition of E from phase II to phase III at
both locations occurs at the same time (t¼1500 s). For the real
fire exposure test performed in this study, the steel studs installed
near the door way, therefore, would be subjected to most severe
thermal load.

The performance of the test wall assembly in this experiment
was considered relative to the failure criteria delineated in ASTM
E119. Based on the guidelines dictated in ASTM E119, the load-
bearing test wall assembly was considered to have failed if any of
the following was observed: (1) the temperature rose to more
than 180 1C (above the ambient temperature) at a single point
measurement on the unexposed face or the average temperature
rise on the unexposed face was greater than 140 1C, (2) the
passage of hot gases or flame through the assembly occurred,
and (3) the assembly was observed to lose its ability to sustain the
applied load. For criteria 1 and 2, the temperature of the
unexposed face of the test wall assembly was measured by
thermocouples installed at designated locations and an infrared
camera was used to image the entire surface of unexposed face.
For the last criterion, lateral and vertical deflection was measured
to inspect the structural deformation (See Fig. 2b) and the test
wall assembly was imaged from two different angles using a
standard video camera.

Measured interior temperatures are displayed in Fig. 9a: those
temperatures measured on the inside of the exposed face of the
assembly. Fig. 9b displays temperatures measured on the inside of
the unexposed face. The maximum temperature measured on the
steel studs and gypsum board inside the cavity did not exceed
130 1C. In addition, the unexposed face temperatures measured
on designated locations were found to be less than 60 oC (see
Fig. 10). This was mainly due to the good thermal protection of
two layer gypsum boards (2 h fire resistance rating) combined
with the relatively short fire exposures, which allowed both
gypsum board layers on the exposed face to remain intact and
prevented them from falling out during the experiment. The
reactions in which crystalline gypsum dehydrates and water is
liberated occur between 125 1C and 225 1C and help establish the
fire resistance properties of gypsum wall assembly [21,22]. In the
previous load bearing tests performed in the furnace [1], severe
cracks and fall off of gypsum board on the fire-exposed face
occurred several minutes prior to structural failure, resulting in
the overall out-of-plane bucking of the test wall assembly. There-
fore, it was concluded that the number of the gypsum board layer
as well as the fire-retarding properties of gypsum boards are a
major factor contributing to the fire resistance characteristics of
the load bearing gypsum steel stud wall assembly. Even though
an opening at the joint between the two vertically mounted
gypsum boards and traverse cracks were observed in this study,
similar to previous non-load bearing tests in real fire exposure [2],
they were limited to the face layer of the exposed side (see
Fig. 11). This minimized the conduction through gypsum layers
(on exposed side) to interior cavity of the test assembly. In
addition, the temperature of the unexposed face was not observed
to be greater than 60 1C; clearly failure based on the temperature
rise criterion was not observed. Due to good thermal protection,
any passage of flame or fire through the test wall assembly was
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not observed from the IR measurements. Thus, the second ASTM
E119 failure criterion was not satisfied.

As the fire became more intense, the test wall assembly
subjected to the vertical load will degrade further and structural
deformation may occur, which can result in the structural failure
eventually described in criterion 3. To quantify the ability of the
assembly to sustain the applied load, the horizontal deflection, d
was measured using three deflection meters (potentiometers)
along the height of the central part of the test wall assembly.
Fig. 12a–b displays the measured d along the height of the central
part of the test wall assembly (25% wall height, 50% wall height,
and 75% wall height) and vertical displacement of the sliding
platen measured at the western and eastern side of the compart-
ment as a function of time. As shown in Fig. 12b, the vertical

displacement of the sliding platen was due to thermal expansion
of the studs, similar to other studies [1,8].

The horizontal deflections represent the sum of stress-free
thermal bowing due to a temperature gradient across the steel
stud and secondary deflection due to the load applied to the steel
studs [9]. In this study, the positive values of deflection measured
are due to the movement of the test wall assembly inward in the
direction of the compartment. The deflection caused by the
applied load prior to ignition was offset in the present study. As
the fire progressed, thermal bowing became dominant, producing
a distinguished change in d approximately 1500 s after ignition
for all heights investigated (see Fig. 12a). Interestingly, this time
coincides well with the time when E reached the maximum value
at the end of phase II. The maximum d, 10.7 mm was observed at
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25% wall height, followed by 7.1 mm at 50% wall height, and
2.7 mm at 75% wall height. Since the duration of the fire was
limited by reduced fuel loads (manifested by HRR and heat flux
measurements), the measured d immediately decreased as the
fire diminished. It was also found that the observed variations in d
did not cause the loss of ability of the test assembly to sustain the
applied load.

A challenge with ASTM E119 is that failure to maintain the
load is subjective. ISO 834, a similar international standard, has
defined conditions for determining failure of loaded wall assem-
blies; similar failure criteria exist in ISO 834 for temperature rise
on the unexposed face. For a loaded assembly, these are given as

C4h=100 ðmmÞ and dC=dt43h=100 ðmm=minÞ ð4Þ

where C is the axial contraction, h is the initial height of test wall
assembly, and t is the time. In addition to the lateral deflection

reported above, the axial contraction caused by the upward
movement of the loading beam (as the test wall bowed inward)
was measured to further investigate the failure mechanism of the
test wall assembly. For the present experiment, the ISO 834
failure criterion was not satisfied and therefore the test assembly
did not fail under the ISO 834 condition as well. Although the test
wall assembly did not fail under the real fire conditions in this
experiment, based on ASTM E119 and ISO 834 methods, the
experiment provides very valuable insight into how a load-
bearing gypsum steel stud assembly performed under realistic
fire exposures. For example, the deflection measured reached a
maximum as the measured total heat flux for the real fire
exposure test became significantly larger and then began to
decrease with reductions in the heat flux applied on the wall.
These experimental results clearly indicate the measured deflec-
tion was strongly dependent on the fire exposure conditions.

4. Summary

In this study, the time–temperature histories specified in the
ASTM E119 testing protocol and parametric fire equation in
Annex A of Eurocode 1 were plotted for a direct comparison to
that of real fire exposure in this experiment. In contrast to the
ASTM E 119 time–temperature curve (that continuously
increased and does not decay), the parametric fire temperature
curve produced a fair approximation in terms of estimating the
maximum compartment temperature and its corresponding time
(although the maximum compartment temperature is slightly
lower and its corresponding time is overestimated compared to
real fire measurements). However, there was a large difference in
the temperature decay rate between the two cases for the cooling
phase. In addition, the parametric fire temperature curve does not
take the influence of fuel distribution (that resulted in two
different peaks in the temperature and HRR) into consideration.
The measured deflection was strongly dependent on the total
heat flux that varied with height for the real fire exposures. The
measured heat flux distributions in the present study were very
similar to those measured from other real fire tests [18,19].

To investigate the influence of the fire’s thermal load on the
integrity of structural elements, the cumulative radiant energy, E,
impinging on the surface of the test wall assembly was calculated
and compared to the ASTM E119 furnace exposure. In phase I, the
calculated E for both in real fire and furnace exposures slowly
increased, keeping a similar value in magnitude, suggesting that
the ASTM E119 method produced a similar magnitude of thermal
load with the real fire test performed in this particular study
during this phase. In phase II, there were distinct deviations in E

for each of the exposures.
To quantify the ability of the assembly to sustain the applied

load, the horizontal deflection, d was measured using three
deflection meters (potentiometers) along the height of the central
part of the test wall assembly. As the fire progressed, thermal
bowing became dominant, producing a distinguished change in d
approximately 1500 s after ignition for all heights investigated.
Interestingly, this time coincides well with the time that E

reached the maximum value at the end of phase II.
Although the load bearing test wall assembly did not fail for the

fire load used in this experiment (maximum HRR of 3710 kW), it
was shown that tests provided useful information on the perfor-
mance of a loaded assembly under realistic fire. While additional
full scale experiments under a variety of real exposures are
required to fully elucidate failure mechanisms, the authors hope
that this proof-of-concept exercise will motivate further study of
not just gypsum wall assemblies under real fire exposures but
other loaded structural members, including connections.
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Fig. 12. Horizontal deflection and vertical displacement profiles plotted as a

function of time: (a) horizontal deflection; and (b) vertical displacement.
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