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2 Chao Zhang et al.

Abstract Structural fire protection design in the United States is based on pre-
scriptive fire-resistance ratings of individual load-bearing elements which are de-
rived from standard fire testing, e.g. ASTM E119. In standard fire testing, a
custom-built gas furnace is traditionally used to heat a test specimen by follow-
ing the gas temperature-time curve prescribed in the ASTM E119 standard. The
span length of the test specimen seldom exceeds 6 m due to the size limitations of
available furnaces. Further, the test specimen does not incorporate realistic struc-
tural continuity. This paper presents a basis for designing an ASTM E119 fire
environment in a large compartment of about 10 m wide, 7 m deep and 3.8 m high
constructed in the National Fire Research Laboratory of the National Institute of
Standards and Technology. Using the designed fire parameters, a full-scale exper-
iment was carried out on December 20, 2018. The measured average upper layer
gas temperature curve was consistent with the E119 fire curve. The maximum dif-
ference between the measured curve and the E119 fire curve towards the end of the
test was about 70 °C (7%). The study indicates that by proper design and control,
the time-temperature curve for the standard fire testing may be approximated in a
real compartment. The experimental method suggested in this paper would allow
to extend the application of the standard fire testing to large-scale structures not
limited by the size of furnaces, to experimentally evaluate the thermally-induced
failure mechanism of structural systems including connections and frames, and to
advance fire protection design methods.

Keywords Full-scale experiment - ASTM E119 fire - Large compartment - Test
fire - Design approach

1 Introduction

From 1917 to 1920, the National Board of Fire Underwriters, Underwriters Labo-
ratory, Factory Mutual companies, and the National Bureau of Standards (NBS,
now the National Institute of Standards and Technology, NIST) worked together
and conducted the first standardized fire tests on columnd'l More than 100 columns
made of steel, cast iron, reinforced concrete, and timber were tested |1]. Simon H.
Ingberg of NBS was in charge of this program, which resulted in the establishment
of the fire resistance rating method or standard fire test method in 1918 [2]. In 1928,
Ingberg published “Tests of the severity of building fires” [3] in which the concept
of equivalent fire severity was originally proposed. By that concept, the severity of
a realistic fire was assessed based on the area under the time-temperature curve
and, therefore, could be quantified by the duration in a standard fire exposure
(fire resistance rating). Although the area under a fire curve does not account
for the time-dependent interaction between the thermal load and the structural
response, Ingberg’s development of the concept of equivalent fire severity was re-
garded as a major milestone in the modern discipline of fire safety engineering [4].
The concept of equivalent fire severity is the basis for the fire resistance rating
method or standard fire test method used in current codes. After Ingberg, alter-
native approaches were developed, e.g. [5H7], intending to calculate the equivalent
fire severity in a more rational way. However, none of these approaches has been

1 Note that the first known publication of the standard fire curve is NFPA Quarterly, Vol.
9 (1916), pp. 253-260.
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generally accepted, mostly because of their inability to account for the behavior of
structures in realistic fires. The lack of connection between fire resistance rating
and the actual behavior of structures in fire remains a challenging problem in the
field of fire protection research.

The fire resistance rating method has dominated fire protection design practice
and has remained almost unchanged over the past 100 years [8]. The method is
regarded as easily implementable, controllable and reproducible, while both acci-
dental fires (e.g. the Broadgate Phase 8 fire [9]) and realistic fire tests (e.g. the
Cardington full-scale fire tests [10]) have demonstrated that the method cannot
adequately assess the actual level of safety of a structure exposed to fire. The
limitations of the standard fire test method have been generally recognized and
usually include the following critiques [11]: (1) the standard fire curve is not repre-
sentative of a realistic fire in a real building. A realistic fire includes both heating
and cooling phases while the standard fire does not decrease with time. Also, the
standard fire represents a uniform heating condition while the heating condition in
a realistic fire is typically non-uniform; and (2) the tested isolated members in the
furnace seldom represent the behavior of the components in an entire structure. In
a real building, a component is restrained by the surrounding structures. The re-
straints induce stress in the heated component and might also activate alternative
load-bearing modes (e.g., membrane action of a composite floor slab [12], catenary
action of restrained beams [13]). Furthermore, there exist alternative load paths
in entire structures [14].

Over the past few decades, especially after the Cardington full-scale fire tests [10],
a large amount of effort has been devoted to research on performance-based meth-
ods for fire protection design. Most work has been conducted in furnaces using the
standard fire curve or other user-defined fire curves [15H21|, while compartment
fire tests [822] and open burning/heating tests |23,/24] have also been conducted.
Furthermore, collapses of buildings in actual fires (e.g. the World Trade Center |25]
and the Faculty of Architecture Building at Delft University of Technology [26])
present that structural performance in realistic fires is deemed more complex than
those observed in furnace tests. For situations where the effect of fire induced
thermal gradient is significant, fire protection design based on the furnace tests
might not be conservative [27H30]. Therefore, testing structures in realistic fires
becomes a priority in moving towards structural fire engineering design [31], and
the development of novel fire testing methods has become an important research
topic [32H34]. A notable achievement of realistic fire testing is the construction of
a unique facility: the National Fire Research Laboratory (NFRL) at the National
Institute of Standards and Technology [35]. The NFRL currently is the only facility
in the United States that allows research on the response of real-scale structural
systems to a realistic fire simultaneously with mechanical loading under precisely
controlled laboratory conditions.

A significant need still exists for a fuller understanding of the failure mecha-
nisms of structural systems in fire and for advancement of current design methods,
both prescriptive and performance-based. Since standard fire testing was first in-
troduced, structural testing techniques, computational modeling and fire safety
science have evolved, allowing the high-fidelity modeling and testing of the perfor-
mance of structural systems in realistic fires. With the unique facilities such as the
NFRL and by interdisciplinary research collaborations, reliable experimental and
numerical data can be produced for advancing design methods. In celebration of
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4 Chao Zhang et al.

the 100th anniversary of the establishment of the standard fire testing methods,
e.g., the China-US Workshop on Building Fire Safety (held on May 15, 2017 in
Beijing) [36] and the ASTM Workshop on Advancements in Evaluating the Fire
Resistance of Structures (held on December 6-7, 2018 in Washington DC) [37],
the capability of producing the standard fire time-temperature curve outside of a
furnace, which is presented in this paper, provides an important step forward to
help relate standard furnace test results to structure performance in a real fire and
to advance fire protection engineering.

2 Background

NIST hosted three stakeholder workshops [31}/38[39] to prioritize the needs of
structural-fire experimental research. Based on the workshops’ recommendations,
composite floor systems were selected for study because of their widespread use in
building construction and because of modeling challenges in such systems exposed
to a fire. Long-span steel-concrete composite beams were tested in the first phase
of the program. The results of these simulations and experiments are documented
in [40]. The current paper deals with designing test fires for a 10 m by 7 m steel-
concrete composite floor.

The test frame for this study is a two-story, two bay by three bay gravity
frame, as shown in Figure |I} The test bay is 6.1 m by 9.1 m. The test bay will
be loaded mechanically using hydraulic actuators to simulate the gravity service
load condition. For this series of composite floor tests, the columns will not play
a role in floor failure; rather, the columns will be protected so that they provide a
reliable load path.

3 Design objective and procedure

Two test fires will be used, a “realistic” fire and a “standard” fire. The “realistic”
fire is intended to represent an extreme but plausible fire, one that has the potential
to threaten the structure. This fire will be confined within a single compartment,
allowing flame leakage through openings with restricted sizes and locations. The
“standard” fire will be controlled to provide uniform average upper layer gas tem-
peratures that follow the time-temperature curve specified in the ASTM E119
standard [41]. Other conditions of the standard furnace test (e.g. pressure, heat
flux distribution) are not replicated in this “standard” fire test. The results of
the “realistic” fire tests will elucidate the failure modes of the floor system in a
realistically restrained structural steel frame. The results from the “standard” fire
tests will allow one to relate the behavior of a full-scale composite floor system
to its rating provided by ASTM E119, as well as the behavior at times extended
beyond its rating.

Figure [2] shows a general procedure for designing a test fire in which the tem-
perature of an exposed steel member reaches a target temperature. The design
procedure is initiated by specifying compartment geometry and boundary prop-
erties, beam specimen dimensions, insulation thickness and properties, and target
steel temperature. We endeavor to solve for the heat release rate (and the size



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

Design of an ASTM E119 fire environment in a large compartment* 5

and distribution of the burners) and opening condition (size, geometry and loca-
tion). First, initial values of heat release rate (HRR) and opening factor (Fy) are
assumed based on literature survey. Second, simple empirical equations (e.g. para-
metric fire model [42] and a one-dimensional (1D) heat conduction model [43]) are
used to calculate the gas and steel temperatures. If the calculated maximum steel
temperature is less than the target value, the HRR and F, are modified, as neces-
sary. Third, a zone model and two-dimensional (2D) heat conduction analyses are
used to check and refine the HRR and F, from the previous step. Finally, a field
fire model and three-dimensional (3D) heat conduction simulation are carried out
to check and refine the H RR and Fj,, and to optimize the size and location of the
fire and vents.

The procedure outlined in Figure [2| was used previously to design the test
fire for structural experiments on a 6 m long steel W-shape beam during the
commissioning of the NFRL [34]. In this study, only the average gas temperature
in the compartment was considered and therefore the heat conduction analyses for
the exposed members was not be performed.

4 Design of the “realistic” fire
4.1 Fire load

The heat release rate for the “realistic” fire is based upon knowledge gained in
previous full-scale experiments, one conducted at NIST using three workstations
as the fuel [44], and another at Cardington using wood pallets for fuel [45].

The previous full-scale fires at NIST [44] were conducted in a room that was
10.81 m deep, 7.02 m wide, and 3.36 m high. The room was fully enclosed except
for windows along one of the 7.02 m walls, providing a total area of 4.77 m?
for ventilation. Two experiments (test 1 and test 2 in [44]) were run using three
identical workstations with a total combustible mass of 1670 kg (17 MJ/kg). The
test at Cardington [45] was conducted in an eight-story steel structure. The fire
room in Test 7 was 11.0 m wide by 7.0 m deep and one story (4.1 m) high. A single
vent of 1.27 m high and 9 m wide was used. Wood cribs uniformly distributed
across the floor were used as the fuel, providing 40 kg/m? mass load on the fire
floor (700 MJ/m? energy load).

For the current experimental series, the fire compartment is about 10 m wide,
7 m deep and 3.8 m high, as shown in Figures [3] and [ Four natural gas burners
each 1.0 m by 1.5 m provide the fire source. Natural gas is used since: (a) a
gaseous fuel allows independent and near-instantaneous control of HRR during
an experiment; (b) the NFRL has extensive experience with high accuracy flow
rate measurements and independent means of H RR calculation when using natural
gas; (c¢) the major constituent of natural gas (CH4) has the lowest tendency to soot
of any hydrocarbon, providing a favorable environment for optical measurements
of displacement; (d) natural gas fires are well-suited for simulation; and (e) natural
gas provides a baseline for comparison to future solid fuel fires.

Surveys [46] have found that the fuel loads in commercial and public spaces
vary greatly with the designated purpose of the space. A standard office contains
in the range of 420 to 655 MJ/m2 of combustible material; a shopping center
is in the range of 600 to 936 MJ/mQ; and a library can have fuel loads up to
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6 Chao Zhang et al.

2340 MJ/m?. The previous NIST experiment [44] with a fuel load of 400 MJ/m?
was conducted with only three workstations in a space that more typically would
have had six workstations. In such a case the energy content would have been 800
MJ/m?, about equal to the fuel load in the Cardington tests [45] and a bit above
the survey levels for typical office layouts. Because the “realistic” fire represents
an extreme fire condition, an equivalent fuel load of 1.6 times the energy content
more typical of a modern office, or about 1200 MJ/m2 was proposed to simulate
uncontrolled burning of building contents.

The right-hand vertical scale of Figure[5|shows the HRR for the “realistic” fire,
which linearly ramps up to 10,000 kW in 15 minutes, is held steady until 105 min,
and then is reduced linearly to zero over the next 85 minutes. The H RR determined
by the concept given by Vassart et al. [46] is also presented for comparison purpose.
The peak intensity of the fire on a volumetric basis is 37.9 kW /m?, close to that
in the previous NIST studies |44].

4.2 Opening factor

The “realistic” fire is designed to maximize the upper layer temperature, to mini-
mize the level of smoke, and to avoid excess fuel feeding a fire external to the bay.
The ventilation is controlled by the total opening area, A,, and the height of the
opening, H,. In wood crib fueled compartment fires, when A HL /2 i greater than
10 m®/2, an over-ventilated condition exists [47]. Table [1] gives the key fire param-
eters for the previous NIST and the Cardington fire tests. W, D and H are width,
depth and height of the compartment, respectively; W, is width of the opening; V'
is volume of compartment; Ay and A; are areas of floor and internal compartment
boundaries (including openings), respectively; F, = AoHo 2 A, Vs opening fac-
tor; gy is fire load density (per unit floor area); and T, is gas temperature. It
appears that the fire in the Cardington test may have been over-ventilated, while
the fire in the NIST 2008 study was under-ventilated.

Table [I] also gives the key fire parameters for the proposed ‘“realistic” fire.
When scaled with the room volume, the opening area is similar to the opening
area/volume used in the over-ventilated Cardington fire. The value of A, H 22 for
the “realistic” fire suggests that this fire would be over-ventilated; however, the
correlation for wood crib fires is not directly applicable to natural gas fires.

Figure [5| shows the predicted gas temperature for the proposed “realistic” fire
using the parametric fire model given in the eurocode 1 (EC1) [42]. The pre-
dicted peak gas temperature is 1269 °C, significantly higher than the measured
(average) gas temperature in the previous NIST [44] and Cardington tests [45] as
listed in Table [T} Following the design procedure given in Figure [2] calculations
using the zone model CFAST (Consolidated Model of Fire Growth and Smoke
Transport) [48] were run to check the proposed HRR and opening factor. Cal-
culations based on CFAST show that the proposed HRR and opening factor are
sufficient to substantially exceed the minimum target temperature of 1000 °C, as
shown in Figure @ Figure |§| also shows that the opening configuration (location
and distribution) has modest effect on the upper layer gas temperature and the
layer height (i.e., the distance from the bottom of hot gas layer to the floor). The
differences among the predicted peak temperatures are within 110 °C (8%) for
the investigated cases. The authors are aware that zone models are incapable of
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Design of an ASTM E119 fire environment in a large compartment* 7

considering effects of the opening configuration; however, zone model calculations
still provide valuable information for the initial design of the openings for the fire
compartment.

4.3 Fire confinement

Numerical simulations using the field fire model FDS (Fire Dynamics Simula-
tor) [49] were run to study the three-dimensional fire dynamics and to identify
the distribution of openings and burners for the “realistic” fire that confine the
majority of the heat release to within the compartment. The heat release rate vs.
time as proposed in Figure[5]is used for all of these simulations. The main opening
in the south wall is 6 m wide and 1.5 m high and remains constant in size for
all of the geometries examined, although height of the window sill is varied. The
size and location of the opening on the opposite (north) wall, and the number and
distribution of the burners are varied.

For the compartments with a proposed opening factor of 0.045 ml/Q, the FDS
simulations show that the fires are over-ventilated and the heat release is confined
primarily to within the compartment. Figure [7] shows how the position and size of
the north vent significantly affects the simulated flame behavior. Figure [§] shows
the velocity vectors on a vertical slice through the vents of the compartment with
the main opening on the south wall 1 m high above the floor, a slit on the north
wall 6 m wide, 0.3 m high and sill 1 m above the floor, and four burners distributed
as indicated in Figure[3] The air flow is entirely inward through the opening on the
north wall. Note that the steel members (steel beams supporting the compartment
ceiling slab as shown in Figure 3) are omitted in the FDS models because the heat
sink effect of the steel members was found to be negligible based on the calculation
by a modified one zone model [50].

4.4 Uniform gas temperature distribution

Figure[J] shows the FDS predicted temperature distributions for the compartment
with the proposed HRR (produced by four distributed burners as shown in Fig-
ure [3), and a main opening on the south wall (1 m high above the floor) and an
opening on the opposite north wall (6 m width, 0.3 m high and 1 m above the floor).
The horizontal temperature distribution in the gas layer about 30.5 cm below the
ceiling is quite uniform. Figure [10] shows the FDS predicted gas temperature-time
curves. The maximum gas temperature reaches 1000 °C with the standard de-
viation among 35 temperature detectors located 30.5 cm below the ceiling of 50
°C. Note that there is large temperature gradient in the compartment height, as
shown in Figure [0

5 Design of the “standard” fire
5.1 Critical opening factor

The temperature-time curve in the heating phase of the EC1 parametric fire model
can approximate the standard temperature-time (ISO834 fire |51]) curve if the
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following condition is met [42]:

(Fo/b)*  _
(0.04/1160)2 (1)

where b is the thermal inertia of the enclosure, taken as 497 J/m?s'/?K for the
investigated compartment. From Eq. [I| we get a critical opening factor, Fo cr,

Fyer = (0.04/1160)b (2)

We assumed that in order to produce the time-temperature profile used in the
standard fire the opening factor of the compartment should exceed the critical
opening factor calculated by Eq. [2| For the “realistic” fire, Fo ¢ is 0.017 m1/2,
which is much less than the opening factor of the compartment of 0.045 m*/2.
This suggests that the ISO834 (or ASTM E119) fire environment can be produced
by using the same ventilation as proposed for the “realistic” fire and adjusting the
heat release rate.

5.2 Heat release rate

The maximum heat release rate for a ventilation controlled fire may be calculated
simply by [52]
HRRmaz = 15004,V H, (3)

For the proposed ventilation, H RRyq2=18.5 MW. For the critical opening factor
given above, a critical heat release rate is calculated (Aov/Hop. = FocrAt) and
taken as 7.0 MW. Therefore, based on the assumption given above, the maximum
heat release rate for the “standard” fire should be between 7.0 MW to 18.5 MW.

In the ASTM E119 standard [41], seven points on the furnace temperature
curve are used to determine the character of the curve. The same approach is
adopted in this study and Table [2] gives the six points used to determine the
character of the predicted fire curves. By matching the predicted temperatures
with the E119 temperatures at those six points, a heat release rate time-history
curve was calculated by CFAST simulations, as given in Table[2] The heat release
rates between different points were determined by linear interpolation.

Figure shows the average gas temperatures predicted by FDS using the
HRR curve determined by CFAST simulations. The gas temperatures are taken
as the average recorded values of five thermocouple devices located 30.5 cm below
the ceiling. Figure[[2]shows the locations of the devices. Note that because symme-
try is used in the FDS simulation, the average of five thermocouple devices in the
half model is equal to the average of ten thermocouple devices in the whole model.
In the ASTM E119 standard [41], at least nine thermocouples placed 30.5 cm from
the exposed face at the beginning of the test should be used to average the furnace
temperature for floor tests. The temperature in a test specimen is determined by
the heat flux or the adiabatic surface temperature at the exposed solid boundary,
instead of the surrounding gas temperature (measured by the thermocouples). In
furnace tests, the difference between the adiabatic surface temperature (measured
by plate thermometer |53] and the gas temperature (measured by shielded ther-
mocouple) was found to be insignificant after the initial fire exposure (8 min) [54].
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Although the difference between the adiabatic surface temperature and the gas
temperature in a realistic fire might be significant [55], the thermocouples are
used in this study, because the objective of the “standard” fire is to provide the
fire environment in the ASTM E119 standard [41]. Note that if the objective is
to provide the ISO 834 fire environment, adiabatic surface temperatures at the
exposed solids should be considered in FDS calculations since plate thermometers
are used to control the furnace temperature in the ISO 834 standard [51]. As can
be seen in Figure using CFAST simulated values of HRR in FDS to calculate
the average gas temperatures leads to significant under prediction of the E119
temperatures after the first 5 min.

The upper curve in Figure[IT]shows the average gas temperatures predicted by
FDS using the HRR values in Table[2] The most appropriate H RR was determined
through a trial and error process by varying the maximum value within the range
of 7T MW to 18 MW. The FDS simulations show that the “standard” fire is capable
of approximating the E119 time-temperature curve. The accuracy of the proposed
fire parameters (opening, H RR, etc.) is examined in the experimental investigation
described in the next section.

6 Experimental investigation

On December 20, 2018 a fire test was carried out at the NFRL, using the designed
compartment (and ventilation) shown in Figures and the proposed heat release
rate (and burners) for the “standard” fire predicted by FDS in Figure Twelve
stainless steel sheathed thermocouples were placed 30.5 cm below the ceiling, as
shown in Figure |3| and Figure The average of the measured temperatures by
those thermocouples was used to represent the average upper layer gas temper-
ature in the compartment. The fire test lasted 80 min. Figure shows the test
compartment with a view of the fire.

Figure [14] shows the measured time-temperature curves by the twelve thermo-
couples. The average gas temperature and the standard deviation are also pre-
sented. The maximum standard deviation is within 40 °C. Figure shows the
comparison between the measured average gas temperature curve with the E119
fire curve and Figure shows the measured and proposed heat release rate (of
the burners). Note that in the test the heat release rate of the burners was ramped
about 7.5 min after ignition, and, therefore, the zeros of the X-axis in Figure[I5h-b
were shifted by 7.5 minutes. In the first 25 min of the test, the measured aver-
age gas temperature is slightly lower than the one specified by ASTM E119, due
mostly to the lower heat release rate in the test in comparison to the proposed
value, as shown in Figure[[5p. The measured average gas temperature exceeds the
E119 fire curve towards the end of the test, where the measured value exceeds the
predicted value by 70°C (7%).

Post-test simulation using the measured heat release rate was conducted to
better understand the accuracy of the proposed fire parameters. The whole com-
partment which includes the steel beams (shown in Figure|3) was modeled in FDS
with uniform grids of 0.05 m. The FDS input file and the numerical data can be
found in the FDS Github repository El Figure [16| shows good agreement between

2 |https://github.com/firemodels/fds/tree/master/Validation/NIST_E119_Compartment,
Accessed: 2019-07-29.
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the predicted and measured average upper layer gas temperatures. At tempera-
tures above about 700 °C, FDS under-predicted the average temperatures (within
60 °C), which might be explained by the fact that the downward deformation of
ceiling was not considered in the FDS numerical model. Note that the zero of the
X-axis in Figure [16]is defined at 5.75 min after ignition when the measured heat
release rate of the burners steps to an initial constant value (see the “HRR _burner”
green line ). Figure [17| compares the measured and predicted gas temperatures by
thermocouples located 30.5 cm beneath the ceiling. FDS predicts lower maximum
gas temperatures on the north side of the compartment (TC7 to TC12). On the
south side, FDS predicts lower or higher maximum gas temperatures (TC1 to
TC6), most likely because of the impact of the main opening.

7 Conclusion

The standard fire is historically perceived to be an artificial fire, not representative
of any realistic fire in a real building, due to the fact that the standard fire heating
environment was originally developed from furnace tests. This study indicates that
by proper design and measurement control the standard fire heating environment
can be approximated in a full room compartment (70 m? floor plan, 3.8m high).
We have found the specific fire parameters (HRR and opening condition) for
this compartment and have confirmed experimentally that these fire parameters
develop a nearly uniform temperature-time curve closely similar to that of the
ASTM E119 fire curve. This is the first time that such curve is recreated inside
a large compartment instead that inside a small compartment or furnace (note
that the methodology presented in this paper could also be used to develop other
standard fire conditions like ISO 834). This study also indicates that the standard
temperature-time curve could be reached in fuel controlled fires.

The fire load associated with the standard temperature-time curve used in this
study might not adequately represent the realistic building fires in which burn-
ing behavior of combustible contents is complex and cannot be easily predicted.
However, calculations conducted in this study indicate a new way to create stan-
dard fire exposure incorporating natural gas burners. The experimental methods
suggested in this paper would allow to extend the application of the standard fire
testing to large-scale structures not limited by the size of furnaces, to experimen-
tally evaluate the thermally-induced failure mechanism of structural systems in-
cluding connections and steel frames, and to advance fire protection fire protection
design methods. The authors are aware that the experiment method investigated
in this study is one of many ways to test a structure in fire and there is no general
agreement on which way is the best at the time of writing.
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Table 1 Key fire parameters

Parameter NIST 2008 |44] Cardington “Realistic” fire (pro-
2003 [45] posed)

W xDxH 7.02m x 1081 m x 11.0Xx70m x 7.0m x 10.0 m x 3.8
3.36 m 4.1 m m

Wo X H, 225 m X 2.12m 90m x 1.27m 6.0m X 1.5 m

Ay 75.89 m? 77.0 m? 70.0 m?

Ay 271.59 m? 301.6 m? 268.2 m?

%4 254.98 m? 315.7 m? 263.9 m?

Ao 4.77 m? 11.43 m? 9.0 m?

AoV 0.019 m~—1! 0.036 m~1! 0.034 m~1!

AoHo'/? 6.95 m®/2 12.88 m®/2 11.0 m®/2

F, 0.026 m'/2 0.043 m1/2 #%0.045 m'/2

fuel package 3 workstations +40 L. wood cribs 4 natural gas burners,
of jet fuel 1m x 1.5 m each

ay 400 MJ/m?2 700 MJ/m? 1200 MJ/m?

peak HRR 10,000 kW unknown 10,000 kW

peak HRR/vol  39.2 kW/m3 unknown 37.9 kW/m3

peak Ty 1050 °C 1070 °C 1000 °C

fire duration 67 min 200 min less than 240 min

**Note that the compartment for the proposed “realistic” fire in this study
has a slit (6 m wide, 0.3 m high and sill 1m above the floor) which is accounted

in calculating the Fj, is this table.

Table 2 Calculated HRR for the “standard” fire

Time 5 min 10 min 30 min 60 min 120 min 240 min
CFAST 64 MW 7.6 MW 72MW 7.6 MW 8.0 MW 8.4 MW
FDS 6.0 MW 80MW 9.0MW 10.0 MW 114 MW 11.4 MW
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Fig. 1 Proposed test frame for the NFRL composite floor project. The compartment studied

in this paper is located in the test bay.

nputs:

e Compartment geometry and boundary properties:
@ Steel member dimensions:

@ Fire protection (thickness. thermal properties):
@ Target steel temperature. Tigreer:

.

7, by Zone model |

¥

T by FE 2D heat transfer model |

| Initial HRR and F, by literature survey

YES

¥

—Fl 1. by parametric fire model I

Increase HRR

T 45 by field fire model

| 75 by 1D model |

P

YES

Increase HRR

7. by FE 3D heat transfer model |

YES

Modify HRR

Fig. 2 Procedure for determining a heat release rate and vent configuration to reach a target
temperature in a steel member exposed to fire. Tiarget, Ty, Ts and T4 5 are target temperature,
gas temperature, steel temperature and adiabatic surface temperature, respectively. HRR
could vary or not vary with time, depending on the user’s assumption.
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Fig. 3 Plan view of the fire compartment. TC1 to TC12 are stainless-steel sheathed thermo-
couples placed 30.5 cm below the ceiling (Units in cm). Four rectangular boxes are the seats
for natural gas burners. Triangles show the mechanical loading systems (not included in the
fire tests reported in this paper).
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Fig. 4 Elevation view of the fire compartment (Units in cm). The compartment walls are
made of stiffened sheet steel (18 gauge) protected by three layers of 16 mm thick gypsum
boards and the compartment ceiling slab are made of stiffened sheet steel (20 gauge) protected
by two layers of 25.4 mm thick ceramic blanket (kaowool). Two layers of 16 mm cement boards
are placed on the floor of the compartment for insulation purpose.
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Fig. 5 Proposed HRR for the “realistic” fire and predicted gas temperature using the EC1
parametric fire model . “NFSC” is the calculated HRR according to Vassart et al.
for medium fire growth rate. “€119” is the ASTM E119 fire curve [41]. The “Proposed” and
“NSFC” HRR curves are similar and the areas below those two curves are equal. NFSC
(Natural Fire Safety Concept) assumes a t-square function for the growth stage, a horizontal
plateau for the steady state and a linear decreasing for the decay stage that begins when 70%
of the design fire load is consumed. Note that the “NFSC” curve has a t-square ramp and the
“Proposed” curve has a linear ramp.
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Fig. 6 CFAST predicted upper layer gas temperatures and layer heights (distance from the
bottom of upper gas layer to the floor) for various opening configurations with same opening
factor but at (a) different elevation and (b) different side. In (a), the opening size was held
constant (6 m wide, 1.5 m high) while the elevation of the opening bottom varied (Sy) from 0
to 2.2 m. In (b), the opening factor for the case with two openings (one opening of 6 m wide,
1.383 m high in the south wall and one opening of 6 m wide, 0.3 m high in the north wall) is
equal to the case with one opening (6 m wide, 1.5 m high on the south wall).
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Fig. 7 Field fire model simulated flame behaviors for various opening and burners configura-
tions. Using symmetry, only half of the compartment is modeled and the “MIRROR” boundary
condition is used in the symmetry plane . Uniform grids of 0.1 m are used in the XYZ di-
rections.

Fig. 8 Field fire model simulated velocity distribution for the compartment with a main
opening on the south wall (see Figure and a small opening on the opposite north wall
(Units in m/s, for black areas, velocity = 0 m/s). The objects only show outlines. The vertical
slice is located at 2.0 m (X=2.0 m) away from the symmetry plane.
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Fig. 9 Field fire model simulated temperature distributions for the compartment with pro-
posed HRR, opening, and burners (Units in °C). The results are for fire at 1 h after burning.
(a) 30.5 cm below the ceiling; (b) 2 m away from widow center.
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Fig. 10 Field fire model predicted gas temperatures for the compartment with proposed
HRR, opening, and burners. Max, Ave and Min Ty are maximum, average, and minimum
values of 35 thermocouples located 30.5 cm below the ceiling.
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Fig. 11 FDS predicted average gas temperatures and the HRR curves calculated by CFAST
and FDS. The standard deviation among 35 temperature detectors located 30.5 cmm m below
the ceiling is within 50 °C.
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Fig. 12 Thermocouple devices used to calculate the average gas temperatures by FDS. All
the devices are located 30.5 cm m below the ceiling. The circled five devices (TCC1 to TCC5)
are used in the calculation. Comparison study shows that the average of these five devices is
close to that of the 35 devices located 30.5 cm m below the ceiling as shown (the green points).
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Fig. 13 Photographs of the test compartment. Note that the door in (c) is for construction

and transportation purpose and is closed during the test.
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Fig. 14 Test data for twelve thermocouples.
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Fig. 15 (a) Comparison between measured average gas temperature curve vs the E119 fire
curve; (b) Comparison between measured and proposed HRR. “calorimeter” — measured by
cone calorimeter; “burner” — calculated based on natural gas flow velocity.
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Fig. 16 Comparison between the measured average gas temperature curve vs the FDS pre-
dicted curve using the measured heat release rate (of the burner). The zero of the X-axis is
shifted 5.75 min from the ignition time.
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Fig. 17 Comparison between measured and predicted gas temperatures by thermocouples
located 30.5 cm beneath the ceiling. The zero of the X-axis is shifted 5.75 min from the
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