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Abstract: In this paper, the parametric analysis of the thermal and structural response of a two-storey,
single-zone steel frame building on fire is made considering different parameters Monte Carlo
simulation is used to generate random variables for the opening factor, fire compartment area and
finally the beam flange thickness. Using the random parameter generated, a sequential thermal and
mechanical analysis was conducted using the finite element software ABAQUS. The first step was
a heat transfer analysis, followed by mechanical analysis. The effect of different parameters on the
thermal and mechanical response of the structure was studied.
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1. Introduction

Steel has been the forefront of efficient construction in the last few years, where
it has been used widely in the construction of high-rise buildings, industrial structures
and residential structures. What makes steel one of the most appealing materials in the
construction industry is its engineering properties. The most appealing properties of steel
are its strength to weight ratio, ductility and flexibility. Such properties allow designers to
build structures such as skyscrapers, which certainly would have not been possible with
any other material. Steel can also be prefabricated and shipped to construction sites easily,
which is quite beneficial when it comes to meeting the ever-increasing demands of new
buildings. Nevertheless, there is a huge downside to using steel as a construction material
because of its low resistance to fire when compared to other construction materials such
as concrete. Steel loses almost half of its strength when subjected to temperature which is
equal to or greater than 590 ◦C, which will eventually lead the structure to fail. The losses
that follow structural failures caused by fire are colossal and can take different forms, such
as loss of human lives, environmental loss and economical loss. Hence, the insurance of
structural stability of a building under fire loading has been one of the most important and
challenging aspects when it comes to designing a new structure [1]. It is important that in
the event of a fire, structures are able to withstand the minimum level of life safety not only
for the occupants but also fire fighters and the public that are in proximity of the building.
The minimum level of fire safety design must ensure a reduction of the risk of deaths and
injuries, protect the contents of a building, and ensure that the building continue to function
after the fire with the least amount of repair possible.

In order to ensure that the structure meets the fire safety design objectives, designers
have to follow one of two methods; the first is the prescriptive method, where a detailed
description of the types and shapes of materials used in the design, the thickness of
protection layer on structural elements and even the details of construction are given.
However, this method relies solely on previous experience of the standard structural fire
design tests. While this approach is very useful when it comes to static situations, it
sometimes fails to meet the fire safety requirements of a building, raising concerns about
the limitations of this method. One of its limitations is that the standard structural fire
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design tests assume that the structural elements of a building work independently, which
is not the case in reality [2,3]. This approach is usually used for quick solutions and for
junior designers, because it does not require an in-depth knowledge of the field.

The second method is the performance-based approach, which indicates how a struc-
ture will perform when subjected to different load conditions. Designers who use this
method need to develop an accurate numerical simulation for fire loading to assess the fire
safety resistance of the structure [4–7]. There are three main components to this approach:
fire modelling, thermal analysis and structural analysis [2,3]. Keeping this in mind, this
method allows designers to come up with solutions to build complex structures that were
never possible with a standard prescriptive approach. This approach is usually adopted
for more optimum solutions that require computational skills and deep understanding of
the field.

There are a number of different modelling techniques commonly used today to predict
the different fire scenarios instead of carrying out experimental tests. The techniques
used range from simple hand calculations to more advanced computational techniques.
Deciding which technique to use depends on the level of accuracy needed for the project,
time restrictions and computational resources. With the development of software packages,
designers can use a number of methods to predict possible fire scenarios in a building
in order to further control the risk of a fire event. Some of these methods include zone
models, computational fluid dynamics (CFD) [8] models and finite element (FE) models [9].
Zone models are simple computational models that operate on the basis of dividing a
compartment area into separate zones, with the assumption that the temperature condition
is uniform throughout each zone. CFD models are more sophisticated than zone models,
because they analyze the fluid flow and heat transfer by solving the fundamental equations
of fluid dynamics. Finally, FE models operate by dividing a large geometry into several
hundred smaller parts that interact with each other. Given the different methods designers
can adopt to predict the different fire scenarios, the uncertain nature of the different factors
affecting a fire event the structural stability of a building one of the most challenging
responsibilities for structural engineers. The fuel, load density and ventilation areas are all
factors that contribute to a fire event and its duration. Moreover, the unpredictable nature
of the response of structural elements to fire makes the whole fire process stochastic. As a
result, the engineering design of structural fire is either based on empirical studies of the
behavior of fire or on reliability analysis [10].

The FE modelling technique is one of the most straightforward methods used to
predict the thermal and structural behavior of the structural members, according to [4–7].
The simulation works by breaking up large geometry to hundreds of smaller and simpler
parts that interact together. In order to run the simulation using the finite element modelling
technique, the thermal and mechanical properties of the material used in construction have
to be calculated according to design codes. Design codes such as Eurocode provide formulas
to calculate the thermal properties of a material and curves to obtain gas temperatures.
The values obtained from the formulas provided can then be applied directly to the model
using software packages.

However, most variables used during the fire analysis are either estimated or assumed,
which makes the efficiency of the design in doubt and highlights the importance of the
concept of intensive parametric study in structural fire design. As in reality, the parameters
vary due to different fire scenarios; to effectively study the influence of different parameters,
one of the promising methods is the Monte Carlo simulation [11]. This method generates
hundreds of random variables for the different stochastic parameters that relate to fire,
which allow designers to analyze the buildings under different fire scenarios, and thus to
maximize the reliability and safety of the design.

Therefore, in this paper, the parametric analysis of the thermal and structural response
of a two-story, single-zone steel frame building to fire is made considering different pa-
rameters; Monte Carlo simulation is used to generate random variables for the opening
factor, fire compartment area and the beam flange thickness. Using the random parameters
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generated, a sequential thermal and mechanical analysis was conducted using the finite
element software ABAQUS. The first step was a non-linear heat transfer analysis, followed
by a non-linear mechanical analysis. The effect of different parameters on the thermal and
mechanical response of the structure was studied.

2. Monte Carlo Simulation

The Monte Carlo Simulation is used here to generate the random parameters which
will affect the fire scenarios and the thermal response of the structural steel members in a
steel framed building. The key factors affecting the fire scenarios and thermal response of a
structure under fire conditions are explained here

2.1. Time-Temperature Curves for a Compartment

The room temperature of a building in fire can be calculated using the formulas
from Eurocode, BS EN 1993-1-2: Eurocode 1 part 1.2 [12] which gives the parametric time
temperature of a compartment in fire:

θg = 20 + 1325
(

1 − 0.324 e−0.2t∗ − 0.204e−1.7t∗ − 0.472e−19t∗
)

(1)

With
t* = t × Γ (2)

Γ = [O/b]2/(0.04/1160)2 (3)

O = Av

√
heq/At (4)

b =
√
(ρcλ) (5)

where θg is the gas temperature in the fire compartment (◦C), t is the time (m), O is the
opening factor (m1/2), b is the thermal diffusivity (J/m2 s1/2 K), ρ is the density (kg/m3),
C is the specific heat (J/kgK), λ is the thermal conductivity (W/mK), At is the total internal
surface area of the compartment (m2), Av is the area of ventilation (m2) and heq is the height
of openings (m) [12,13].

2.2. Thermal Response of Structural Members

For unprotected steel sections, the increase of temperature in a small time interval is
given by BS EN 1993-1-2: Eurocode 3 [13] as follows:

∆θa,t = ksh
Am/V

caρa

.
hnet∆t (6)

where, ∆θa,t is the increase of temperature. Am/V is the section factor for unprotected steel
member. Am is the exposed surface area of the member per unit length. V is the volume if
the member per unit length. ca is the specific heat of steel. ρa is density of the steel.

2.3. Monte Carlo Simulation

Based on above formulas from the design code, three main parameters dominate the
room temperature and thermal response of the structural member. They are the opening
factor (O), the compartment area (Acom) and the cross-sectional area of the structural
members (Am). Therefore, in the Monte Carlo simulation, the opening factor (O), the
compartment area (Acom) and the thickness of the flange for the steel I-section beam were
selected as the key parameters for the random simulation. These three parameters were
selected based on Equations (1) and (3), since these three parameters play important roles in
determining the thermal response of the structural members. The Monte Carlo simulation
code was developed using MATLAB [11]. The code developed uses an inbuilt command
called ‘normrnd’ to generate normal random numbers between the specified range to form
a set of inputs that generate the different fire scenarios. The specified limits for the opening
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factor (O) and the compartment area (Acom) were set according to the British Standard
Institutes [12], and the limits for the flange thickness of the I-beam section were chosen
according to the British Standard Institutes [12,13], as shown in Table 1. The number
of simulations chosen was 500, which is believed to be sufficent to produce reasonable
parameters in a real fire scenario.

Table 1. Range of the parameters used for Monte Carlo simulation.

Opening Factor, O (m1/2)
0.02 ≤ O ≤ 0.2

[12]

Compartment Area, Acom (m2)
Acom ≤ 500

[12]

Beam Flange Thickness, T (mm) 7.5 < T < 55
[13]

The MATLAB code generated 500 random numbers for each parameter. Amongst the
500, only five numbers were chosen in this paper. These values are tabulated in Table 2.

Table 2. Chosen values from the Monte Carlo simulation.

Opening Factor, O (m1/2)

O = 0.0251
O = 0.0554
O = 0.1129
O = 0.1689
O = 0.1961

Compartment Area, Acom (m2)

Acom = 32.9
Acom = 42
Acom = 56
Acom = 70

Acom = 79.8

Beam Flange Thickness, T (mm)

T = 7.9066
T = 9.3202

T = 16.7989
T = 19.3693
T = 25.8854

The values noted above were used to run the heat transfer analysis in Section 3. The
corresponding unique nodal temperatures were extracted for all cases and used to run the
mechanical analysis explained in Section 3.

3. Finite Element Analysis
3.1. Finite Element Model

The finite element analysis procedure was split into two stages: (1) Heat Transfer
Analysis and (2) Mechanical Analysis. The FE model is a two-story, one-bay by one-bay
steel frame structure. Each story is 3 m high, making the whole structure 6 m high in total
and 7 m by 5.5 m in width. This is a typical steel frame office dimension, according to
(Tagawa et al., 2015). Different element types have been tried in order to choose the suitable
element to simulate the behavior of the composite connections. 3D continuum elements
were used. C3D8R element with reduced integration (1 Gauss point) has been chosen for
the simulation of all the components in the model. The model simulates a corner fire with a
three hour duration. Due to time constrictions, only the steel frame was modelled without
the slab. ABAQUS was used for both simulations.

3.2. Heat Transfer Analysis

In order to construct the two-story steel frame structure on ABAQUS, three main parts
were created: a 6 m column, 5.5 m and 7 m beams, and a partitioned midway. The values of
the steel’s conductivity (λa), steel’s specific heat (Ca) and steel’s density (ρa) were obtained
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from Eurocode. All three parts were assigned the same steel material. Furthermore, an
instance was created and the three different parts were added in order to assemble the
elements as one whole structure. This was done with the use of the offset, rotate and
translate commands.

After that, a heat transfer step was created with a time period of 10,800 s, and the
maximum increment per step was set to 10. Before simulating the heat transfer analysis,
an amplitude of the gas temperature was obtained from Equation (1) for simulating the
different fire scenarios using the parameters generated from the Monte Carlo simulations.

ABAQUS will fail to run any heat transfer analyses if the absolute zero temperature
and Stefan-Boltzmann constant (σ) were not inputted. Hence, from model attributes, a
value of −273.5 was given to the former and a value of 5.67 × 10−8 to the latter. Before
the analysis was submitted for results, the entire structure was meshed using hexagonal
element shapes and assigned an element type of heat transfer. After the analysis was
submitted, and the heat analysis results were completed, the unique nodal temperatures at
three different locations were extracted and the average value was taken in order to apply
them at the heat load analysis stage.

For the convergence criterion, the default solution control parameters defined in
ABAQUS/Standard are designed to provide reasonably optimal solutions of complex
problems involving combinations of nonlinearities as well as efficient solutions of simpler
nonlinear cases. However, the most important consideration in the choice of the control pa-
rameters is that any solution accepted as “converged” is a close approximation to the exact
solution of the nonlinear equations. In this context “close approximation” is interpreted
rather strictly by engineering standards when the default value is used, as described below.

3.3. Mechanical Analysis

The mechanical analysis was subsequently carried out using ABAQUS. The true
stress-strain curve was used for the material model of the steel. The most relevant me-
chanical properties for this model are the yield stress (σy), plastic strain (εp), expansion
Co-efficient (α), young’s modulus (E) and Poisson’s ratio (ν). Thereafter, a solid homo-
geneous section was created with the new material, which was then assigned to the
three different parts.

Following that, a step from the general static type was created, with a time period of
10,800 s, and the maximum number of increments was set to 1000, initial of 10, minimum of
0.108 and maximum of 60. The next step was to create a boundary condition for the fixed
supports of the steel frame and apply the gravity load (dead and live loads) to the entire
structure; this was done directly from the model tree.

Before the load was applied, the unique nodal temperature obtained from the heat
transfer analysis was used to create an amplitude. The temperature on each node from the
heat transferring analysis step was added through a predefined field; hence, a predefined
field of the type ‘temperature’ was then created, and the relevant parts of the geometry
were selected in order to simulate the same corner fire from the previous step. This was
to simulate the corner fire test from the Cardington fire test, which is believed to be the
worst-case scenario for a building on fire. The magnitude of the predefined field was
set to 1 and the amplitude to the one created using the unique nodal temperatures from the
heat transfer analysis.

For this type of analysis, the software for the normal hexagonal elements type was
first used for meshing the structure; however, due to the complexity of the geometry of the
structure, the assembly could not be meshed properly. Instead, the structure was meshed
using the tetrahedral elements type. About 10 different mesh sizes were tried before a
final mesh size was determined. This was done through assigning different seeds in the
mesh module in ABAQUS, and ABAQUS generated the mesh automatically. Finally, a job
was created and submitted; the energy results were then viewed, and the values for the
displacement of the beams in all x, y and z directions were extracted.
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4. Parametric Analysis
4.1. Effect of Opening Factor

The first set of results were obtained from both finite element analyses: (1) Heat transfer
analysis, and (2) heat load analysis corresponded to the different opening factors obtained from
the Monte Carlo simulation (Table 2). The different opening factors were applied to a steel
frame with fixed dimensions (5.5 × 7 m) in terms of temperature amplitudes The results of the
heat transfer load are shown in the form of nodal temperatures (NT11), whereas the results
obtained from the mechanical analysis are shown in the form of displacement (U).

• Scenario 1: An opening factor with a value of 0.0251 was used, and the corresponding
results are shown in Figure 1a,b.
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• Scenario 4: An opening factor with a value of 0.1689 was used, and the corresponding
results are shown in Figure 4a,b.
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4.2. Effect of Compartment Area

The second set of results shown in this section represent the finite element analyses that
correspond to the different compartment area dimensions (Table 2). While the dimension of the
plan of the steel frame changed, the temperature amplitude and heat load remained constant.
In order to achieve the desired compartment area size, one of the beams was given a fixed
length of 7 m, while the other beam changes with every scenario. The results are represented
below in the form of NT11 and U for each scenario generated by the Monte Carlo simulation.

• Scenario 1: A compartment area with a size of 32.9 m2 was modelled, and the beam
lengths were 7 and 4.7 m in length. The corresponding results are shown in Figure 6a,b.
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• Scenario 2: A compartment area with a size of 42 m2 was modelled, and the beams
were 7 and 6 m long. The corresponding results are shown in Figure 7a,b.
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• Scenario 3: A compartment area with a size of 56 m2 was modelled, and the beams
were 7 and 8 m long. The corresponding results are shown in Figure 8a,b.
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• Scenario 4: A compartment area with a size of 70 m2 was modelled, and the beams
were 7 and 10 m long. The corresponding results are shown in Figure 9a,b.
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• Scenario 5: A compartment area with a size of 79.8 m2 was modelled, and the beams
were 7 and 11.4 m long. The corresponding results are shown in Figure 10a,b.
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4.3. Effect of Flange Thickness

The third and last set of results represented in this section are related to the beam flange
thickness. The thickness of the flange varied from 7.9 to 25.8 mm while the dimensions of
the steel frame including the beams webs were fixed. The temperature amplitude and heat
load applied to the structures were also fixed. The results represented are in the form of
NT11 and U.

• Scenario 1: The thickness of the flange was set to 7.9 mm, and the corresponding
results are shown in Figure 11a,b.
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• Scenario 2: The thickness of the flange was set to 9.3 mm, and the corresponding
results are shown in Figure 12a,b.

Fire 2022, 5, x FOR PEER REVIEW 11 of 16 
 

 

  
(a) (b) 

Figure 12. Effect of flange thickness. (a) The nodal temperature corresponding to flange thickness 
of 9.3 mm. (b) The displacement corresponding to flange thickness of 9.3 mm. 

• Scenario 3: The thickness of the flange was set to 16.7 mm, and the corresponding 
results are shown in Figure 13a,b. 

  
(a) (b) 

Figure 13. Effect of flange thickness. (a) The nodal temperature corresponding to flange thickness 
of 16.7 mm. (b) The displacement corresponding to flange thickness of 16.7 mm. 

• Scenario 4: The beam flange thickness was set to 19.3 mm, and the corresponding 
results are shown in Figure 14a,b. 

  
(a) (b) 

Figure 14. Effect of flange thickness. (a) The nodal temperature corresponding to flange thickness 
of 19.3 mm. (b) The displacement corresponding to flange thickness of 19.3 mm. 

• Scenario 5: The beam flange thickness was set to 25.8 mm, and the corresponding 
results are shown in Figure 15a,b. 

Figure 12. Effect of flange thickness. (a) The nodal temperature corresponding to flange thickness of
9.3 mm. (b) The displacement corresponding to flange thickness of 9.3 mm.

• Scenario 3: The thickness of the flange was set to 16.7 mm, and the corresponding
results are shown in Figure 13a,b.
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• Scenario 4: The beam flange thickness was set to 19.3 mm, and the corresponding
results are shown in Figure 14a,b.
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• Scenario 5: The beam flange thickness was set to 25.8 mm, and the corresponding
results are shown in Figure 15a,b.
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4.4. Summary

From the parametric temperature-time curve Equation (1), it is clear to see that the
opening factor plays an important role when it comes to determining the spread time of
the fire along with the gas temperature increase in the fire compartment. Therefore, when
looking at the gas temperature curves obtained from the different opening factors, it can
be observed that the larger the opening factor is, the higher the gas temperature will be.
The highest opening factor reaches the highest temperature in the shortest time. In fact, the
highest gas temperature reached was by the largest opening factor, around 1300 ◦C. This is
almost twice as much as the maximum gas temperature reached by the smallest opening



Fire 2022, 5, 25 11 of 14

factor, which was around 800 ◦C. However, the maximum specified limit of opening factor
by Eurocode is 0.2.

From the ABAQUS model, it can be also seen that with different opening factors, the
regions with the highest nodal temperatures were the upper flanges of both the beams
and the inner web of the column, which was expected due to the fact that the load in both
analyses was applied in those regions. The highest observed nodal temperature was found
to be 1347 ◦C, corresponding to the opening factor of 0.1961; similar results were obtained
for the opening factor of 0.1689, where it was around 1343 ◦C. On the other hand, the
lowest observed temperature was found when the opening factor was 0.0251, where the
temperature only reached 838.6 ◦C. When compared to the recorded temperatures from the
Cardington tests [5], the temperatures from the numerical analysis are higher. In fact, the
maximum nodal temperatures observed here are almost the same as the gas temperatures
reached. This is mainly due to the fact that the steel was designed to be unprotected and
there were no slabs modelled. Thus, the upper flange of the beam has a hotter temperature
because it is in direct contact with the gas temperature.

The maximum displacement in the y-direction was plotted for the different opening
factors as shown in Figure 16. In general, all beams started to deflect at around the same
time; however, the highest deflection recorded was associated with the one of the highest
opening factors (O = 0.1689), where it reached to around 0.014 m.
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Figure 16. Beam displacement in the y-direction corresponding to the different opening factors.

The results of the displacement in the y-direction for the different compartment areas
are plotted in Figure 17. The plot shows that the highest deflection recorded was for the
area of 70 m2, and it was around 0.014 m. It was also noted that in general there were
around two general trends followed: one was followed by the plots corresponding to both
32.9 and 70 m2, and the other one followed by the remaining three. However, the latter
curves started to deflect quicker than the former. The reason for this could be the fact that
the results extracted from the model were chosen at random, even though an average of
value was taken from three different nodes to minimize errors.
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Figure 17. Beam displacement in the y-direction corresponding to the different compartment areas.

The displacement in the y-direction corresponding to the different flange thickness are
plotted in Figure 18. From the figure, it can be said that the beams with the thinner flange
thickness deflected quicker than the thicker flanges, which can be explained by the amount
of time it takes for the heat to radiate from the top flange to the bottom one.
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Figure 18. Beam displacement in the y-direction corresponding to the different beam flange thickness.

From all scenarios, it can be observed that the general behavior of the beam is similar,
despite the different factors affecting the final result. This is not surprising because in some
cases the heat load applied or the compartment area was fixed.. From the general displaced
shapes for all cases, shown in Section 4, it is safe to say that the expansion co-efficient of
steel had the most influence when it comes to heat load, even though it was also observed
that some of the results are exaggerated in some cases, such as the nodal temperatures; this
is mainly due to the absence of the slab.

As explained in [14], the tortional restraint is very important for the bare steel beams.
It should be modeled in the ABAQUS model, but in reality, the beams are restrained directly
by the slabs, which actually help to resist the lateral tortional buckling of the beam. We
did not model the lateral restraint so as to provide a worst-case scenario for the study. The
fire protection is an important factor affecting the global and local response of a structure
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on fire, but in this study, non-fire protection is assumed; this also provided a worst-case
scenario for the study.

As explained in [15,16], the joints play an important role in the local and global
behavior of the structure, as the moment and rotation capacity of the joints will affect
the response of the structure. Therefore, the most accurate way to assess the joints is to
physically model the bolts and endplate. Attempts have been made by the authors, but for
a 3D frame system, the modeling of the bolted connection causes a convergence problem in
the model, due to the complexity of the frame. Therefore, the beams are directly tied to
the columns to replicate a perfect rigid connection, to reduce the computational cost while
remaining reasonably accurate.

A further study will be performed by the authors to address the above limitations.

5. Conclusions

The aim of this project was to apply a parametric study of a steel frame in fire through
sequential thermal and mechanical analyses. A two-story steel frame structure was sim-
ulated to investigate the influence of the opening factor, compartment area, and beam
flange thickness using a Monte Carlo simulation to generate the random parameters. The
following conclusions can be made:

1. The opening factor was found to be the parameter with the most influence on the rate
of spread and temperature increase in the fire compartment.

2. The flange thickness also has significant influence on the response of structural mem-
bers, due to its influence on the section factors.

3. The compartment area has less of an effect on the response of the structural member
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Nomenclature

Acom Area of Compartment
At Area of total internal surface of fire compartment
Av Area of ventilation
B Width of Section
b Thermal Diffusivity
C Specific Heat
Ca Specific Heat of Steel
D Depth of Section
heq Height of Openings
O Opening Factor
T Thickness of Flange
t Time
U Displacement
α Expansion Co-efficient
εp Plastic Strain
θa Steel’s Temperature
θg Gas Temperature in the Fire Compartment
λ Thermal Conductivity
λa Thermal Conductivity of Steel
ρ Density
ρa Density of Steel
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σ Stephan-Boltzmann Constant
σy Yield Stress
ν Poisson’s Ratio
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