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1. Introduction

Fire is one of the serious hazards that can have devastating consequences, including loss of human life,
destruction of property, and extensive economic losses. A thorough and comprehensive examination of
fire and the assessment of factors influencing its spread are of paramount importance, as these
investigations can aid in the implementation of preventive measures and fortification of structures.
Furthermore, understanding fire behavior and its influence on structures enables engineers and building
designers to apply safety regulations more accurately and to develop more effective emergency problems
for evacuation and firefighting. Consequently, the significance of studying fires extends beyond
protecting lives and property; It also raises safety standards and improves community resilience to
disasters. The effects of fire on steel structures pose one of the fundamental challenges in the design and
safety of buildings due to the thermal and mechanical properties of steel. As a robust and commonly used
material in construction, steel loses its mechanical properties when subjected to extreme heat from fires,
which can lead to a reduction in structural resistance and ultimately result in collapse. One of the critical
effects of changes in the mechanical properties of steel on structural integrity includes alterations in the
deflection and deformation of beams. Generally, during a fire, steel beams undergo thermal expansion,
leading to an increase in their length and deflection. If the deflection exceeds permissible limits, the
failure of the beam and potentially its collapse under additional loads will be occured. Controlling
excessive deflection is a fundamental aspect of designing structures to withstand fire conditions in order
to prevent collapse and irreparable damage. Building standards in many countries provide specific
regulations for controlling deflection, strengthening, and designing steel structures against fire. Numerous
studies have been conducted on the effects of fire on buildings [1-17].

In 2013, Jiang and usmani developed the OpenSees software for analyzing steel structures under fire
conditions. They incorporated new functions into the material and section definition modules to calculate
thermal loads, enabling nonlinear analyses that consider changes in mechanical properties due to
increasing temperatures. Ultimately, they compared their results with the outputs of the Abaqus finite
element software. Using their analytical methods, users can define temperature-dependent material
properties and simulate non-uniform temperature distributions along the section and length of the member
[18]. In 2014, Jiang et al. examined the resistance of steel structures to progressive collapse caused by fire
by proposing a simplified design method. They investigated progressive collapse mechanisms in steel
structures under fire conditions using the OpenSees software. After validating their analytical results with
available laboratory data, they studied factors influencing progressive collapse, including beam strength,
loading conditions, lateral bracing, and fire scenarios. They found that different fire scenarios
significantly affect the type of collapse in steel structures [19]. In 2015, Elhami khorasani et al. added a
new thermal module in OpenSees for analyzing steel structures subjected to fire, including post-
earthquake fire events. This new thermal module allows for structural analyses considering the effects of
combined events such as fire following an earthquake. They also developed reliability analysis tools
within the thermal module. Ultimately, these modifications facilitate non-uniform temperature
distribution along an element and simplify the definition of temperature-dependent material properties for
users [20]. In another study in 2015, Jiang et al. investigated the impact of different bracing frames on the
resistance of steel structures to progressive collapse due to fire. Considering several fire scenarios, they
modeled two types of bracing systems in the OpenSees software for fire conditions. They identified four
collapse mechanisms for steel frames under fire and ultimately proposed a combination of vertical and
diagonal braces as a safer design strategy for practical applications [21].

In 2020, Ren investigated the performance of steel frames under various fire spread scenarios. The study
initially examined the impact of thermal protection on beams and its effect on the fire resistance of heated
columns. Subsequently, the performance of three-dimensional steel frames was evaluated under the
influence of seven different fire scenarios. The study assessed the effects of the timing of fire spread, its
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direction, and the position of the fire source on the fire resistance of the steel frame. According to the
results, due to the short duration of heating in the fire scenarios considered, thermal protection for beams
had minimal impact on the performance of the heated columns [22]. In 2021, Jiang et al. conducted a
study that explored the thermal analysis framework of OpenSees for assessing structural responses to fire,
introducing a smart interface for modeling natural fire using Python-OpenSees. This framework was
validated through uniform and localized fire tests, and it enabled realistic modeling of localized and
moving fires. The results indicated that to more accurately describe the effects of natural fire, additional
variables should be considered in the modeling, and the proposed framework possesses potential for
future enhancements [23]. In 2022, Qiu et al. introduced a computational method for modeling composite
slabs under fire conditions. The primary objective was to simplify and enhance the accuracy of modeling
these slabs due to their complex performance. In their proposed method, a single reference surface was
utilized in the shell element modeling to facilitate the adjustment of composite slabs, with ribbed sections
and conical steel profiles defined integrally in the section. Additionally, to achieve a more realistic
temperature distribution, the temperature was internally and automatically distributed among the various
layers of the composite slab. The results demonstrate that this approach performs well in modeling
composite slab systems under thermal and mechanical loading. This method not only provides high
accuracy but also significantly simplifies the modeling process for multi-story buildings during fire
conditions [24]. In 2022, Mortazavi et al. conducted a study comparing the thermal performance of
eccentric braced frames (EBFs) and moment-resisting frames. They developed analyses for heat transfer
and introduced new features in the element and material definitions within OpenSees for thermal analysis.
They evaluated and improved the performance of the frames against thermal effects, ultimately
simulating and analyzing several fire scenarios for both frame types. The results indicated that as the time
to collapse due to fire increased, EBFs enhanced the fire performance of the system [25].

In 2023, Chen et al. focused on developing models for wooden structures affected by real fire in the
OpenSees software. Utilizing the provisions related to timber structures in Eurocode 5, they investigated
the behavior of wooden structures under fire conditions. They carried out developments on the OpenSees
open-source platform, enabling the modeling of heat transfer in wooden sections and thermomechanical
analyses for various wooden elements, such as beams and shells. Additionally, thermal measures for
wooden slabs and beams exposed to fire on three sides were developed for these models [26]. In 2024,
Mortazavi et al. examined the performance of eccentric braced frames (EBF) in low-rise buildings under
various fire scenarios. In this study, they assessed the performance of low-rise structures with this type of
brace. They designed a three-story building with an eccentric braced frame system and analyzed its
behavior under six different fire scenarios. For the structural analysis under fire loads, the temperature
distribution in fire-exposed members was initially evaluated using a finite element heat transfer analysis
method. Subsequently, utilizing a nonlinear thermal-mechanical analysis approach, the frames were
assessed, and displacements and internal forces in the members were calculated. According to the results,
in scenarios where fire occurs in the braced spans, structural stability is maintained for a longer duration,
and the combination of braces and link beams significantly influences the redistribution of applied loads
to adjacent columns [27].

This study evaluates two examples of three- and nine-story steel moment-resisting frames under fire
conditions. Various fire scenarios were considered for each frame, and the frames were modeled in
OpenSees [28] for simulated fires, with their performance analyzed in each scenario. For every scenario,
the deflection of the mid-span beams, demand to capacity ratio (DCR) of beams and columns, and drift to
allowable drift ratio of all stories were examined. Ultimately, the critical scenario for each frame was
determind. In this study, the excessive deflection rates and deflections in the beams due to fire were
calculated and compared according to the standards BS-476 [29] and ASTM E119 [30]. Fire duration of
120 minutes with a fire temperature of 1050 °C was considered for each scenario. The findings emphasize
the need for enhanced fire-resistant design strategies to improve the safety and performance of steel
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moment-resisting frames under fire conditions. By identifying critical scenarios and vulnerable structural
members, engineers can develop more robust designs that enhance the safety and resilience of buildings
under fire conditions.

2. Fire exposure conditions

In recent years, fire safety has become a critical factor in the design of new buildings and existing
structures. With the increase in urbanization and the construction of high-rise buildings, the risk of fire
hazards has risen, making fire protection a top priority in architecture and engineering. Fires pose a
significant risk to steel structures, as high temperatures can considerably alter the mechanical properties
of steel. As the temperature increases, steel loses its strength and stiffness, and a rapid decline in
resistance is observed at temperatures exceeding 600 °C. This phenomenon may lead to instability and
even structural collapse. At temperatures above 400 °C, the yield strength of steel decreases sharply,
reaching its maximum reduction between 700 and 800 °C [31]. At elevated temperatures, steel exhibits
increased deformation and may experience buckling or bending. Furthermore, the thermal expansion of
steel can generate additional stresses in connections and other structural components. In general,
structures may experience thermal and mechanical changes in fire conditions that require careful analysis
and effective simulations.

2.1. Time-temperature curve

One of the methods for designing and evaluating a building's fire resistance is the use of published fire
curves. These curves include the standard fire curve, the external fire curve, and the hydrocarbon fire
curve. The time-temperature curve for a fire is a graphical representation of the changes in temperature
over time, from the moment of ignition to the point at which the fire reaches its maximum intensity and
then begins to decline. During this process, the temperature rises continuously until it reaches a very high
level, which is usually associated with flashover or full fire involvement of the combustible materials in
the environment. Figure 1 illustrates a typical time-temperature curve for the complete fire development
process in a standard room, assuming no fire suppression measures are applied [31].
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Fig. 1. Time-temperature curve for the complete fire development process.

Estimating temperatures during post-flashover fires is a critical aspect of fire safety design for structures.
In such scenarios, temperatures typically reach around 1000 °C. The specific temperature at any given
moment is determined by the equilibrium between the heat generated inside the enclosed space and the
total heat lost to the surroundings [31]. Standard curves, often used in various engineering and safety
applications, represent predefined or expected behaviors of systems under certain conditions. They are
used to model phenomena in a way that allows for better prediction, analysis, and comparison. In fire
safety standard fire curves are used to simulate the growth and behavior of fires over time. These curves
help engineers design fire protection systems by providing a predictable fire temperature rise, which is
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crucial for determining material resistance, fireproofing methods, and emergency planning. Designers can
predict potential risks, incorporate necessary precautions and make the systems safer and more efficient
using the curves. Standard fire curves, established by international organizations such as 1SO, are
recognized as tools for simulating fire behavior under standardized conditions. These curves are
specifically designed to illustrate how temperature changes over time and it is usually assumed that the
fire increases at a specified rate. The role of these curves in fire engineering and building safety is of
significant importance. They are used for designing fire suppression systems, assessing the fire resistance
of buildings, and analyzing the performance of construction materials under high temperatures.
Particularly, the 1SO-834 [32] standard fire curve, recognized as one of the most crucial standards,
reflects the critical fire loading conditions in buildings and examines the behavior of structures under
these conditions. Figure 2 shows the time-temperature curve of the 1SO-834 fire after the flashover stage,
where the temperature increases with time. This stage is one of the critical points of a fire that can have
significant effects on the structure. The time-temperature equation for the 1SO-834 standard curve is also
defined according to Eq. 1 [32]:

T, =20+345 log (8t +1) 1)
where, T, is the gas temperature, ¢ is the time in minutes.
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Fig. 2. The standard fire curve for post-flashover stage.

2.2. Heat transfer calculations

Heat transfer in fires is critical for understanding how fire affects structures, especially steel. There are
three common modes of heat transfer in fire scenarios: conduction, convection, and radiation. In
conduction, heat is transferred from one point of the object to another. In structures, conductive heat
transfer can occur through structural materials such as steel and concrete, with steel occurring more
rapidly. Calculations of conduction require determining the parameters of density, specific heat capacity,
and heat transfer coefficient according to fire standards [33].The rate of heat transfer in conduction can be
calculated as [33]:
or

gq= —kA& )

where, g is the heat transferred, £ is the conduction heat transfer coefficient and A(&T/ox)1s the

temperature gradient in the direction of heat flow. In a steady-state condition, there is no need to consider
the heat required to change the temperature of a material that is either heating or cooling.

Convection refers to the transfer of heat through a fluid from one point to another, or the transfer of heat
from the hot gases produced by a fire to the parts of a building that come into contact with them. In a fire
scenario, hot gases rise due to their lower density compared to the cooler surrounding air, transferring
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heat to surfaces they encounter. This process significantly impacts the temperature distribution throughout
a structure and can accelerate the degradation of materials exposed to the fire. The heat transferred
through convection can be calculated as [33]:

q=hAAT (3)

where, 4 is the convective heat transfer coefficient, 4 is the surface area of the solid object in contact with
the fluid and 4T is the temperature difference between the surface of object and the contacting fluid. For
standard fire conditions, the heat transfer coefficient for convection was considered to be 25 W/m’K.
Radiation is an exceptionally important heat transfer mechanism in fires. Energy is transferred by
electromagnetic waves, which can travel through a vacuum or transparent media. This process is essential
for the transfer of heat from flames to fuel, smoke to building materials, and a burning building to nearby
structures. The equation of radiation heat transfer from one surface to another is defined as [33]:

q=¢ FGGA(T14 _T24) (4)

where, ¢ is the resultant emissivity of the two surfaces, F is the geometric view factor between the two
objects, o is Stefan—Boltzmann constant, A4 is the exposed surface area of the object, 7; and 7, are the
temperatures of the objects. To protect a structure against fire, various methods are used, such as fireproof
coatings and protective concrete. These materials are heat insulators and prevent the direct transfer of heat
to the structural section. As a result, the temperature of the section increases more slowly, and its
resistance is maintained for a longer period. This increases the evacuation time and reduces the damage
caused by fire. Besides whether a section is protected or not, several other factors influence the amount of
heat transferred from a fire to structural elements such as fire intensity and duration, material type and
properties, section shape and dimensions and environmental conditions. The more intense the fire, the
higher the ambient temperature and the greater amount of thermal energy released. Consequently, more
heat is transferred to the structure. The longer the fire burns, the longer structural elements are exposed to
high temperatures, resulting in greater heat absorption.

2.3. Temperature calculation for unprotected steel

In the Eurocode standard [34], formulas are provided for determining the temperature of both protected
and unprotected steel sections, accounting for the effect of fire on different surfaces of the structural
members. In this study, unprotected sections are considered for the members of the frames. The
temperature of an unprotected steel member during a time step (Af) in °C can be calculated as:

6,=6.,+(A60)0 ©)

where, 6; is the temperature of the member at time step i, 6. is the temperature at time step (i-1), ) is the
ambient temperature before the fire, A&, is the temperature growth of the unprotected steel member during
the time step (A¢) can be calculated by Eq. (6) [34].

Ay

Aa:khél—mmAt (6)

1 S|
ara

where, 4,, 1s the surface area of the member per unit length, V" is the volume of the steel member per unit
length, (A4,/V) is the section factor of the steel member, Af is the time interval should not be taken as more
than 5 seconds [34], C, is the specific heat of steel, p, is the unit mass of steel, &, is the correction factor
for the shadow effect, and h'net,d is the design value of the net heat flux per unit area can be calculated as:

h +h,,, (7)

h

net,d = net,c
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l:]net,c = ac'(eg - em) (8)

h. =¢.c.6.0[0 +273)" -0, +273)'] 9)

net,r

where, o, is the convective heat transfer coefficient taken as 25 in this study, &, is the gas temperature in
the vicinity of the fire exposed member, 6, is the surface temperature of the steel member, 6, is the
effective radiation temperature for the fire environment, ¢ is the configuration factor taken as 1 in this
study, & is the surface emissivity of the steel taken as 0.8 in this study, & is the emissivity of the fire
taken as 1, and o is the Stefan-Boltzmann constant (approximately 5.67x10"° W/m’K*). Finally, the
shadow effect factor (ky;) is determined using Eqs. (10) and (11) for general and I-shaped sections.

(3)/%)
NCVES

where, (4,,/V), 1s the box value of the section factor.

3. Case studies

In this study, two dimensional three and nine-story steel moment frames [35] are modeled and analyzed
under fire conditions using OpenSees software. In both examples, The yield strength of the steel used for
the columns and beams is 345 and 248 MPa, respectively. Also, the expected yield strength of the
columns and beams is 397 and 339 MPa, respectively. The modulus of elasticity and the specific weight
of steel are 200 GPa and 7850 kN/m, respectively. The column sections were selected as wide-flange
sections W8 to W14 and the beam section list was made by all W-shaped sections. For each frame, a
constant gravity load of 28.7 kN/m (W) was distributed on the roof beams, while a constant gravity load
of 32 kN/m (W) was applied to the first and second floors in the three-story and the first to eighth floors
in the nine-story frame.

3.1. Three-story four-bay steel frame

In this study, a three-story steel frame with four spans was considered as the first example as shown in
Fig. 3. Grouping of the elements and gravity loads of the frame are shown in Fig. 3. The length of each
bay is 9.15 m, and the height of each story is 3.96 m. Figure 4 shows the element numbering of three-
story steel frame. The sections of each group for the three-story frame are presented in Table 1 [35].

T T T T T T
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Fig. 3. Element grouping, geometry and gravity loading of three-story frame.
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B24 B25 B26 B27

Cl11 C12 C13 Cl4 C15
B20 B21 B22 B23

C6 c7 C8 C9 C10
B16 B17 B18 B19

C1 c2 C3 C4 C5

Fig. 4. Element numbering of three-story frame.

Table 1. Sections of each group for three-story frame.

Grouping of elements

Section

g b~ WON -

W16 x 57
W18 x 71
W24 x55
W18 x 55
W16 x 45

3.2. Nine-story five-bay steel frame

A nine-story steel frame with five spans was considered as another example as shown in Fig. 5. Grouping
of the elements and gravity loads of the frame are shown in Fig 5. The length of each bay was 9.15 m and
the height of each story, except for the first story, was 3.96 m. The height of the first story was 5.48 m.
Figure 6 shows the element numbering of nine-story frame. The sections of each group for nine-story
frame are shown in Table 2 [35].
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BY5 B9 B97 B98 B99

C49 C50 Cs1 C52 C53 C54
B90 B91 B92 B93 B9%4
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B85 B86 B87 BS8 B89
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B8O BS1 BS2 B83 B84

C31 C32 C33 C34 C35 C36
B75 B76 B77 B78 B79

C25 C26 Cc27 C28 29 C30
B70 B71 B72 B73 B74

C19 C20 c21 c22 C23 C24
B65 B66 B67 B68 B69

C13 Cl4 Cl15 Cl16 Cc17 C18
B60 B61 B62 B63 B64

c7 cs 9 C10 cl11 cl12
B55 B56 B57 BS8 B59

Cl1 c2 c3 c4 cs c6

Fig. 6. Element numbering of nine-story frame.

Table 2. Sections of each group for nine-story frame.

Grouping of elements Section
G1 W14 x 211
G2 W14 x 159
G3 W14 x159
G4 W14 x 90
G5 W14 x 145
G6 W14 x 82
G7 W14 x 109
G8 W14 x 68
G9 W30 x 99
G10 W24 x 84
Gl1 W16 x 67
G12 W18 x 55
G13 W12 x 50

3.3. Fire scenarios

In two examples, several fire scenarios in various floors and spans have been examined. The goal of
analyzing the frames with different fire scenarios is to investigate inter-story drift, deflection of beams,
and demand-to-capacity ratio of stress for the beams and columns to determine the most critical scenarios.
In fact, the objective of this study is to investigate the critical scenarios that lead to a rapid structural
collapse, especially focusing on where the occurrence and initiation of a fire in the structure can lead to a
quicker total collapse. A fire duration of 120 minutes at a temperature of 1050 °C was assumed for each
scenario. Figure 7 shows the different fire scenarios for three-story frame. The time-temperature curves of
the beams and columns exposed to fire were calculated based on the Eqgs. (5) to (11).
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Fig. 7. Fire scenarios of three-story steel frame.

Figure 8 indicates the time-temperature curves of elements under fire for three-story steel frame. The
members within a group share common characteristics, reflecting a unified pattern of behavior or
properties. Therefore, the fire curves are presented according to the grouping number of the elements for
each scenario.

Figure 9 shows the fire scenarios for nine-story frame. The time-temperature curves of elements under
fire for nine-story steel frame are shown in Fig. 10. Figure 11 indicates the flowchart of the thermal
analyses prossess. According to the flowchart, the static analysis of frames was conducted under gravity
loads. Next, the temperatures from the ISO-834 time-temperature curve during the fire stages were
extracted. According to the flowchart, heat transfer calculations can be used to transfer the ambient
temperature to the component. Based on whether the section is protected or unprotected, the relevant
equations for each condition must be applied. Therefor, heat transfer calculations were performed to
implement the heat transfer analysis and then the thermal analysis of the frames was conducted using
OpenSees [28]. In fact, this stage determines the amount of heat transfer from the fire to the structural
elements. The amount of heat transfer is different for the protected and unprotected sections. If the section
is protected, less heat is transferred to it, and the section will be damaged over a longer time. Ultimately,
after comparing the results of analyses, critical scenarios can be determind.

10
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Fig. 8. Time-temperature curves of element grouping under fire for three-story frame.

>

Fig. 9. Fire scenarios of nine-story steel frame.
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Fig. 10. Time-temperature curves of element grouping under fire for nine-story frame.

3.4. Key findings, strengths, limitations and practical applications

This study identified critical fire scenarios for each frame, which can significantly contribute to
improving fire-resistant design methods and investigated the behavior of three- and nine-story steel
frames under fire conditions. The study has several strengths, such as a comprehensive analysis of
multiple fire scenarios and the identification of critical failure points, including vulnerable columns and
lower-to-mid-level stories. The identification of critical scenarios for each structure is a notable strength,
as this information can significantly contribute to the design of more fire-resistant structures. However,
the study has certain limitations. For instance, it employs a fixed fire temperature (1050°C) and duration
(120 minutes), which may not fully capture real-world variability. Additionally, the research focuses on
traditional steel structures and does not explore advanced materials or composites with enhanced fire
resistance. Furthermore, the dynamic effects of fire, such as explosions or sudden temperature changes,
have not been considered, even though these factors can substantially influence structural behavior.

4. Results of fire scenarios

In this study, the performance criteria have been used to control the beams failure according to BS-476
[29] or ASTM E119 [30]. The deflection and deflection rate of beams in fire conditions are investigated
based on the standards. According to the standards, beam failure occurs when any of the requirements is
specified:

(I) The beam deflection is greater than L/20 (according to BS-476) or L?/400d (according to ASTM E119)

(I) The beam deflection is greater than L/30 and the beam deflection rate is also greater than £>/9000d
(according to BS-476)

where, L is the beam span length and d is the beam depth. The deflection rate is the ratio of deflection
changes to time changes.
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Fig. 11. The flowchart of the thermal analyses prossess.
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The values of the failure criterion of beams in three- and nine-story frames according to BS-476 and
ASTM EI119 are listed in Table 3. The values of mid-span deflection, deflection rate, time, and
temperature of the beams under fire exposure at the time of structural failure for three- and nine-story
frames are presented in Tables 4 and 5, respectively. The variation of mid-span deflection with
temperature and time of only beams under fire exposure for three-story frame is shown in Fig. 12.

Table 3. Failure criteria of the beams under fire in three- and nine-story frames based on BS-476 and ASTM E119.

Member dimensions ASTM EI1109 failure criteria BS-476 failure criteria
@) @) @) 2)
, d L L?/400d L2/9000d L/20 L/30 L2/9000d
Member section . .
(mm) (mm) (mm) (mm/min) (mm) (mm)  (mm/min)
W24 x 55 599.44 9150 349.17 15.52 457.5 305 15.52
W18 x 55 459.74 9150 455.27 20.23 457.5 305 20.23
W16 x 45 408.94 9150 511.82 22.75 457.5 305 22.75
W30 x 99 754.38 9150 277.45 12.33 457.5 305 12.33
W16 x 67 612.14 9150 341.92 15.19 457.5 305 15.19
W12 x 50 309.88 9150 675.44 30.02 457.5 305 30.02
Table 4. Deflection, rate of deflection, time and temperature of beams at the time of three-story frame failure.
Scenario Beam Deflection rate Failure Beam mid span Time Beam bottom flange
number (mm/min) criterion deflection (mm) (min) temperature (°C)
S1 B16 36.34 (In) 233.40 98 1016.34
S2 B17 20.641 (In) 207.37 88.41 1000.58
B16 5.26 0 81.05
B17 16.20 (II) 208.58
S3 B18 16.16 (II) 208.58 8741 998.84
B19 5.26 ) 81.05
S4 B20 36.34 (II) 293.58 98.67 1017.38
S5 B21 23.88 (In) 197.46 85.33 995.14
B20 3.85 )] 64.56
B21 21.20 (I1) 197.84
86 B22 21.26 (1) 197.90 84.33 993.32
B23 3.82 )] 64.56
S7 B24 71.53 (In) 302.56 87.83 999.57
S8 B25 79.41 (II) 239.51 79.67 984.57
B24 17.52 @D 144.59
B25 22.26 @D 214.04
59 B26 22.24 @D 213.42 82.83 990.57
B27 17.41 D 144.59
Table 5. Deflection, rate of deflection, time and temperature of beams at the time of nine-story frame failure.
Scenario  Beam Deflection rate Failure Beam mid span Time Beam bottom flange
(mm/min) criterion deflection (mm) (min) temperature (°C)
B5S 1.22 (D 47.26
B56 1.76 (D 84.58
S1 B57 1.84 (D 84.98 120 1046.54
B58 1.76 (D 84.58
B59 122 0 47.26
B75 1.83 )] 45.43
B76 2.57 )] 130.04
S2 B77 2.84 ) 164.84 120 1046.54
B78 2.56 )] 130.04
B79 1.83 (D 4543
B9S 8.47 (D 110.30
B96 20.63 )] 358.03
S3 B97 50.47 (In 551.22 80.42 984.81
B98 20.63 )] 358.05
B99 9.11 ) 110.32
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Fig. 12. Mid-span deflection versus time and temperature of the beams under fire scenarios for three-story frame.

The deflection values of beams in each story of the three-story frame were compared, and the critical
scenario for each story was identified based on the beam that failed the fastest. Finaly, The critical
scenario for the three-story frame was selected by comparing critical scenario in each story is shown in
Fig. 13. Figure 14 indicates the deformation of frame and DCR range of elements in each scenario for
three-story frame at the time of structural failure.
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Fig. 13. Comparison the critical scenarios of each story in three-story steel frame.
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Fig. 14. Deformation and DCR range of the elements in each scenario for three-story steel frame.
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The results were used to calculate the DCR and the capacity of the members and the critical scenarios
were examined. In each scenario, thermal analysis was performed to calculate DCR of elements.
Subsequently, the design criteria and evaluation standards for steel frame members under fire conditions
will be provided according to Appendix 4 of the AISC specification 360-16 [36]. The appendix provides
criteria for the evaluation of the steel frames in fire conditions. In this section, the DCR of heated
elements at elevated temperatures under fire exposure is calculated as:

AUV DCR(T) = AT +§[M“(T)j (12)
P.(T) P (T) 9 (M, (T)

if M gy DCR(T) = R +[Mumj (13)
P, (T) 2P, (T) (M, (T)

where, Py(7) and M(T) are the required axial force and bending moment of elements at elevated
temperatures, respectively. P.(7) and M,(T) are the reduced axial strength and flexural strength of heated
elements at elevated temperatures according to AISC 360-16, respectively. The demand to capacity ratio
of the members at ambient temperature can be calculated as:

R 00, DCR(T) = R 8 M) (14)
P, (20°C) P,(20C) 9| M,(20°C)

202, perm)- ) +[ M,{) j (15)
., (20C) 2P,(20C) (M, (20C)

where, P(20'C) and M,(20'C) are the axial strength and moment strength of elements at ambient
temperatures, respectively.

The values of DCR for the member actions versus time under different fire scenarios are shown in Fig.
15. For example, the DCR of the heated elements in scenarios 2, 7 and 8 for three-story frame is shown in
Fig. 16. In this study, story drift for fire condition was also investigated. The values of inter-story drift to
allowable drift ratio of the stories in each scenario for three-story frame are shown in Fig. 17. The
allowable inter-story drift of structure is considerd based on AISC specification 360-16.

The results of scenarios 1, 2, and 3 in three-story frame show that the critical condition, based on the
beam deflection, occurs in fire scenario 3 in the first story. Also, the critical condition for the seceond and
third story based on the beam deflection are scenarios 6 and 9, respectively. Based on the comparison of
the results from the selected scenarios for each floor, it can be concluded that the critical scenario, in
terms of beam failure in the three-story frame, is the first story. This is because the critical beam on the
first story tends to fail in a shorter time compared to the beams on other floors. Additionally, the demand-
to-capacity ratio values of the members, as shown in Fig. 15, indicate that the DCR values for the
members in scenarios 1, 2, and 3 (which correspond to the first story) exceed the allowable limit of 1.0 in
a shorter time. The columns experience the highest DCR values in the shortest time, further emphasizing
that the first story is more critical compared to the other stories in the three-story frame. Furthermore, as
illustrated in Fig. 17, the drift to allowable drift ratio in scenarios 1, 2, and 3 is significantly higher than
other scenarios. The results indecate that occurrence of fire in the first story not only induces significant
displacement on the first story but also propagates substantial displacement to the upper levels, thereby
creating a more critical and widespread risk of structural collapse. According to the results the first story
is particularly vulnerable because its structural members, especially the columns, fail in a faster time than
other stories.
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Fig. 15. Demand to capacity ratios of the elements in each scenario for three-story steel frame.
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Fig. 16. DCR of the elements in scenarios 2, 7 and 8 for three-story steel frame.

75

The variation of beam deflection with temperature and time in fire conditions for nine-story frame is
shown in Fig. 18. By comparing the deflection values of beams in each story under fire for the nine-story
frame, the critical deflection values were determined according to the beam that experienced failure in the
shortest time as shown in Fig. 19.
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Fig. 19. Comparison the critical scenarios of each story under fire in nine-story steel frame.

Figure 20 indicates the deformation of frame and element DCR range in each scenario for nine-story
frame at the time of structural failure. The values of DCR for the actions of the structural members at
each scenario are shown in Fig. 21. The values of drift to allowable drift ratio of the stories in each
scenario for nine-story frame are shown in Fig. 22.

20



Arezoo Asaad Samani; Seyed Rohollah Hoseini Vaez

Journal of Rehabilitation in Civil Engineering 14-1 (2026) 2269

i

S s S =y =3

= =3 = =S =y = ==

Fig. 20. Deformation and DCR of the elements in each scenario for nine-story steel frame.
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Fig. 22. Drift to allowable drift ratio of the stories in each scenario for nine-story steel frame.

The critical scenario for the nine-story frame was determind by evaluating the critical conditions in each
story under fire. The evaluation of scenarios 1, 2, and 3 of the nine-story frame reveals that the most
critical condition regarding beam deflection arises in scenario 2. By comparing the beam deflection
results of considered scenarios can observe the fifth story is the most critical in terms of beam failure.
Because the beams of this story failed in a shorter time and also experienced greater deflection that the
sections of the beams also significantly can influence this problem.

Additionally, the demand-to-capacity ratio values of the structural members in scenario 2 exceed the
established threshold of 1.0 more quickly than the other stories. In this scenario, the columns exhibit the
highest DCR values over a shortened time frame, highlighting that the fifth story presents a greater risk
compared to the other levels of the structure. Moreover, the ratio of drift to allowable drift show that in
scenario 2, this ratio has exceeded its permissible limit over short time intervals. Excessive displacement
in the mid-level stories of a nine-story frame can result in the development of a soft story, potentially
compromising the structural integrity and leading to failure.

5. Conclusion

This study investigated the performance of three- and nine-story steel moment frames under various fire
scenarios, with a focus on identifying critical conditions and understanding the structural behavior during
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fire exposure. The fire duration in each scenario was considered to be 120 minutes at a temperature of
1050°C. Key parameters such as mid-span beam deflection, DCR (Demand-to-Capacity Ratio) of beams
and columns, and story drift were analyzed to evaluate the structural response. The main findings of this
study are summarized as follows:

e The study identified critical fire scenarios for each frame, which can significantly contribute to
improving fire-resistant design methods for steel moment frames. For instance, scenarios 3, 6, and 9
were found to be critical for the first, second, and third stories of the three-story frame, respectively.
The first story was found to be the most vulnerable, with beams failing in less than 90 minutes
under fire exposure.

e The first story of the three-story frame and the fifth story of the nine-story frame were identified as
the most vulnerable to fire-induced failure.

e Columns were found to be particularly critical, exhibiting the highest DCR values and failing faster
than other structural members.

e Fire scenarios in lower or mid-level stories were observed to propagate significant displacements to
other levels, increasing the overall risk of structural collapse.

e The drift to allowable-drift ratio emerged as a key indicator of structural vulnerability, with higher
ratios signaling a greater risk of failure.

e Symmetry in both geometry and fire loading resulted in symmetrical behavior of structural
members, suggesting that modeling and analyzing only half of the structure can be sufficient for
design and evaluation purposes.

e In the three- and nine-story frame, the maximum mid-span deflection of beams reached 293.58 mm
in scenario 4 and 551.22 mm in scenario 3, respectively.

e Columns exhibited the highest DCR values, exceeding the allowable limit of 1.0 in less than 90
minutes for the three-story frame and less than 80 minutes for the nine-story frame.

e Future studies could explore the effects of different fire temperatures and durations on the structural
performance of steel frames, as these factors may vary in real-world fire incidents.

e The DCR drift in the three-story frame exceeded the permissible limit in scenarios 1, 2, and 3, with
the highest drift observed in the first story, propagating significant displacement to upper levels. In
the nine-story frame, the drift-to-allowable-drift ratio in scenario 2 exceeded the permissible limit,
indicating a higher risk of soft-story formation in mid-level stories.

e Investigating the behavior of composite structures under fire conditions could provide additional
insights into improving fire-resistant designs.
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