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Abstract: This paper summarizes a study focused on evaluating the post-fire performance of steel
Intermediate Moment Frames (IMFs) following earthquakes. To this aim, archetypes comprising
3-bay IMFs with three different heights were seismically designed, and their two-dimensional finite
element models were created in OpenSees software. The post-fire mechanical properties of steel were
inserted into the models based on 64 different fire scenarios. The effects of different cooling methods
are scrutinized at system level. To develop seismic fragility curves, Incremental Dynamic Analysis
(IDA) was performed using 50 suites of far-field and near-field records, according to FEMA-P695.
Then, the Collapse Margin Ratio (CMR) of each model was calculated based on the data from the
fragility analysis. The results show that the seismic resistance of structures that experienced fire
declines to some extent. In addition, the lowest safety level was observed when the structures were
subjected to pulse-like near-field records.

Keywords: post-fire earthquake; intermediate moment frame; fire scenario; fragility curves; collapse
margin ratio

1. Introduction

Steel structures are inherently prone to fire incidents. Although structural steel is
noncombustible, its strength and stiffness can be compromised at high temperatures,
followed by permanent large deformations. In most cases, the post-fire condition alone may
not lead the structure to collapse, but problems arise when the structure sustains seismic
loading after experiencing fire. Therefore, it is essential to gain comprehensive knowledge
on the seismic performance level (PL) of steel structures after the fire incident which results
in the degradation of material properties. Of course, whether a fire-exposed structure can
be reliably reused or not is important in the first place [1].

The structural safety of steel structures in case of extreme circumstances such as
fire is often addressed by many codes in qualitative, yet ambiguous ways. Therefore,
structural engineers cannot achieve structural integrity by referring to specific code-based
methodologies [2]. The integrity of steel structures in a post-fire condition is mainly
influenced by the degradation of the steel material properties. Previous studies suggest
that although the mechanical properties of steel decrease at elevated temperatures, the
structure can completely or partially regain its initial properties after cooling down and
returning to ambient temperature [3–8]. However, there are some major factors that affect
this recovery process, namely the method of cooling down the metal and its rate, the
maximum temperature of steel, the chemical composition of the metal, etc. [9]. When the
steel members are rapidly cooled down from an elevated temperature in water or oil, the
material hardens due to the formation of martensite, a very hard phase of steel. However,
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when the cooling process is slower, then softer phases of metal will eventually form. If the
same steel is cooled down in air or sand, it results in a softer material without the hard
martensitic phase [10].

From a more general perspective, permanent deformations of structural components
and their residual stresses after a fire event determine the chance of building reutiliza-
tion [11–13]. Based on the literature, vulnerability functions on post-fire steel frames
have been studied regarding which three types of damage degree can be defined for steel
members: (1) structural components that appear to be straight or marginally distorted by
around four times ASTM A6 rolling tolerances [14], a case in which no repair is needed;
(2) members that sustain considerable deformation but could undergo heat-straightening,
and which are replaced if possible; and (3) members that are so severely deformed that
repair would be economically unfeasible compared to the cost of replacement due to the
metallurgical changes affecting their load-bearing capacity. According to the experimental
fire performance test data, it is anticipated that the last group is exposed to temperatures
beyond 600 ◦C [15]. The extent of structural damage determines the reparability and reuse
of the building. Furthermore, Weld et al. [16] demonstrated that the extent of damage to
the members is not only affected by peak temperature, but also depends on the duration of
fire exposure. Another major parameter affecting the post-fire state of steel components is
the difference between cooling methods, some of which lead to lower fatigue strength [17].

The behavior of structures subjected to abnormal loadings such as fire is escalated
following an earthquake event. The major problem arises from the heterogeneity of steel
members after cooling down, material degradation, and residual deformations [15,18].
A study by Quayyum and Hassan [15] dealt with the seismic behavior of post-fire steel
buildings whose fire originated from an earthquake event. Thermal analysis was carried
out to develop a contour of temperature history throughout the steel components, and the
results were used in thermomechanical analysis to examine their level of damage degree.
Results showed that steel frames designed with heavy member sections like steel wide
flange beams are prone to seismic vibrations in the case of not being repaired after fire.
Moreover, the stories in which fire has been ignited have demonstrated a weak column-
strong beam mechanism followed by soft-story failure due to plastic hinge formation in
columns. Pantousa et al. [18] narrowed down the scale of study to steel columns with axial
and rotational springs at the top ends serving as a boundary condition. Thermomechanical
analysis was conducted as an initial condition for cyclic loading. The findings without
considering boundary conditions indicated that at peak temperatures of less than or equal
to 550 ◦C, local displacements of 1 mm resulted, which showed there to be no impact on the
column behavior under cyclic loading. With the increase in maximum temperature, early
mechanisms of local buckling generated near the footing, followed by a great reduction in
the flexural capacity of columns. Three failure modes were observed: formation of plastic
hinge, local buckling mechanism, and global instability of columns about the weak axis
when demand does not exceed plastic moment capacity of the cross-section. However,
lateral buckling only caused failure to columns with considerable damage. Regarding
boundary conditions, studies have observed a reduction in the flexural and rotational
capacity of columns during cyclic loading. Premature local buckling at the top end was
found to be a failure mode induced by flexural deterioration.

Wang et al. [19] investigated the post-fire seismic performance of composite frames.
The tests revealed that debonding along interfaces of steel and concrete is the major hazard
in post-fire structures serving cyclic loading demands. Additionally, the ductility coefficient
and the ultimate displacement of heated frames were shown to be larger than that of initial
specimens subjected to cyclic loadings only. As for heating time, little effect was found
on the frame stiffness and damping coefficient. In another study [17], the influences of
elevated temperature on moment frame steel connections were fully experimented, and
finite element models were developed with a close similarity to experimental practice.

More recently, researchers have assessed the seismic damage of steel moment-resisting
frames by means of fragility curves, considering pounding effects [20], near-field ground
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motions with high frequency content [21], and impact actions [22]. Use of fragility curves is
also encouraged in post-fire seismic assessment of RC frames with elastomeric bearings [23].

The seismic behavior of fire-exposed steel structures has been addressed in few recent
studies. Several approaches for damage detection and for preventing structures from early
collapse have been introduced in the literature [24,25]. However, fragility curves and the
collapse margin ratio (CMR) represent better criteria for such evaluations. In this study, the
post-fire seismic behavior of intermediate MRFs (IMFs) at three height levels is investigated.
The archetypes are exposed to fire scenarios defined for either single or multiple stories,
addressing nearly all of the fire ignition possibilities. Moreover, structures are cooled
down using different methods at system level with the aim of choosing the critical case.
Time-history analyses are carried out under far-field (FF), near-field with pulse (NF-Pulse),
and near-field without pulse (NF-No Pulse) seismic records. The incremental dynamic
analyses were conducted in two directions via OpenSees 3.3.0 software. Finally, exceedance
probabilities are calculated based on data from fragility analyses, and CMRs are drawn to
determine the ultimate safety of fire-exposed structures in a future seismic event.

2. Materials and Methods
2.1. Assessment Procedure

Figure 1 illustrates the consecutive steps of current research. At the first stage, three
steel structures with the IMF system were three-dimensionally designed via ETABS 9.7.4.
software in accordance with the requirements of ASCE/SEI 7-16 [26]. To optimize compu-
tational resources, two-dimensional frames were selected from the investigated models
and simulated in OpenSees software.
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In the next step, a complete range of possible fire scenarios were planned and applied
to FE models. Using FEMA-P695 [27] ground motion records, IDA analyses were carried out
on both heated and unheated structures. Then, log-normally distributed seismic fragility
curves of models were depicted as to which exceedance probabilities were calculated.
Finally, margins of safety were determined according to FEMA-P695 [27].
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2.2. Specifications of Archetypes

This research aims to gain a broader understanding of IMF seismic performance in
multi-hazard fire scenarios due to their widespread use in many earthquake-prone areas.
The reason for choosing the intermediate type of moment-frame is that such systems
do not completely meet special detailing requirements for ductile behavior. Thus, IMF
post-fire cases are more prone to seismic hazard. Since a lower percentage of research is
carried out considering this system compared to special moment frames (SMF), the type of
moment-resisting steel frame used in this study is the one with an intermediate level of
ductility.

Investigated models consist of three multi-level steel IMFs of 3-, 6-, and 9-story build-
ings with modification factor (R) equal to 4.5, designed in ETABS software [28]. The design
conforms to ASCE/SEI 7-16 [26] standard requirements. A region of high seismic intensity
with risk and seismic design category of II and D, respectively, and associated parameters
Ss = 1.5 g and S1 = 0.6 g is supposed. The structures are designed for the soil class C, with
360 m/s shear velocity. Structural steel has the yield and ultimate strengths of 240 MPa
and 370 MPa, respectively. In addition, its modulus of elasticity and ultimate strain equal
to 2.0 × 105 MPa and 0.25, respectively. The columns are rigidly restrained at the position
of supports, and strip foundation is designed separately. The archetypes are identical to
the previous work of authors, and a full description of the designed cross-sections is given
in the referenced paper [29].

Figure 2 illustrates the geometrical configuration of the models. The rectangular plan
is similar in all structures with dimensions of 25 × 15 m. Span lengths in both directions
are typically 5 m. According to the plan view, three moment frames on each side of
the perimeter form the lateral force-resisting system of buildings, with gravity frames
composing inner parts. Furthermore, the height of all stories is identically considered as
3.2 m.
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2.3. Fire Scenarios

As mentioned in the Section 1, the level of damage followed by fire incident determines
whether the structure can be accommodated or the cost of repair is uneconomical. Since the
first two states are more prevalent among fire-affected MRFs, to estimate residual stress in
structural component is inevitable. This goal can be achieved by conducting experimental
tests on the target grade of steel under different peak temperatures and cooling methods.

Herein, the values of degenerated mechanical properties are granted from the ex-
perimental tests on various steel types [30]. The test results served as the benchmark for
material simulation of heated models. Since this study deals with fire conditions with max-
imum recorded temperature of 800 ◦C and 1000 ◦C and cooling methods of air and water,
the mechanical properties were directly obtained according to the predictive formulations
presented in the referenced research paper (See Table 1). In addition, Figure 3 illustrates the
post-fire stress–strain curves of the steel material for different variations.

Table 1. Post-fire mechanical properties at two elevated temperatures.

Steel Type

Temperature (◦C)

800 1000

Cooling Method

Air Water Air Water

E (MPa) 2.0 × 105 2.0 × 105 1.8 × 105 1.9 × 105

fy (MPa) 213.5 224 171 201
fu (MPa) 348 365.6 321.5 363
εy (-) 0.001 0.001 0.0009 0.001
εu (-) 0.20 0.21 0.19 0.2
εp (-) 0.19 0.16 0.18 0.13
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Figure 3. Stress–strain curve of steel material at the elevated temperatures.

In FE models, the simulation of fire is carried out by reducing the initial mechanical
properties to the values of degenerated material. To apply degraded parameters to the
models, different fire scenarios were devised to address the inherent randomness in spread
of fire within their stories. Three factors were considered in the selection of a fire scenario for
each model, including the location of fire exposure, cooling methods, and peak temperature.
The number of scenarios under which the 3-, 6-, and 9-story IMFs were analyzed was,
sequentially, 16, 24, and 24, which forms a total of 64 fire scenarios. Table 2 shows the
full description of undertaken scenarios, by which the two-dimensional FE models are
differentiated. The acronyms appear in this order: total number of stories, fire-exposed
levels, peak temperature, and cooling method, which is either air (a) or water (w). For
instance, MRF03-1to3-800w is the model with a 3-story whose total stories are subjected to
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800 ◦C heating and are subsequently cooled down by water. Figure 4 shows the fire scenario
in a 3-story IMF when the affected stories comprise only the second floor (Figure 4a) and
all three story levels (Figure 4b).

Table 2. Description of fire scenarios.

St
ru

ct
ur

e

Stories Exposed
to Fire

Temperature (◦C)

800 1000

Cooling Method

Air Water Air Water

3

1st MRF03-1-800a MRF03-1-800w MRF03-1-1000a MRF03-1-1000w
2nd MRF03-2-800a MRF03-2-800w MRF03-2-1000a MRF03-2-1000w
3rd MRF03-3-800a MRF03-3-800w MRF03-3-1000a MRF03-3-1000w

1st to 3rd MRF03-1to3-800a MRF03-1to3-800w MRF03-1to3-1000a MRF03-1to3-1000w

6

1st + 2nd MRF06-1to2-800a MRF06-1to2-800w MRF06-1to2-1000a MRF06-1to2-1000w
2nd + 3rd MRF06-2to3-800a MRF06-2to3-800w MRF06-2to3-1000a MRF06-2to3-1000w
3rd + 4th MRF06-3to4-800a MRF06-3to4-800w MRF06-3to4-1000a MRF06-3to4-1000w
4th + 5th MRF06-4to5-800a MRF06-4to5-800w MRF06-4to5-1000a MRF06-4to5-1000w
5th + 6th MRF06-5to6-800a MRF06-5to6-800w MRF06-5to6-1000a MRF06-5to6-1000w
1st to 6th MRF06-1to6-800a MRF06-1to6-800w MRF06-1to6-1000a MRF06-1to6-1000w

9

1st to 3rd MRF09-1to3-800a MRF09-1to3-800w MRF09-1to3-1000a MRF09-1to3-1000w
3rd + 4th MRF09-3to4-800a MRF09-3to4-800w MRF09-3to4-1000a MRF09-3to4-1000w
4th to 6th MRF09-4to6-800a MRF09-4to6-800w MRF09-4to6-1000a MRF09-4to6-1000w
6th + 7th MRF09-6to7-800a MRF09-6to7-800w MRF09-6to7-1000a MRF09-6to7-1000w
7th to 9th MRF09-7to9-800a MRF09-7to9-800w MRF09-7to9-1000a MRF09-7to9-1000w
1st to 9th MRF09-1to9-800a MRF09-1to9-800w MRF09-1to9-1000a MRF09-1to9-1000w
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2.4. Numerical Simulation

To save computational resources, a two-dimensional moment-resisting frame with
each joint having three degrees of freedom has been chosen from each model and simulated
using OpenSees’s [31] finite element software with the same boundary condition and
gravity loading as the initial design. The gravity load combination for nonlinear procedures
was set to 1.05DL + 0.5LL based on a research study [32]. To achieve more reliable results,
total frame mass is calculated at story level and assigned to concentrated nodes. A set of
P-∆ columns, also known as the leaning column, with two-force members are simply linked
to the two-dimensional frame via a “truss” element to simulate the lateral load induced by
the mass of inner frames (Figure 5). The P-∆ columns are modeled using rigid elements.
The practice of such a measure to capture additional deflection demands is encouraged
in many studies [33–35]. The hysteretic behavior of structural steel is modelled using
“uniaxialMaterial Steel02”, featuring isotropic strain hardening and degradation of material.
Additionally, the steel structural components were assigned “Nonlinear forceBeamColumn”
elements, considering 10 integration points along the element. Numerical integration
utilizes the Gaussian quadrature rule. Sections are simulated via “FiberSection” object,
with a structured mesh size of 1 × 1 cm2 for web and 0.5 × 0.5 cm2 for flange. The choice
of mesh size was inspired by the work of Quayyum et al. [15].
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A reliable constitutive model of post-fire structure requires inputting degraded me-
chanical properties of steel according to the predictive equations and the resulting stress–
strain curves. At this stage, steel material properties are applied to fire scenario models.
Two groups were considered: initial and post-fire cases. The initial cases consist of mod-
els with the primary mechanical properties of steel at ambient temperature, while those
of post-fire cases vary with fire scenarios. In OpenSees, steel material was assigned to
structural elements using uniaxial Giuffre–Menegotto–Pinto steel with isotropic strain
hardening, which features cyclic degradation. It must be mentioned that the verification of
the numerical modeling has been performed based on the available experimental data [36]
and that these results are reported elsewhere [29].

2.5. Time-History Analysis
2.5.1. Record Selection

Many approaches have been offered in the literature to model the plastic behavior
of steel structures using Non-Linear Time-History Analysis (NLTHA) [37]. NLTHA is
carried out in the current work under three sets of ground motion records. A total of 50
record sets were selected from the Appendix-A of FEMA-P695 [27], including 22 far-field
(FF), 14 near-field with pulse (NF-Pulse), and 14 near-field without pulse (NF-No Pulse)
earthquakes. The description of the main parameters of record sets is presented in Table 3.
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Table 3. Specification of PGA and PGV for record sets.

Record Type
PGA (g) PGV (cm/s) Distance ** (km)

Min. Max. Ave. * Min. Max. Ave. Min. Max. Ave.

FF 0.21 0.82 0.43 19 115 46 11.7 35.5 18.5
NF-Pulse 0.22 0.87 0.53 29.8 169.3 98.99 3.5 10.8 6.17

NF-No Pulse 0.28 1.43 0.65 34.7 126.4 80.1 3.9 12.1 7.6

* Ave. is Average. ** Distance refers to Campbell site-source distance criteria.

2.5.2. Development of Fragility Curves

To evaluate the seismic responses of a building thoroughly, Incremental Dynamic
Analysis (IDA) has been proposed. This involves subjecting structural models to multiple
records scaled with different seismic intensity levels ranging up to the collapse of system.
The ground motion records are scaled to their unique Sa,T1 value, defined as the spectral
acceleration corresponding to the first mode of the system with 5% damping ratio, and
selected as the Intensity Measure (IM) to form the input of IDA analysis; the maximum
inter-story drift ratio is chosen as Engineering Demand Parameter (EDP).

The resulting set of IDA curves are further analyzed to generate fragility curves. The
fragility curves are rational means of predicting potential damage of structure during
earthquake and determine the susceptibility of a member or system to meet the PL thresh-
olds. Currently, the Hazus manual [38] represents criteria for seismic loss estimation and
a benchmark from which damage limit states can be derived. According to Hazus, for a
given level of structural response, fragility curves distribute damage between four physical
damage states: Slight (S), Moderate (M), Extensive (E), and Complete (C). Table 4 shows
the corresponding values of PLs for the investigated structures.

Table 4. Percentage of drift ratio for high-code design level [38].

Structures
Drift Ratio of Damage State Levels

S M E C

3-story 0.6 1.2 3.0 8.0
6-story 0.4 0.8 2.0 5.33
9-story 0.3 0.6 1.5 4.0

The probability of EDPs exceeding a given PL can be demonstrated by a lognormal
cumulative distribution function. The probability of a ground motion exceeding a given
PL, C, at a particular IM, X, can be modeled as [39]:

P(C|IM = X) = Φ

(
ln
( x

θ

)
β

)
, (1)

ln(θ) =
1
n

n

∑
i−1

ln(IMi). (2)

β =

√
1

n− 1

n

∑
i−1

(ln(
IMi

θ
))

2
(3)

where Φ( ) is the standard normal cumulative distribution function (CDF), θ is the median
of the fragility function, β is the standard deviation of lnIM, n is the total number of
earthquake records considered, and IMi is the value of IM at which a certain PL is exceeded
in the ith ground motion. Considering the given limit states in Table 4 and data from IDA
analysis, fragility curves are derived.
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2.5.3. Collapse Margin Ratio

The procedure to identify a collapse point under individual intensities of ground
motion was described in the previous section. The term “Median Collapse Capacity”, ŜCT ,
corresponds to the spectral intensity with 50% probability of collapse. Calculating ŜCT
involves scaling all the ground motions to MCE intensity, SMT . Then, the intensities are
increased until the structural collapse occurs under over half of the scaled records. The
lowest intensity at which this objective is accomplished is selected as ŜCT . Furthermore,
SMT is defined as the intensity corresponding to the fundamental vibration period of the
structure and is obtained from the MCE response spectrum. Collapse safety of the structure
is mainly characterized by a parameter called the Collapse Margin Ratio (CMR) and is
described by the ratio between ŜCT and SMT (Equation (4)) which is necessarily equal to or
greater than 1 [40].

CMR =
ŜCT
SMT

, (4)

Collapse fragility curves can be obtained using the cumulative distribution function
(CDF) of collapse data points from IDA curves and fitting a lognormal distribution. Since
this is a demanding task, the full IDA process is unnecessary in studies whose only aim to
capture a CMR value. Thus, a fewer number of analyses may be required after selecting the
intensities close to the expected one. However, the number of increased intensities should
be sufficiently enough to confirm the suitability of the method.

3. Results
3.1. IDA Curves

IDA plots present the result of each nonlinear analysis in terms of the spectral intensity
of the earthquake (IM) on the vertical axis versus the corresponding result for the recorded
maximum inter-story drift ratio (DM) on the horizontal axis. The results of a given record
scaled to increasing spectral intensities are connected through a line. Different ground
motions generate varying results in the same index, according to the inherent differences
in their frequency content. Collapse assessment is judged either directly or indirectly as
stated in Chapter 6 of FEMA-P695 [27].

IDA response plots for three structural models are depicted in Figures 6–8, each
representing a comparison between a heated scenario and initial archetype in a given set of
records. The post-fire scenario in all three heights indicates the one in which all stories are
affected by 1000 ◦C temperature and the fire has naturally died out. In this work, collapse
points are identified in 10% drift ratio, which is approved in performance-based seismic
design literature to be a reasonable collapse criterion [29,40]. The corresponding Sa(T1,5%) at
collapse point in the 50% fractile IDA curves is approximately 2.0 g, except for NF-Pulse
records with nearly 1.7 g spectral acceleration at 10% drift ratio. Different records provide
dispersed results. However, DM is a monotonic function of IM in the summary of IDA
curves (i.e., 16%, 50%, and 84% fractile IDAs) without displaying a twisting pattern. These
figures indicate that there is an inverse relationship between height and maximum spectral
intensity in the collapse point which is evidenced by the lower slope of plots in the 9-story
structure compared to the others.

Another common trend is the impact of FF records on 50% percentile IDA among
identical models. The FF ground motions should be scaled up to marginally higher spectral
intensities to reach collapse point, which indicates that near-field records have more dev-
astating impacts on archetypes due to their high frequency content. This is more evident
in 3-story structures, especially in NF-Pulse records. Comparing the IDA fractile curves,
it is observed that when Sa is less than 0.5 g, the values of 16%, 50%, and 84% percentiles
almost coincide, and post-fire condition has no noticeable effect on the structure. However,
as Sa increases, the diversion between percentiles also amplifies, making the effect of fire
clear and significant.



Buildings 2023, 13, 1091 10 of 19

Buildings 2023, 13, x FOR PEER REVIEW 10 of 20 
 

to capture a CMR value. Thus, a fewer number of analyses may be required after selecting 
the intensities close to the expected one. However, the number of increased intensities 
should be sufficiently enough to confirm the suitability of the method. 

3. Results 
3.1. IDA Curves 

IDA plots present the result of each nonlinear analysis in terms of the spectral inten-
sity of the earthquake (IM) on the vertical axis versus the corresponding result for the 
recorded maximum inter-story drift ratio (DM) on the horizontal axis. The results of a 
given record scaled to increasing spectral intensities are connected through a line. Differ-
ent ground motions generate varying results in the same index, according to the inherent 
differences in their frequency content. Collapse assessment is judged either directly or 
indirectly as stated in Chapter 6 of FEMA-P695 [27]. 

IDA response plots for three structural models are depicted in Figures 6–8, each rep-
resenting a comparison between a heated scenario and initial archetype in a given set of 
records. The post-fire scenario in all three heights indicates the one in which all stories are 
affected by 1000 °C temperature and the fire has naturally died out. In this work, collapse 
points are identified in 10% drift ratio, which is approved in performance-based seismic 
design literature to be a reasonable collapse criterion [29,40]. The corresponding Sa(T1,5%) at 
collapse point in the 50% fractile IDA curves is approximately 2.0 g, except for NF-Pulse 
records with nearly 1.7 g spectral acceleration at 10% drift ratio. Different records provide 
dispersed results. However, DM is a monotonic function of IM in the summary of IDA 
curves (i.e., 16%, 50%, and 84% fractile IDAs) without displaying a twisting pattern. These 
figures indicate that there is an inverse relationship between height and maximum spec-
tral intensity in the collapse point which is evidenced by the lower slope of plots in the 9-
story structure compared to the others. 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 6. The 16%, 50%, and 84% fractile IDAs for 3-story initial and MRF03-1to3-1000a scenario 
models subjected to (a,d) FF, (b,e) NF-No Pulse, and (c,f) NF-Pulse records, respectively. 

  

0
0.5

1
1.5

2
2.5

3

0 5 10

S a
(T

1,
5%

), 
g

Drift Max, %

0
0.5

1
1.5

2
2.5

3

0 5 10

S a
(T

1,
5%

), 
g

Drift Max, %

0
0.5

1
1.5

2
2.5

3

0 5 10

S a
(T

1,
5%

), 
g

Drift Max, %

0
0.5

1
1.5

2
2.5

3

0 5 10

S a
(T

1,
5%

), 
g

Drift Max, %

0
0.5

1
1.5

2
2.5

3

0 5 10

S a
(T

1,
5%

), 
g

Drift Max, %

0
0.5

1
1.5

2
2.5

3

0 5 10

S a
(T

1,
5%

), 
g

Drift Max, %

Figure 6. The 16%, 50%, and 84% fractile IDAs for 3-story initial and MRF03-1to3-1000a scenario
models subjected to (a,d) FF, (b,e) NF-No Pulse, and (c,f) NF-Pulse records, respectively.
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Figure 7. The 16%, 50%, and 84% fractile IDAs for 6-story initial and MRF06-1to6-1000a scenario
models subjected to (a,d) FF, (b,e) NF-No Pulse, and (c,f) NF-Pulse records, respectively.

3.2. Fragility Curves

Figures 9–11 show the fragility curves of each model under different earthquake
records in heated and unheated conditions. The selected post-fire scenario is the same as
the one presented in the IDA results. For a given PL, the Probability of Failure (POF) in a
given spectral acceleration is pointed and fitted by a lognormal distribution.
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Figure 8. The 16%, 50%, and 84% fractile IDAs for 9-story initial and MRF09-1to9-1000a scenario
models subjected to (a,d) FF, (b,e) NF-No Pulse, and (c,f) NF-Pulse records, respectively.
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Figure 9. Fragility curves of 3-story structure subjected to (a) FF, (b) NF-No Pulse, and (c) NF-Pulse
records, respectively.
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Figure 10. Fragility curves of 6-story structure subjected to (a) FF, (b) NF-No Pulse, and (c) NF-Pulse
records, respectively.
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Figure 11. Fragility curves of 9-story structure subjected to (a) FF, (b) NF-No Pulse, and (c) NF-Pulse
records, respectively.

Generally, earthquakes following fire has an apparent effect on the performance of all
frames at different PLs. The increase in the height of the structure raises its vulnerability
to seismic loading after a fire incident. The POFs for post-fire and the initial case in the
spectral acceleration at the fundamental period, Sa(T1), are computed to be 0.52 and 0.45
in the E damage level of Figure 9a, respectively. According to Figure 10a, the related
measures for 6-story structures are 0.9 and 0.86, respectively. Therefore, the POF in Sa(T1)
and for a given PL increases with the increase in the height of the structure. In contrast,
temperature-conditioned structures decrease ŜCT more prominently with the decrease in
structural height. With regard to the suites of records, the structures of 3- and 6-story
structures revealed the minimum POF when subjected to FF ground motions, while such
records generated the maximum POF in 9-story structures.

Although previous fire exposure marginally altered the slight, moderate, and extensive
damage states of the unheated archetypes in their Sa(T1), it imposed great impact on the
POF in the complete damage state, particularly in the 6-story structure. It is evidenced from
Figure 10c with a relatively 8.8% increase in POF, where only 0.8% and 2.7% is captured for
the 3- and 9-story structures, respectively. According to Figure 9, POF in Sa(T1) and at the
extensive damage level of initial structures subjected to FF, NF-No Pulse, and NF-Pulse
records were 44%, 42%, and 47%, respectively, while the corresponding values for the 6-
and 9-story structures were almost twice as much. However, less than 5% probability of
exceedance at Sa(T1) from damage state C was drawn for all of the initial structures.

3.3. Inter-Story Drift Ratio

In this section, median inter-story drift ratios under Sa(T1,5%) corresponding to 50%
POF of each PL are withdrawn and illustrated in Figures 12–14. Using data from the
fragility analysis, individual ground motion records are scaled to the median spectral
acceleration of each PL. Afterwards, each structure is seismically analyzed in its initial and
critical fire scenario, and the median drift ratio of the entire record set is determined for
each story level. The reason to select median Sa(T1,5%) at each PL is that this is assumed to be
the representative of spectral acceleration of the structure after a seismic event. Therefore,
the resulted maximum drifts marginally vary with the drift ratio limits of PLs.

Generally, inter-story drift ratios are lower in fire-exposed structures than the initials,
except for the stories where fire was ignited. This trend is confirmed in almost all structures,
such as in Figure 14 where only the 4th story drift ratio in heated models transcended that
of initial structures.

In the 3-story structure, inter-story drift ratios almost remained steady between initial
and critical fire scenarios in the S and M levels. However, the difference increased signifi-
cantly with the increase in PL. In addition, the roof level in which the fire had been initiated
in the critical scenario demonstrated higher percentages of drift in all sets of records. Since
the entire levels of the 6-story structure were elevated in its critical fire scenario, its profile
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drift ratio was constant in both heated and unheated models. The first three PLs also
showed a good agreement, particularly in FF records, yet the drift ratios at C level varied in
the same manner. In the 9-story structure, the influence of fire was obvious in the 4th story
with a 0.6% increase in drift percentage. With regard to earthquake records, NF-Pulse, FF,
and NF-No Pulse had the most impact in the 3-, 6- and 9-story structures, respectively.
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Figure 12. Inter-story drift ratios for 3-story structure subjected to (a) FF, (b) NF-No Pulse, and
(c) NF-Pulse records, respectively.
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Figure 13. Inter-story drift ratios for 6-story structure subjected to (a) FF, (b) NF-No Pulse, and
(c) NF-Pulse records, respectively.
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Figure 14. Inter-story drift ratios for 9-story structure subjected to (a) FF, (b) NF-No Pulse, and (c)
NF-Pulse records, respectively.
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3.4. Exceedance Probability at Sa(T1)

The probability of exceedance defines the extent at which the scenario model is pre-
dicted to exceed the damage state limits in the spectral acceleration of the structure in
accordance with the design level. This is obtained from statistical data of the fragility
curves. By processing the data from fragility analyses, it was observed that different cool-
ing methods in a similar fire scenario were so scattered and random that no trend could be
determined. In addition, the case was the most severe in all models when the entire story
levels had been previously heated.

Table 5 compares the probability of exceedance from damage state levels at Sa(T1)
between the initial FE models and the average of fire-exposed structures. From the table,
higher exceedance probabilities are evident for fire-exposed frames at the same suit of
ground motion records. Moreover, all cases exceed the moderate damage state, and there
is an increase in the probability of exceedance from both extensive and complete levels in
post-fire structures. This is more obvious in the 3-story structure subjected to NF-No Pulse
records reaching from nearly 68% to 75% in the extensive damage level and 0.5% and 0.87%
in the complete damage level.

Table 5. Comparison of exceedance probability in pre- and post-fire seismic event.

Scenario
FF (%) NF-No Pulse (%) NF-Pulse (%)

S M E C S M E C S M E C

3-
story

Initial 100.0 100.0 69.7 0.4 100.0 100.0 67.6 0.5 100.0 100.0 72.7 0.6
PF * 100.0 100.0 74.14 0.77 100.0 100.0 75.19 0.87 100.0 100.0 77.53 1.44

6-
story

Initial 100.0 100.0 91.4 1.4 100.0 100.0 85.5 6.4 100.0 100.0 91.2 2.4
PF 100.0 100.0 91.9 2.5 100.0 100.0 89.7 7.6 100.0 100.0 93.7 5.8

9-
story

Initial 100.0 100.0 99.5 7.0 100.0 100.0 98.9 5.3 100.0 100.0 88.2 2.7
PF 100.0 100.0 99.4 9.7 100.0 100.0 99.3 7.0 100.0 100.0 91.6 5.2

* PF stands for Post-Fire.

3.5. CMR Results

Figure 15 presents the summary of CMR data through comparative bar charts. Each
set of three vertical bars relates to the collapse data from IDA analysis of an individual fire
scenario under different record sets. Although FF records generated highest CMR in the
6-story structure, NF-No Pulse demonstrated the greatest values in the other two structures.
Similarly, in all structures, the lowest margins of safety were captured when they were
subjected to pulse-like frequency content. In 3-, 6-, and 9-story models, CMR peaked at
around 2.4, 2.5, and 2.7, respectively. This underlines the direct relationship between height
and safety.

In 3-, 6-, and 9-story structures, the most critical fire scenarios were MRF03-3-1000a,
MRF06-1to6-1000a, and MRF09-3to4-1000a, respectively. The average CMR results of three
record sets for the critical scenarios were around 17–20% lower than their corresponding
values in initial cases, and about 12–16% lower than the average CMR of all records for
post-fire scenarios. In addition, about half of the fire scenarios showed closely identical
average CMRs to unheated structures. This indicates that the fire-exposed structures can
serve similar margins of safety to their primary condition in almost one-half of the cases.

By comparing different cooling methods and elevated temperatures in a given number
of stories exposed to fire, it is perceived that the air-cooled structures at 1000 ◦C heating
tend to produce the lowest CMRs. The difference between cooling methods is more obvious
at 1000 ◦C. Take the 9-story structure as an example, where every level had experienced fire.
When subjected to NF-No Pulse records, CMRs of air-cooled and water-cooled structures
are computed to be 2.57 and 2.60 at 800 ◦C, and 2.04 and 2.33 for 1000 ◦C temperature,
respectively. Thus, only a reduction of 0.03 in CMR is observed at 800 ◦C compared to 0.27
at 1000 ◦C. The most critical scenarios also emphasize the deteriorating effect of air cooling
which leads to a reduction in the total safety of the structures.
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Table 6 compares the values of CMR for the average and critical post-fire structures
with initial cases in terms of reduction percentages. A general decrease in measures can
be observed in temperature-conditioned structures. For instance, the CMRs of 3-, 6-, and
9-story IMFs subjected to far-field records were computed to be 1.86, 2.50, and 2.38, while
these values for the post-fire ones dropped to 1.79, 2.34, and 2.30, respectively. Considering
the mean post-fire structures, a maximum decrease of 7.4% in CMR can be observed in
the 3-story structures subjected to NF-No Pulse ground motions. Although the mean fire
scenarios reduced CMR by less than 10%, the reduction in measures at the most critical fire
scenarios ranged between 12.5% and 41.2%.

Table 6. Comparison of CMR.

Scenario FF % ** NF-No
Pulse % NF-Pulse % Avg. *** %

3-story
Initial 1.86 2.33 1.73 1.97
PF * 1.79 −3.9 2.17 −7.4 1.64 −5.5 1.87 −5.3
PFc * 1.60 −16.2 1.91 −22.0 1.39 −24.5 1.63 −20.9

6-story
Initial 2.50 1.89 1.75 2.05

PF 2.34 −6.8 1.82 −3.8 1.65 −6.1 1.94 −5.7
PFc 1.77 −41.2 1.68 −12.5 1.45 −20.7 1.64 −25.0

9-story
Initial 2.38 2.68 2.09 2.38

PF 2.30 −3.5 2.52 −6.3 1.99 −5.0 2.27 −4.8
PFc 1.90 −25.3 2.18 −22.9 1.74 −20.1 1.94 −22.7

* PF and PFc are the mean and critical Post-Fire CMRs, respectively. ** % is the percentage of decrease in post-fire
response. *** Avg. is the average of three records.

The lowest safety level of the structure was observed when subjected to NF-Pulse
records. That is to say, the corresponding values of mean CMR are significantly lower than
their counterparts from different record sets. This shows the structural vulnerability to
pulse-like characteristics of ground motions and should be addressed clearly in the design
stage of buildings in regions of moderate to high seismicity.

4. Conclusions

Previous research can only be considered a first step towards a more profound under-
standing of post-fire seismic performance of steel frames. However, there is much unknown
about the behavior of such fire-exposed structures with the IMF system during a future
seismic event. The post-fire seismic assessment of IMFs is of significant importance due
to their vulnerability to collapse after degradation of mechanical properties. In this paper,
archetypes that comprise 5-bay IMFs, with three different heights of 3, 6, and 9 stories,
were seismically designed. Afterwards, perimeter two-dimensional frames with a lateral
load-bearing system were selected and simulated in OpenSees software.

Considering a range of possible fire scenarios is the key criterion to determining the
most severe case of a post-fire structure. Three variants were adopted to simulate different
fire conditions, including peak temperature, cooling method, and the fire-affected stories.
The FE models were categorized based on these fire scenarios. In addition, three sets of
ground motion records with different site characteristics were selected from FEMA-P695
reference manual and scaled to increasing intensities. By conducting IDA analyses, fragility
curves and the exceedance probability from damage state levels at the design spectral
acceleration were obtained. Finally, the safety of structures was investigated by calculation
of the Collapse Margin Ratio (CMR) for each model. Some major findings are summarized
as follows:

• Investigating the comparative fragility curves, a greater POF can be seen with increas-
ing the height of structures. This can be illustrated by the probability of extensive
failure at Sa(T1) for the initial 3-, 6-, and 9-story structures subjected to NF-No Pulse
ground motions which equals to 42%, 78%, and 96%, respectively. Moreover, the
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9-story structures subjected to NF-Pulse records are predicted to demonstrate earlier
failures at their complete damage level, whereas the 3- and 6-story structures are the
most susceptible to FF ground motions.

• Inter-story drift ratios were lower in the critical fire scenarios compared to the initial
cases except for the stories affected by fire. For example, in the 3-story structure
subjected to NF-Pulse records, drift ratio differed nearly 0.25% between the 2nd and
3rd stories of the initial model. However, the difference was 3.7% in the critical fire
scenario, exceeding the roof drift ratio of the initial model. In addition, the 6-story
structure showed the least variations in terms of drift percentage among all the studied
structures due to its critical fire scenario.

• The CMR results show that the structures carry the lowest margins of safety when
subjected to NF-Pulse records. This emphasizes the fact that pulse-like frequency
contents reduce safety regardless of structural height. The minimum CMR values of
NF-Pulse records in 3-, 6-, and 9-story structures were 1.39, 1.36, and 1.71, respectively.

• The air cooling method and the 1000 ◦C elevated temperature were found to exacerbate
the seismic performance of post-fire structures. The CMR result for the most critical
scenario in the 9-story structure, i.e., MRF09-3to4-1000a, subjected to NF-No Pulse
ground motions was 2.18, while a value of 2.61 was determined for the fire scenario
MRF09-3to4-800w.

• Generally, pre-exposing structures to fire decreases the margin of collapse safety
compared to initial cases. This is evidenced by the average reduction percentages of
CMR which are 20.9%, 25.0%, and 22.7% for the 3-, 6-, and 9- story structures in their
most critical post-fire scenarios, respectively.

The findings of this study can contribute to a better understanding of seismic perfor-
mance of steel structures which had previously experienced fire. In addition, CMR was
found to be a key criterion to determine the capacity of post-fire structures. However, some
limitations can be found within the content of this study including the ideal assumption
of uniform distribution of temperature through steel members. Future research should be
conducted in more realistic settings to validate the numerical conclusions of the current
work. Researchers are recommended to perform thermal and thermomechanical analyses
instead of deriving the post-fire mechanical properties from predictive equations. In such a
case, the heterogeneity of residual stresses in structural components would be considered.
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