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Abstract: Finding out the most effective parameters relating to the resistance of reinforced concrete connections (RCCs) is an 
important topic in structural engineering. In this study, first, a finite element (FE) model is developed for simulating the performance 
of RCCs under post-earthquake fire (PEF). Then surrogate models, including multiple linear regression (MLR), multiple natural 
logarithm (Ln) equation regression (MLnER), gene expression programming (GEP), and an ensemble model, are used to predict the 
remaining load-carrying capacity of an RCC under PEF. The statistical parameters, error terms, and a novel statistical table are used 
to evaluate and compare the accuracy of each surrogate model. According to the results, the ratio of the longitudinal reinforcement 
bars of the column (RLC) has a significant effect on the resistance of an RCC under PEF. Increasing the value of this parameter from 
1% to 8% can increase the residual load-carrying capacity of an RCC under PEF by 492.2% when the RCC is exposed to fire at a 
temperature of 1000 °C. Moreover, based on the results, the ensemble model can predict the residual load-carrying capacity with 
suitable accuracy. A safety factor of 1.55 should be applied to the results obtained from the ensemble model. 
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1  Introduction 
 

Based on historical records, the risk of a post- 
earthquake fire (PEF) can be greater than that of a 
single earthquake. The fires following the 1906 San 
Francisco and 1923 Tokyo earthquakes are known as 
the most destructive fires of the 20th century. In the 
San Francisco disaster, over 3000 people were killed, 
and more than 28 000 buildings were destroyed at an 
estimated cost of 250 million dollars. The 1923 Tokyo 

earthquake and fire caused even more damage: about 
575 000 buildings were destroyed, and over 140 000 
people killed (Scawthorn et al., 2005).  

Based on previous studies of the PEF perfor-
mance of structures, several researchers evaluated the 
possibility of a fire occurring after an earthquake 

based on its intensity (D׳Orazio et al., 2014). They 
demonstrated that there is a relationship between the 
probability of ignition and several parameters, such as 
peak ground acceleration (PGA), possibility of 
structural collapse, and ground tension (Himoto and 
Tanaka, 2008; Khorasani et al., 2017). Scawthorn 
(2010) showed that there is a strong relationship  
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between seismic intensity and the possibility of igni-
tion (Scawthorn, 2010). 

It is clear that the mechanical strengths of steel 
and concrete are reduced because of the increase in 
temperature (Wen et al., 2016). Several researchers 
focused on the fire resistance of reinforced concrete 
(RC) elements. Kodur et al. (2010) evaluated the 
thermal properties of concrete and steel. They showed 
that the thermal parameters of an RC element, such as 
the expansion coefficient, mass density, and specific 
heat capacity, change at various temperatures. They 
also demonstrated that the mechanical strengths of 
steel and concrete are reduced at elevated tempera-
tures (Kodur et al., 2010; Kodur and Khaliq, 2011). 

Based on the results of systematic studies on 
steel and concrete members, design methods for im-
proving the performance of concrete and steel frame 
under fire have been presented (Elghazouli et al., 
2009; McConnell and Brown, 2011; Kumar et al., 
2013). Several researchers focused on the fire re-
sistance of concrete-filled steel connections and hol-
low columns (Han et al., 2007; Heidarpour and 
Bradford, 2011). They evaluated the effect of design 
parameters on the fire resistance of concrete-filled 
steel tubular columns and joints (Han et al., 2007). 
Several studies focused on the evaluation of damage 
to RC elements exposed to fire (Bratina et al., 2007; 
Kodur et al., 2008; Wu and Xu, 2009; Gao et al., 
2013). The fire resistance of a building is related to 
the time from the start of a fire to when the structure 
collapses under the applied standard static and live 
loads. The fire-resistance rating (FRR) is a term that 
classifies the fire resistance of primary and secondary 
building elements (Kodur and Dwaikat, 2007). The 
results of previous studies show that the fire re-
sistance of structural members subjected to a seismic 
load is lower than those of undamaged structural 
elements (Mostafaei et al., 2010; Sharma et al., 2012). 
The fire resistance of RC members is related to the 
fire resistance of concrete and reinforcement bars 
(Cai et al., 2018). The thermal conductivity of con-
crete is low, and its heat transmission to the core of the 
cross-section is low. In contrast, a reinforcement bar 
has high thermal conductivity (He et al., 2016; 
Mohebbi et al., 2017). A concrete cover plays an 
important role in insulating the reinforcement bars 
against fire because of its slow heat transmission. It is 
clear that a crack in concrete has a significant effect 

on the fire resistance of RC elements (Mohebbi et al., 
2017). Several studies focused on the PEF resistance 
of concrete structures. They evaluated the fire re-
sistance of damaged and undamaged RC structures to 
demonstrate the heat penetration into the damaged 
RC elements (Ronagh and Behnam, 2012; Behnam 
and Ronagh, 2013b; He et al., 2016; Mohebbi et al., 
2017). Kong (2011) presented an equation to deter-
mine the temperature penetration depth for the 
cracked concrete. Shi et al. (2004) evaluated the effect 
of a concrete cover on the fire resistance of RC flex-
ural members. The thermal conductivity of an RC 
element reduces when crack width increases 
(Vejmelková et al., 2008). Minor tensile cracks do not 
have a significant effect on temperature propagation 
inside a section. In addition, the fire resistance of 
lightly damaged and undamaged members is the same 
(Ervine et al., 2012). Several previous studies illus-
trated that the crack width, compressive strength of 
concrete, deflection, and the change in the elastic 
modulus play important roles in fire resistance (Mo-
stafaei and Kabeyasawa, 2007; Vejmelková et al., 
2008; Ervine et al., 2012). Miao et al. (2013) evalu-
ated the performance of seven RC beams with various 
crack widths under fire and proposed a numerical 
model to predict the performance of RC beams. Wu et 
al. (2014) evaluated the effect of heat conduction on 
the cracked concrete members. In their study, nine 
cracked concrete specimens and one ordinary con-
crete specimen were exposed to fire to evaluate the 
effect of cracks on temperature distribution in con-
crete elements. They found that cracks with a length 
of no more than 3 mm do not have a significant effect 
on temperature distribution (Wu et al., 2014). 

Most previous studies focused on the PEF re-
sistance of structural elements. Della Corte et al. 
(2003) evaluated the PEF resistance of a steel moment 
frame (SMF) using numerical models. Pucinotti et al. 
(2011) evaluated the PEF resistance of steel beam-to- 
column joints experimentally. Bursi et al. (2011) 
evaluated the PEF performance of four steel-concrete 
composite beam-column joints. They showed that the 
resistance and performance of precast connections are 
better than those of composite joints. Behnam et al. 
(2016) evaluated the PEF resistance of two kinds of 
reinforced concrete connections (RCCs). The RCCs 
had the same configuration, concrete strength, 
amount of steel bars, and geometry, but one was  
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retrofitted with carbon fibre reinforced polymer 
(CFRP). The PEF resistance of the CFRP-strengthened 
RCC was more than that of the ordinary RCC. Ka-
math et al. (2015) evaluated the PEF resistance of a 
full-scale RC frame. Sixty minutes after ignition, they 
observed a loss of 44% in the lateral load-carrying 
capacity at a displacement of 30 mm, and 10% at the 
peak displacement of the cyclic loading step. 

Beam-to-column connections are one of the 
most critical parts of an RC frame in both an earth-
quake and a fire following an earthquake (FFE). 
During an earthquake, the maximum values of 
bending moments and shear forces occur together at 
the beam-to-column connection (Guo, 2014), which 
may cause significant damage to the structure. As a 
result, the performance of RCCs under seismic load-
ing has attracted much attention. Kim and LaFave 
(2007) used a database of 341 RC beam-to-column 
connections to investigate the shear stress and strain 
behavior of RCCs under lateral cyclic loading. They 
found that the compressive strength of concrete had 
the most influential effect on joint shear behavior. 
Birss (1978) evaluated the effect of longitudinal re-
inforcements of a column on the load-carrying ca-
pacity and earthquake resistance of RCCs. They 
showed that longitudinal reinforcements play an im-
portant role in the performance of RCCs. For example, 
increasing the percentage of longitudinal reinforce-
ments from 2% to 4% can improve the load-carrying 
capacity of RCCs by up to about 15%. Furthermore, 
the percentage of transverse reinforcements of con-
nection components can significantly affect the be-
havior of RCCs under lateral cyclic loads (Pampanin 
et al., 2002). The results showed that changes in sev-
eral parameters, such as the ratio of longitudinal bars 
and the transverse bars of the column and beam of an 
RCC, the bonded index of column bars, and the ratio 
of beam depth to column depth, have a significant 
effect on the ductility and load-carrying capacity of 
RCCs. Therefore, it is important to specify the effect 
of these parameters on the PEF resistance of RCCs.  

The finite element method (FEM) is a useful tool 
to carry out the parametric studies (Shishegaran et al., 
2019). It is a low-cost and accurate method for solv-
ing structural problems, but is complex. Visible re-
gression models are useful tools to predict the per-
formance of structural elements because engineers 
can use them easily (Shishegaran et al., 2020a). Sev-

eral studies have focused on regression models, such 
as multiple linear regression (MLR), to predict the 
performance of beam-to-column connections (Islam 
and Alam, 2013; Shishegaran et al., 2017, 2018). 
Multiple natural logarithm (Ln) equation regression 
(MLnER) has been used to predict the performance of 
an RC panel under an explosive load. Gene expres-
sion programming (GEP) is a stronger model for 
predicting the performance of structural elements, 
because it not only removes inappropriate parameters, 
but also uses a genetic algorithm to find the best 
mathematical function or combination of functions to 
predict the output (Shishegaran et al., 2020a, 2020b). 

Most previous studies focused on steel connec-
tions (Pakala et al., 2012), steel frames (Khorasani et 
al., 2015b; Gernay et al., 2019), steel elements 
(Khorasani et al., 2015a), or steel-concrete connections. 
Only a few focused on the PEF performance of RCCs 
(Wen et al., 2016). Several studies evaluated the fire 
resistance of damaged RC elements, like the RC beam, 
RC column, and steel-concrete composite beam-to- 
column joints (Bursi et al., 2011; Miao et al., 2013; 
Wu et al., 2014; Wen et al., 2016). For example, Bursi 
et al. (2011) and Wen et al. (2016) evaluated the effect 
of geometric damage and the various types of spalling 
at the end of the seismic loads on the PEF resistance 
of steel-concrete composite beam-to-column joints 
and RC columns, respectively. According to the effect 
of PEF on the damage of RC structures and for 
making a more comprehensive study of the fire per-
formance of concrete structures after an earthquake, 
the effect of many design factors and combination of 
them, such as the compressive strength of concrete, 
the ratio of reinforcement bars of a column and beam, 
the ratio of beam depth to column depth, the bonded 
index of column bars, and the percentage of connec-
tion transverse shear bars, on the PEF resistance of the 
RCC is determined in this study. To investigate the 
effect of different parameters on the remaining 
load-carrying capacity of the RCCs, 132 RCCs were 
simulated and analyzed using FEM. Four prediction 
models, MLR, MLnER, GEP, and an ensemble model 
which is a combination of MLR, MLnER, and GEP, 
were used for the first time to predict the remaining 
load-carrying capacity of RCCs. Various statistical 
parameters and error terms, including the coefficient 
of determination, root mean square error (RMSE), 
normalized mean square error (NMSE), fractional 
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bias, maximum and negative relative errors, and mean 
absolute percentage error (MAPE), are employed to 
compare the accuracy and reliability of the mentioned 
prediction models. 
 
 
2  Methodology 

 
The two main aims of this study were to perform 

a parametric study of an RCC under PEF and evaluate 
different models for predicting its residual load- 
carrying capacity. In the first part of the study, nine 
parameters, including the beam depth, compressive 
strength of the concrete, percentages of beam and 
column longitudinal reinforcements, percentage of 
joint transverse reinforcement, column depth, column 
reinforcement bond index, axial load of the column, 
and temperature, were varied among 132 samples. 
Then the remaining load-carrying capacities of the 
samples were calculated using nonlinear finite ele-
ment (FE) analysis. Based on the FE results, the effect 
of each parameter on the load-carrying capacity of the 
RCC was determined. 

In the second part, four prediction models were 
derived for predicting the performance of the RCC 
under PEF. Seventy percent of the samples chosen at 
random were used to train the prediction models, and 
then the remaining samples were used to verify the 
formulas obtained. The accuracy of the models was 
compared using different statistical parameters and 
error terms. The prediction results were assigned to 
six categories: ‘very good’, ‘good’, ‘acceptable’, 
‘unacceptable’, ‘bad’, and ‘worst’. Based on this 
approach, the best model was selected as the one 
which had the highest proportion of errors distributed 
in the ‘very good’ and ‘good’ categories. Absolute 
errors of more than 25% were identified, and the 
reasons for their existence explained and justified 
(Shishegaran et al., 2020b). Finally, a safety factor 
was obtained, which should be applied to the predic-
tion results to increase the reliability of the best model. 
The steps of the study are illustrated in a flowchart 
(Fig. 1). 

 
 

3  FE model under PEF 
 
ABAQUS FEA software was used for numerical 

analysis of RCCs under PEF. To analyze the RCCs 

under fire conditions, C3D8T (a full integration 3D 
temperature-displacement continuum element with 8 
nodes of thermally coupled brick) and T3D2T (a 3D 
coupled temperature-displacement truss element 
with 2 nodes, linear displacement, and linear tem-
perature) were used to mesh concrete and steel bars, 
respectively. Embedded region constraint was used to 
define the interaction between the concrete and bars. 
The loads and fire were applied in four steps as  
follows: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. In the first step, an axial load was applied to 

the top surface of the column, and maintained to the 
end of the analysis. 

2. The loading sequence (Fig. 2a) presented in 
FEMA 461 (ATC, 2007) was used for cyclic loading 
in the second step. The cyclic loading was applied to 

Fig. 1  A flowchart showing the steps of this study 
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the top end of the column in a displacement- 
controlled manner. 

3. In the third step, the temperature of the RCC 
was increased based on the ISO 834-1 heating curve 
(ISO, 1999) (Fig. 2b). 

4. In the last step, a monotonic pushover loading 
was applied to the top end of the column to specify the 
residual capacity of the connection after the previous 
steps. 

The bottom end of the column was assumed to 
be pinned, and was simulated by restraining the center 
of the bottom end of the column against translations 
in the x, y, and z directions. The center of the top of 
the column was restrained only in the lateral x direc-
tion (Fig. 3). The beam’s ends were restrained in both 
the lateral x and vertical y directions. 

The thermal reaction of elements against fire is 
fundamentally a transient heat transfer process, in 
which the heat of the fire is transmitted to the outer 
surface of the heated elements by radiation and con-
vection, which is then followed by conduction into 
the internal surfaces of the corresponding parts. The 
values of the heat convective coefficient (hv), emis-
sivity of fire (ef), and emissivity of the concrete and 
steel surface (em) were considered as 25 W/(m2·K),  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0.8, and 0.7, respectively, for the composite elements, 
based on Eurocode 2 and Eurocode 3 (CEN, 2001, 
2004). These values were used for simulating the 
specimens in this study. The boundary conditions 
were specified as prescribed temperatures based on 
the ISO 834-1 heating curve (ISO, 1999) because the 
fire was applied to the external surface of the samples. 
Because of some limitations of the ABAQUS FEA 
software and the complexity of modeling composite 
structures under fire, to simulate the most realistic 
condition of fire loading and simplify some less ef-
fective factors, the following assumptions were made 
in this study (Behnam and Ronagh, 2013a; Guo, 2014; 
Wen et al., 2016): 

1. The initial temperature of the specimens was 
defined as 20 °C in a predefined field.  

2. The temperature distribution was uniform all 
over the beam to the column joint components at each 
elevated temperature of the ISO 834-1 fire curve. 

3. The bond-slip between the concrete and re-
inforcement bars was not considered. 

4. The contribution of reinforcement bars was 
not addressed for the thermal field, and the spalling in 
concrete elements was ignored. 

3.1  Material properties of steel reinforcements 
under fire 

In this study, the EN 1993-1-2 design code (CEN, 
2001) with the von Mises yield criterion was used to 
simulate the stress-strain characteristics of the steel 
rebars at elevated temperatures. Based on EN 

Fig. 2  Loads applied to the RCCs 
(a) FEMA 461 loading sequence (ATC, 2007); (b) ISO 834-1 
temperature-time heating curve (ISO, 1999) 
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Fig. 3  Details of the RCC model used in this study, in-
cluding geometric properties, considered boundary con-
ditions based on the experimental setup, finite element 
meshing, and considered boundary conditions in FEA 
(DS, 2010) (u is the deflection in boundary condition) 
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1993-1-2, at temperatures higher than 400 °C, strain 
hardening is insignificant. Therefore, in this study the 
values in Fig. 4a were used to model the behavior of 
steel at temperatures below 400 °C, and the values in 
Fig. 4b were used to simulate the behavior of steel at 
temperatures higher than 400 °C. The mechanical 
properties of steel, including the slope of the linear 
elastic range, yield strength, and proportional limit, 
are degraded significantly at high temperatures. The 
effect of temperature was considered by defining a 
series of stress-strain relationships for increasing 
temperature ranges based on the reduction factors, as 
presented in EN 1993-1-2 (CEN, 2001). Fig. 4b rep-
resents the reduction factors for the stress-strain rela-
tionship of steel bars with respect to temperature in 
which the elastic modulus factor, the effective yield 
strength factor, and the proportional limit factor are 
considered as ET/E, fy,T/fy, and fp,T/fy, respectively. E is 
the slope of the linear elastic range, and fy is the ef-
fective yield strength of bars at room temperature. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
According to EN 1993-1-2 (CEN, 2001), the 

value of the ultimate strength of steel (fu) depends on 

the applied temperature (T). Eq. (1), which is used in 
this study, is presented in this standard as follows: 
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Variation in the thermal properties of steel bars, 

including the thermal expansion coefficient, specific 
heat capacity, and thermal conductivity at elevated 
temperatures, was considered based on EN 1993-1-3 
(Fig. 5) (CEN, 2001). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The properties of S400 and S340 steels were 

used to simulate the longitudinal reinforcement and 
shear reinforcement bars, respectively, in all samples. 
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Fig. 5  Thermal properties of steel bar under fire condition 
(a) Specific heat capacity; (b) Thermal expansion coefficient;
(c) Thermal conductivity (CEN, 2001) 
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Their mechanical and thermal properties at ambient 
temperature are listed in Table 1 (Shishegaran et al., 
2020a). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.1.1  Material properties of concrete under fire 

EN1993-1-2 (CEN, 2004) was used to simulate 
the behavior of concrete under fire in the FE nonlinear 
models. Concrete is a non-homogeneous, anisotropic 
medium composed of aggregate, cement paste, and 
water. For simplicity, it can be treated as a homoge-
neous isotropic material in heat transfer analysis 
(Shishegaran et al., 2020a). 

The mechanical and thermal properties of con-
crete at ambient temperature are shown in Table 2. 
The thermal expansion coefficient, specific heat ca-
pacity, and thermal conductivity of concrete at ele-
vated temperatures, available in Eurocode 2 (CEN, 
2004), were used in this study (Fig. 6). 

Concrete damaged plasticity (CDP) can be used 
to simulate the behavior of concrete after a crack 
because of applying the elastoplastic and plastic be-
havior of concrete (Lubliner et al., 1989). CDP was 
used to simulate the nonlinear behavior of concrete in 
this study and several previous studies (Rabczuk et al., 
2008; Oucif et al., 2018; Thai et al., 2020). The CDP 
input parameters used in this study are shown in Ta-
ble 3. The CDP model considers two prominent fail-
ure mechanisms of concrete: compressive crushing 
and tensile cracking. Figs. 7a–7c illustrate the be-

havior of concrete based on the CDP model under 
uniaxial compression and tension, and cyclic loading, 
respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Mechanical and thermal properties of S340 and 
S400 steel bars at room temperature (Shishegaran et al., 
2020a) 

Mechanical property 
Value 

S340 S400 

Density, ρ (kg/m3) 7850 7850 

Elastic modulus, E (GPa) 200 200 

Poisson’s ratio, v 0.3 0.3 

Yield strength, fy (MPa) 340 400 

Ultimate strength, fu (MPa) 425 500 

Yield strain, εsy 0.02 0.02 

Strain hardening limit, εss  0.04 0.04 

Limiting strain for ultimate strength, εst 0.15 0.15 

Ultimate strain, εsu 0.2 0.2 

Thermal expansion coefficient, αt  
(×10−5 K−1) 

1.2 1.2 

Specific heat capacity, Cp (J/(kg·K)) 440 440 

Thermal conductivity, λc (W/(m·K)) 53 53 

Table 2  Mechanical and thermal behaviors of concrete 
(C40) at ambient temperature (CEN, 2004) 

Mechanical property Value 

Density, ρ (kg/m3) 2400 
Elastic modulus, E (GPa) 27 
Poisson’s ratio, v 0.15 
Compressive strength, fcu (MPa) 40 
Tensile strength, fct (MPa) 4 
Thermal expansion coefficient, αt (×10−5 K−1) 1.0 

Specific heat capacity, Cp (J/(kg·K)) 900 
Thermal conductivity, λc (W/(m·K)) 1.96 
Ultimate strain, εcu 0.0035 
Fracture energy, GF (N/m) 138.43 
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Fig. 6  Thermal behavior of concrete under fire 
(a) Special heat capacity; (b) Thermal expansion coefficient;
(c) Thermal conductivity 
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Degradation in concrete behavior occurs as a re-

sult of tensile and compressive damages. This degra-
dation was applied to the model by using tensile and 
compressive damage variables in the CDP model that 
can perform degradation in elastic stiffness (DS, 2010).  

Thermal spalling of concrete under fire condi-
tions is a significant point that needs to be considered. 
It appears instantly and may lead to a considerable 
reduction in the load-bearing capacity of the structure 
(Rabczuk, 2013). Thermal spalling has a prominent 
effect on structural members that have more than 4– 
5 cm of cover or in members made of high-strength 
concrete (Su et al., 2010). In this study, thermal 
spalling was not considered for simulating the spec-
imens because the RCCs were made of normal- 
strength concrete with a cover of 4.5 or 3 cm. 

3.1.2  Fracture energy of concrete under fire 

The stress-strain curve is “scaled” such that  
accurate energy dissipation at post localization is 
guaranteed, which ultimately provides mesh- 
independent results because a plastic-damage model, 
such as the CDP model, causes in an ill-posed 
boundary value problem and is associated with mesh 
dependency (Pavlović et al., 2013). This needs an 
extra material parameter, the fracture energy of con-
crete (GF) (CEB-FIP, 1993; Rabczuk and Belytschko, 
2006; Su et al., 2010; Markovič et al., 2012; Pavlović 
et al., 2013; Rabczuk, 2013). This parameter can be 
obtained experimentally (Su et al., 2010). However, 
in the absence of experimental data, Su et al. (2010) 
presented an estimation of GF as 

 
0.18

F cm7 ,3G f                          (2) 
 

where fcm is the mean compressive strength. The 
scaling for a linear softening to avoid mesh depend-
ency follows the simple relationship (CEB-FIP, 1993; 
Markovič et al., 2012):  
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where a and ft are the characteristic size of a finite 
element and the maximum tensile stress, respectively. 
The values of εcu1,θ and εc1,θ at elevated temperatures, 

Table 3  Values considered for CDP input parameters in 
all samples 

Parameter Value 
Dilation angle, ψ (°) 35 
Plastic potential eccentricity, εp 0.1 
Stress ratio, σb0/σc0 1.16 
Shape of the yielding surface, Kc 0.667 
Viscosity coefficient, μ 0.0001 

σb0 is the concrete strength in the biaxial state; σc0 is the concrete 
strength in uniaxial strength 
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Fig. 7  Behavior of the concrete under uniaxial loading in 
compression (a), tension (b), and cyclic loading (c) (DS, 
2010). Subscripts c and t represent compression and ten-

sion, respectively; εpl  is the plastic stain when the load is 

removed; εel is the elastic strain after reloading; (1−d) is 
the slope of stress and strain curve of concrete when the 
load after plastic behavior of concrete is removed; W is 
the stayed strain after plastic behavior of concrete and 
after removing load; E0 is the elastic module 
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defined as the ultimate compressive strain and com-
pressive strain at the peak point, respectively, were 
considered based on Eurocode 2 (CEN, 2004). 

To define the compressive stress-strain curve of 
concrete (C40) at elevated temperature, Eq. (4) is 
presented for the nonlinear branch based on the EN 
1992-1-2 (CEN, 2004). 
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                (4) 

 
where σ(θ) and εc are the compressive stress and strain, 
respectively, of concrete at temperature θ. fc,θ is the 
stress at the peak point. 

To avoid convergence problems, the linear de-
scending branch was selected (Fig. 8). 

At high temperatures, the tensile strength of 
concrete decreases significantly as temperature in-
creases. Reduction factors (kc,t(θ)) for the tensile 
strength at elevated temperatures were adopted from 
(CEN, 2004): 
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3.2  Validation 

Validation of the FE model was achieved by 
comparison with two experimental results. First, the 
performance of a single-story reinforced concrete 
frame (RCF) under PEF was simulated by the pro-
posed FE model. In Section 3.2.1, the FE results are 
compared with the experimental results of Kamath et 
al. (2015). Then, to evaluate the validity of the FE 
model for simulating RCC and the influence of the 
material parameters and geometry on the FE model, 
the results of the FE model are compared with the 
experimental results of Behnam et al. (2016) pre-
sented in Section 3.2.2. 

3.2.1  Verifying the FE model for developing models 

To evaluate the validity of the FE model, the FE 
results were compared with experimental data gener-
ated by Kamath et al. (2015). In their study, a single- 
story RCF with a strong floor was modeled. The same 
geometry, boundary condition, material properties, 
and applied loads were considered for simulating with 
the FE model. Figs. 9a and 9b show the geometric 
dimensions of the frame components which consisted 
of four 300-mm square columns at 3000-mm centers 
in the N-S and E-W directions. There were four 
beams with widths and depths of 230 mm. The 
thickness of the RC roof slab was considered as 
120 mm. Hydraulic jacks were used to apply lateral 
displacements to the RC slab (Fig. 9a). All the col-
umns terminated in a thick RC raft foundation 
(Fig. 9b). The results obtained from the FE model 
were compared in terms of the hysteresis curve and 
temperature variation in the depth of the beams at five 
locations. 

The mechanical properties of the steel rein-
forcement bar and the concrete, and geometries of 
RCF components, were considered as the reported 
data in the study of Kamath et al. (2015). Four steps 
were considered to analyze the FE models. First, a 
total gravity load of 400 kN was applied to the frame, 
which included a full complement of the dead load 
and 25% of the live load. In the second step, the frame 
was subjected to cyclic lateral loading at the roof slab 

Fig. 8  Behavior of concrete under fire 
(a) Constitutive model of concrete at elevated temperatures; 
(b) Reduction factors (kc,t(θ)) for decreasing the tensile 
strength of concrete at elevated temperatures (CEN, 2004) 
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level in a quasi-static manner. The cyclic loading was 
applied in a load-controlled mode (Fig. 10a) to induce 
the lateral displacements corresponding to ASCE 
(2000). In the third step, the RC frame was exposed to 
fire. Fig. 10b shows the applied temperature-time 
curve in the study of Kamath et al. (2015). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To determine the residual capacity of the frame 

and its strength and stiffness degradation during the 
previous steps, in the fourth step, the frame was sub-
jected to a monotonic pushover loading, which causes 
displacements beyond the maximum displacement  
in the second step. In the third step, a coupled  
temperature-displacement analysis was performed in 
ABAQUS/standard, in which displacements and 

temperatures were simultaneously solved, while in all 
other steps, the analysis was set to static general. 
Geometric nonlinearity was also taken into account 
by using the NLGEOM command to consider the 
effect of large deformations on the analysis. The 
embedded region constraint was used to define the 
interaction between the concrete and the steel bars. 
The concrete components of the RC frame and steel 
reinforcement bars were meshed using C3D8T and 
T3D2T elements, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
First, a mesh size sensitivity analysis was per-

formed to determine the best size of the mesh to pro-
vide acceptable accuracy. Four FE models with dif-
ferent mesh sizes were proposed, including RCF#1, 
RCF#2, RCF#3, and RCF#4, in which the mesh sizes 
were considered as 100, 70, 50, and 30 mm, respec-
tively. The load-deflection results of the above- 
mentioned models were compared to the experi-
mental results (Fig. 11). 

According to the results (Fig. 11), the mesh sizes 
used in models RCF#3 and RCF#4 show the same 
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Fig. 10  Applied lateral load and temperature 
(a) Time history of the applied cyclic load based on ASCE
(2000) and Kamath et al. (2015); (b) Considered temperature-
time curve for the applied effect of fire on the RC frame
(Kamath et al., 2015) Fig. 9  Geometry and considered boundary conditions 

(a) Dimensional geometry of the plan of RC frame; (b) Ap-
plied load and fire (Kamath et al., 2015). φ is the rotation and Δ
is the deflection in the boundary condition (unit: mm) 
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results in the load-deflection curves, which were in 
good agreement with experimental results. Therefore, 
the mesh size of 50 mm was considered as the vali-
dated FE nonlinear model, and was used to simulate 
all models presented in the parametric study.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12 shows the hysteresis curves of the RC 

frame under lateral cyclic loading that were obtained 
from the FE model and the experimental test. The FE 
analysis results provided a suitable prediction for the 
behavior of the RC frame under seismic loading. In 
the experimental study, the maximum displacements 
in the push and pull cycles were obtained as 95 mm 
and 85 mm, respectively. The FE model gave the 
maximum displacements as 99 mm and 89 mm for 
push and pull cycles with relative errors of 4.21% and 
4.70%, respectively. The results of base shear varia-
tion versus roof slab displacement are shown in 
Fig. 12b for both the FE nonlinear model and ex-
perimental test (Kamath et al., 2015). The FE results 
show no degradation in the lateral strength of the RCF 
and are in good agreement with experimental results. 

Figs. 13a and 13b show the crack patterns of the 
RC frame due to cyclic loading in the FE nonlinear 
analysis and the experiment, respectively. It is clear 
that the crack patterns obtained from FE nonlinear 
analysis are close to those from the experimental 
results reported by Kamath et al. (2015). 

Fig. 14a shows the variation of temperature with 
respect to beam depth after 20, 40, and 60 min of fire 
exposure. The FE results are in acceptable agreement 
with experimental results, although the error of the FE 
nonlinear model was increased after 40 min from the 

ignition. No reduction factors were reported by Ka-
math et al. (2015) for the mechanical and thermal 
properties of concrete and steel bars at elevated 
temperatures. Therefore, the reduction factors used in 
this study were extracted from Eurocode 2 and Eu-
rocode 3 (CEN, 2001, 2004). According to the results, 
slight differences were obtained between the exper-
imental and FE results at high temperatures. There-
fore, the reduction factors proposed by Eurocode are 
acceptable to simulate the behavior of concrete and 
steel bars at elevated temperatures. Fig. 14b shows the 
residual capacity of the frame obtained from the FE 
model and the experimental test. The experimental 
results represented reductions of 44% and 10% in the 
lateral load resisting capacity at a displacement of 
30 mm and peak displacement of the cyclic loading 
step, which was measured as 96 mm, respectively. 
Based on the FE results, the resistance against the 
lateral load was reduced to 46% and 13% at the dis-
placements of 30 mm and 96 mm, respectively, which 
indicates the significant accuracy of the FE nonlinear 
model. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12  Comparison of load-displacement results 
(a) Load-displacement hysteresis curve; (b) Load-displacement 
push curve (Kamath et al., 2015) 

Fig. 11  Comparison of the load-deflection curves from 
the models with different mesh sizes and from experi-
mental results (Kamath et al., 2015) 
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3.2.2  Validation of the FE model for RCC and vari-
ous material properties 

In this subsection, the FE simulation was vali-
dated by the experimental results of Behnam et al. 
(2016). The values of all dimensions of RCC, material 
properties of steel bars and concrete, and the applied 
loads were considered the same as those presented for 
the specimen in the study of Behnam et al. (2016). 
Two steps were considered to analyze the FE models. 
First, the RCC was subjected to cyclic lateral loading 
at the tip of the beam. The cyclic loading was applied 
in a displacement-controlled mode to induce lateral  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

displacements corresponding to ASCE (2000). In the 
second step, using a coupled temperature- 
displacement analysis, the RCC was exposed to fire 
based on the data of Behnam et al. (2016). To find the 
best mesh size, a mesh size sensitivity analysis was 
conducted to obtain acceptable results. Based on the 
results, in this subsection as in the previous subsec-
tion, the mesh size was considered as 50 mm. 

Fig. 15 shows the envelope curves of the RCC 
specimen under lateral cyclic loading that were ob-
tained from the FE model and experimental test. The 
FE results provided a suitable prediction for the be-
havior of the RCC under seismic loading. 

Fig. 13  Crack patterns due to cyclic loading 
(a) FE model; (b) Experiment (Kamath et al., 2015) 

Fig. 14  Comparison of the FE model and experimental test results 
(a) Comparison of variation in temperature with respect to beam depth; (b) Comparison of the residual capacity of the RC frame
(Kamath et al., 2015) 
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The fire resistance of the RCC before and after 
applying the cyclic loading according to different 
performance levels is illustrated in Fig. 16. There 
were only slight differences between Behnam et al. 
(2016)’s results and the FE results; thus, the proposed 
FE model is acceptable to simulate RCC. Whereas the 
fire resistance of the undamaged specimen was about 
50 min (Fig. 16a), it was reduced to about 30 min at 
the life safety (LS) performance level (Fig.16b), and 
to 12 min at the collapse prevention (CP) performance 
level (Fig.16c). The results show a significant reduc-
tion in resistance compared to the undamaged spec-
imen (Fig. 16a). This considerable reduction was due 
to degradation in the strength and stiffness of the 
materials in the fire condition. 

Fig. 17 shows the temperature distribution of the 
inside section of the beam-to-column joint for dif-
ferent damage performance levels obtained from the 
results of the various cyclic loads. It is obvious that 
the heat transmission inside the damaged section at 
the LS performance level (Fig. 17b) and CP perfor-
mance level (Fig. 17c) was much quicker than that 
inside the undamaged section (Fig. 17a). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.3  Parametric study 

Fig. 18 (p.455) shows the shape and geometry of 
the RCC in this study. A constant value was consid-
ered for several parameters, including the beam 
length, column length, column height, beam width, 
column width, tie spacing, and percentage of trans-
verse reinforcements of the column and beam. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 19 (p.456) demonstrates the variation of 

each variable in the samples used in this study. It is 
clear that temperature was regularly changed in all 
datasets. Only the ratio of the compressive load to the 
compressive strength of the column (RCLS) was 
changed in FE nonlinear models 1–28. The compres-
sive strength of concrete was changed in models 
29–48, and the ratio of the longitudinal bars of the 
column (RLC) was changed in models 49–68. The  

Fig. 15  Comparison of envelope curves from the FE 
model and the experimental test results of Behnam et al. 
(2016) 

Fig. 16  Comparison of the FE model with the experi-
mental test results of Behnam et al. (2016) 
(a) Undamaged specimen; (b) Damaged specimen at LS per-
formance level; (c) Damaged specimen at CP performance
level 
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Fig. 17  Temperature distribution at the beam-to-column joint 
(a) Undamaged joint section; (b) Damaged joint section at LS performance level; (c) Damaged joint section at CP performance 
level 
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percentage of connection transverse shear bars (PCTS) 
was changed in models 69–96. In the FE nonlinear 
models 97–116, the values of two variables, PCTS 
and the ratio of beam depth to column depth (RBCD), 
were changed. Finally, the values of four variables, 
including the RCLS, compressive strength, the ratio 
of longitudinal bars in the column and beam (RCB), 
and the bonded index of column bars (BIC), were 
changed in models 117–132. 

Note that all the changes in the reinforcements of 
the column and beam satisfied the requirements of 
ACI 318-14 (ACI, 2014). Table 4 shows the correla-
tion coefficient between each variable and output 
separately. According to the results of this table, the 
applied temperature had the most effect on the 
load-carrying capacity. The depth of the beam and the 
RBCD had a slight effect on the load-carrying  
capacity. 

Fig. 20a (p.457) shows the effects of the RCLS 
and temperature on the load-carrying capacity of the 
RCC, extracted from the results of models 1–28. The 
effect of temperature was slight at temperatures of 
25 °C and 200 °C, but increased strongly at temper-
atures of 600 °C and 1000 °C. Based on the results, 
the load-carrying capacity of the RCC was reduced by 
about 40% and 76% at temperatures of 600 °C and 
1000 °C, respectively. The effect of the RCLS was not  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

considerable, but by increasing the RCLS, the load- 
carrying capacity of the RCC was increased.  

The effects of compressive strength and tem-
perature on the load-carrying capacity in samples 
29–48 were evaluated (Fig. 20b). Although increasing 
the compressive strength of concrete increased the 
load-carrying capacity of the RCC, temperature 
played a more important role. For example, the 
load-carrying capacity of the RCC was reduced by 
about 45.5% and 88.3% when the temperature of the  

Table 4  Correlation coefficients between input variables 
and outputs 

Input variable 
Correlation 
coefficient 

Beam depth, Hb 0.1384 

The ratio of compressive load per 
strength, RCLS 

0.0851 

Compressive strength, fc 0.0658 

Ratio of longitudinal bars of column, 
RLC 

0.3730 

Ratio of longitudinal bars of beam, RLB −0.0092 

Percentage of connection transverse 
shear bar, PCTS 

0.1615 

Depth of beam to column, RBCD 0.1384 

Bonded index of column bars, BIC −0.0536 

Temperature, T −0.8656 

Fig. 18  Geometry of constant parameters in the RCC (Asc and Asb are the areas of bars in column and beam, respectively) 
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RCC under fire increased from 25 °C to 600 °C and 
1000 °C, respectively.  

Fig. 20c demonstrates the effects of the RLC and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

temperature on the remaining load-carrying capacity 
of the RCC under PEF. The ratio of longitudinal bars 
of the column affected the load-carrying capacity of 

Fig. 19  Values of each input variable 
(a) Beam depth; (b) RCLS; (c) Compressive strength of concrete; (d) Ratio of longitudinal bars of the column; (e) Ratio of 
longitudinal bars of the beam; (f) Ratio of longitudinal bars of connection; (g) Ratio of beam depth to column depth; (h) Bonded 
index of column bars; (i) Applied temperature 
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the RCC, which increased by 234.8%, 217.3%, 
296.8%, and 492.9% when the RLC increased from 
1% to 8% at 25, 200, 600, and 1000 °C, respectively. 
According to these results, the RLC was the most 
effective parameter for improving the PEF resistance 
of the RCC, although the load-carrying capacity re-
duced strongly at temperatures of 600 °C and 1000 °C. 
In contrast, based on the results of Fig. 20d, the PCTS 
had only a slight effect on the load-carrying capacity. 
Temperature, especially at 600 °C and 1000 °C,  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

played an important role in the load-carrying capacity 
of the RCC in relation to PCTS. 

The effect of the combination of the PCTS and 
the RBCD on the load-carrying capacity of the RCC 
was evaluated (Fig. 20e). The combination of these 
parameters had a slight effect on the load-carrying 
capacity of the RCC. Based on the results, increasing 
both these parameters can effectively improve the 
load-carrying capacity of an RCC under fire. However, 
increasing the PCTS and the RBCD, unlike increasing  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 20  Effect of different variables on the load-carrying capacity of the RCC 
(a) RCLS; (b) Compressive strength; (c) RLC; (d) PCTS; (e) Combination of the PCTS and RBCD; (f) Combination of the RLC, 
RLB, and bonded index (BI) 
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the RLC, cannot increase the fire resistance. On the 
other hand, their effect is not as drastic as increasing 
the RLC. Increasing both of these parameters can 
increase the load-carrying capacity by 43.1%, 36.8%, 
69.7%, and 166.7% at temperatures of 25, 200, 600, 
and 1000 °C, respectively. In addition, increasing the 
BI causes a reduction in the load-carrying capacity 
(Fig. 20f) because the load-carrying capacity of the 
RCC reduced by increasing the RLC and BI. However, 
the RLB did not have a significant effect on the 
load-carrying capacity of the RCC. In contrast, the 
RLC was the most effective variable in terms of the 
load-carrying capacity, but the load-carrying capacity 
decreased by increasing the RLC and BI. As a result, 
the BI did not have a positive effect on the load- 
carrying capacity of the RCC.  

According to the results shown in Fig. 20, the 
most effective parameters for improving the fire re-
sistance of an RCC are the RLC and RBCD. The 
results show that the effect of RLC is greater than the 
effect of RBCD for improving the resistance of RCCs 
under PEF. 

3.4  Damage mechanisms 

Three kinds of damage were observed in the 
RCCs, including bending failure mode, bending and 
shear failure modes, and shear failure modes. The 
results show that most samples collapsed because of 
bending cracks. On the other hand, the failure of the 
samples subjected to a temperature of 1000 °C oc-
curred due to shear and bending failure modes. Also, 
the failure mode of the samples in which the RLC was 
8%, or the RBCD was 0.75, occurred due to shear and 
bending failure modes. There were several samples in 
which the shear failure mode occurred. For example, 
it occurred in the samples subjected to 1000 °C, and 
with an RLC of 8%. Figs. 21a and 21c show the ten-
sile and compressive damages of the bending failure 
mode, respectively. Figs. 21b and 21d demonstrate 
the tensile and compressive damages of the shear and 
bending failure modes, respectively. 

 
 

4  Surrogate models for predicting the load- 
carrying capacity of RCCs 
 

In this study, four surrogate models, including 
MLR, MLnER, GEP, and an ensemble model, were 

used to predict the remaining load-carrying capacity 
of the RCC under PEF. These surrogate models are 
explained as follows. 

4.1  MLR 

MLR was considered as the first model to predict 
the remaining load-carrying capacity in this study. 
This statistical method attempts to model the rela-
tionship between two or more independent variables 
and a dependent variable by fitting a linear equation 
to observed data. In this study, nine independent 
variables were considered: beam depth, compressive 
strength of concrete, percentages of beam and column 
longitudinal reinforcements, percentage of joint 
transverse reinforcement, column depth, column re-
inforcement bond index, axial load of the column, and 
temperature. Load-carrying capacity was considered 
as the dependent variable. Eq. (7) represents the 
formulation of the MLR method: 

 

0 1 1= i iY X X e                         (7) 

 
where Y is the dependent variable, X1, X2, …, Xi are 
the independent variables and β0, β1, …, βi are linear 
regression terms that have constant values. e is the 
estimated error term that is acquired from the constant 
variance and normal distribution of independent 
random sampling with mean zero (Shishegaran et al., 
2018). The MLR technique calculates β0, β1, …, βi by 
using the least square error method in which the 
best-fitting line is obtained by minimizing the sum of 
the squares of the errors, as shown in Eq. (8): 

 

,Y 
X
X X

                              (8) 

 
where X′ is the transpose of X. 

4.2  MLnER 

MLnER was considered as the second model to 
predict the remaining load-carrying capacity in this 
study. This technique can be considered as an im-
proved form of the MLR method in which the rela-
tionship between two or more independent variables 
and a dependent variable is modeled by summing the 
natural logarithm equations instead of linear equa-
tions. Eq. (9) represents the formulation of the MLR 
method: 
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          (9) 

 
where β1, β2, …, βK are regression terms of the 
MLnER model. If αl is chosen such that β1+e equals 
ln(αl), then Eq. (9) can be rewritten in a simple form, 
as shown in Eq. (10): 

 
32

l 2 3
Kββ β

Kα X XY X                     (10) 

 

4.3  GEP 

GEP was selected as the third model in this study 
to predict the remaining load-carrying capacity of the 
RCC under PEF. This evolutionary algorithm is a 
combination of genetic programming (GP) and ge-
netic algorithm (GA), and was invented by Ferreira in 
1999 (Ferreira, 2002). In this method, genes are 
composed of a head domain and a tail domain. The 
head domain contains a group of mathematical func-
tions, including trigonometric functions, exponential 
functions, user-defined functions, and a combination  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
of these functions, and also a set of terminals, in-
cluding independent variables of the problem and 
constant values. The tail domain is composed only of 
terminals. In the GEP method, roulette wheel sam-
pling is utilized to select data and reproduce them 
with modification. In other words, inappropriate data 
are removed, and the suitable data are replaced and 
used in the next generation. The steps of the GEP 
algorithm are illustrated in a flow chart (Fig. 22). 

4.4  Combination of MLR, MLnER, and GEP 

In 1969, Bates and Granger first proposed com-
bining the prediction methods to improve their accu-
racy (Islam and Alam, 2013). In this study, an en-
semble model was used as the fourth model to predict 
the remaining load-carrying capacity of the RCC 
under fire and lateral loadings. This model is a com-
bination of the MLR, MLnER, and GEP methods, in 
which the outputs of MLR and MLnER, and all in-
dependent variables of GEP are imported as input 
variables (Fig. 23). As a result, the fourth model could 
be considered as the combination of one linear and 
two nonlinear numerical models. 

Fig. 21  Tensile and compressive damage on the RCC 
(a) Tensile damage on bending failure mode; (b) Tensile damage on shear failure mode; (c) Compressive damage on bending
failure mode; (d) Compressive damage on shear failure mode 
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4.5  Results of prediction models 

In all models, nine input variables were consid-
ered and used to predict the remaining load-carrying 
capacity of the RCC under PEF. The beam depth and 
RBCD were considered as input variables, although 
the column depth was considered as a constant value 
(40 cm) in this study. The column depth, RBCD, and 
beam depth are used for designing RCCs; thus, we 
evaluated the effect of them on the residual load- 
carrying capacity of the RCC under PEF (ACI, 2014). 
The results show that GEP used only RBCD, and not 
beam depth. Table 5 lists the input variables and 
output in this study. 

Note that the compressive load ratio (P) is de-

fined as 
g c

F
A f

, in which F and Ag denote the applied 

axial load of the column and the cross section of the 
column section, respectively. In the parametric study, 

after verifying the FE nonlinear model, 132 various 
RCCs were simulated and analyzed by the commer-
cial FE software ABAQUS. Nonlinear FE analysis for 
each specimen was implemented in 360 min on av-
erage by using a computer with the configuration: 
Core (TM) i7-2760QM CPU @ 2.40 GHz, RAM 6 GB. 
The surrogate models estimated the load-carrying 
capacity of the RCC in only a few seconds. Training 
and testing are two common steps involved in using 
surrogate models. In this study, 70% of the samples 
(92 samples) were selected randomly and used for 
training the surrogate models. The input variables and 
FE results were used to calibrate the equation of each 
surrogate model. To evaluate the validity of the for-
mulas obtained in the calibration step, the outputs of 
the remaining 40 samples were calculated based on 
these formulas, and then the calculated values were 
compared with the nonlinear FE results. The proposed 
formulas for MLR, MLnER, GEP, and the ensemble 
model are presented in Eqs. (11)–(14), respectively. 

 

max,MLR b c c b

j bc

99.42 1.60 92.22 0.84 24.28

12.75 6.88 0.04BI 2.03 0.17,

P H P f R R

R H T

    

    
 

(11) 
3

max,MLnER b c

3
c b j

3
bc

exp[ 7.38 10 ln( ) 0.05 0.43ln( )

0.62ln( ) 0.36ln( ) 0.06ln( ) 7.38 10

ln( ) 0.32ln(BI) 0.36ln( ) 27.24 10

P H P f

R R R

H T

    

    

     

 

(12) 

max,GEP bc c c j

5 2
b c

90.79 61.92 32.60 0.17

BI 0.1 2.45 10 88.794

P P H R f R

R T R T


    

        
  (13) 

max,ens max,MLR max,MLnER

4 2 6 2
max,MLR

7 2
max,MLR

1.54 0.23 0.10

1.15 10 1.67 10

8.18 10 98.76

P P T P

T P T

P T

 



  

      

     

       (14) 

 
where Pmax,MLR, Pmax,MLnER, Pmax,GEP, and Pmax,ens are 
defined as the residual load-carrying capacities of the 
RCC under PEF that were obtained from MLR, 
MLnER, GEP, and the ensemble model, respectively. 
To compare the accuracy of the numerical models in 
predicting nonlinear FE results, the RMSE, NMSE, 
coefficient of determination, and fractional bias were 
calculated for both the training and testing steps  
(Table 6). 

Fig. 22  Steps of GEP (ET means equation and terminal) 

Fig. 23  A flow chart for explaining the ensemble model 
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With respect to all the statistical parameters, the 
MLR model gave a better prediction than the MLnER 
method (Table 6). The coefficients of determination 
of the GEP model were 0.980 and 0.964 in the cali-
bration and validation datasets, respectively, which 
represent a better prediction than the MLR model. 
Furthermore, the values of RMSE and NMSE of GEP 
in both the training and testing steps were less than 
those of the MLR model. Thus, GEP performed better 
than MLR with respect to the coefficient of determi-
nation, RMSE, and NMSE. Both the GEP model and 
MLR model under-predicted results in the training 
step and over-predicted results in the testing dataset, 
according to the fractional bias parameter. 

The ensemble model gave the best results in 
predicting the remaining load-carrying capacity of the 
RCC. The coefficients of determination of the en-
semble model were 0.984 and 0.992 in the training 
and testing datasets, respectively, which are closer to 
1 in comparison with the rsults of other models. Also, 
the values of RMSE and NMSE of the ensemble 
model in both the training and testing datasets were 
less than those of other models.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Another way for comparing the accuracy of the 
models in predicting the FE results is by calculating 
and comparing the error terms of the prediction 
models. Three error terms for each prediction model, 
including the maximum positive error, the maximum 
negative error, and MAPE, are shown in Table 7. 

With respect to the maximum positive errors, the 
MLnER model shows better results in comparsion to 
MLR and GEP in predicting the residual load- 
carrying capacity of the RCC under PEF. The maxi-
mum negative errors of the MLR, MLnER, and GEP 
models were −112.05%, −178.09%, and −106.91%, 
respectively, which indicate that GEP performed 
better than the other two models based on the maxi-
mum negative error. According to the MAPE results, 
GEP performed better than the MLR and MLnER 
models. The results indicate that the ensemble model, 
which was developed based on the combination of 
these single models, can perform better than the sin-
gle models because this model included all feature of 
these single models. Based on all the parameters of 
the error terms, the accuracy of the ensemble model 
for predicting the remaining load-carrying capacity of 
the RCC was better than that of the single models 
(Table 7). Thus, the ensemble model was selected as 
the best prediction model with respect to both statis-
tical parameters and error terms. The maximum posi-
tive and negative errors of the ensemble model were 
calculated as 15.75% and −54.57%, respectively, and 
its MAPE as 6.49%. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5  Description of input variables and output 

Parameter Description 
Input Hb (cm) Depth of beam 

fc (MPa) Compressive strength of concrete 
Rc (%) Percentage of column longitudinal 

reinforcement  
Rb (%) Percentage of beam longitudinal  

reinforcement 
Rj (%) Percentage of joint transverse  

reinforcement 
Hbc Depth of beam to depth of column 

ratio 
BI Column reinforcement bonded index 
P Column compressive load ratio 
T (°C) Temperature of fire 

Output Pmax (kN) The remaining load-carrying capacity 
of the RCC under PEF  

Table 7  Error terms of all models in predicting the re-
maining load-carrying capacity of the RCC 

Model 
Maximum  

positive error 
Maximum  

negative error 
MAPE 

MLR 95.75% −112.05% 11.99% 

MLnER 45.88% −178.09% 44.05% 

GEP 88.91% −106.91% 10.32% 
Ensemble 
model 

15.75%   −54.57%   6.49% 

Table 6  Statistical parameters of the prediction models in the calibration and validation datasets 

Model 
Calibration dataset Validation dataset 

Coefficient of 
determination 

RMSE NMSE 
Fractional 

bias 
Coefficient of 
determination 

RMSE NMSE 
Fractional 

bias 
MLR 0.936 19.081 0.057 6.82×10−6 0.972 11.691 0.051 −5.02×10−5 
MLnER 0.605 56.723 0.118 −1.12×10−4 0.599 46.813 0.172 −5.27×10−5 
GEP 0.980 10.856 0.030 2.58×10−5 0.964 12.813 0.056 −8.11×10−5 
Ensemble model 0.984 9.475 0.027 2.87×10−5 0.992 6.018 0.028 2.79×10−5 
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The error distributions of the four prediction 
models are shown in Table 8. The prediction results 
were divided into six categories, including the ‘very 
good’, ‘good’, ‘acceptable’, ‘unacceptable’, ‘bad’, 
and ‘worst’ predicted values. These categories cor-
respond to the relative errors of 0–10%, 10%–25%, 
25%–50%, 50%–75%, 75%–100%, and more than 
100%, respectively. Using this approach, the best 
model was selected as the one with the highest pro-
portion of errors in the ‘very good’ and ‘good’  
categories.  

Based on the distribution of relative errors of the 
models, GEP and the ensemble model predicted the 
remaining load-carrying capacity of the RCC under 
PEF with the best accuracy. The results show that 
75.76% and 15.15% of outputs of GEP were classi-
fied into the ‘very good’ and ‘good’ categories, re-
spectively, whereas 79.55% and 15.15% of outputs of 
the ensemble model were predicted with very good 
and good accuracy, respectively. Furthermore, the 
errors of four samples predicted by GEP were more 
than 75%, whereas the errors of all samples that were 
predicted by the ensemble model were less than 75%. 
The results of the error terms, statistical parameters, 
and distribution of errors show that the ensemble 
model is an improved version of GEP. 

The error distribution of the samples predicted 
by the ensemble model is shown in Fig. 24. To justify 
the errors, the absolute errors of more than 25% were 
evaluated to find a reason for them. 

According to Fig. 24, the absolute errors of 87 
samples predicted by the ensemble model, were close 
to zero. Moreover, the absolute errors of 130 samples 
were less than 50%. Samples 44 and 64 had errors of 
about −52% and −55%. The remaining load-carrying 
capacity of sample 64 was estimated to be 13.65 kN 
from FE nonlinear analysis, although the value pre-
dicted for this sample by the ensemble model was 
21.09 kN (Fig. 25). There was only a 7.44-kN  
 

 
 
 
 
 
 
 
 

difference between the FE results and the predicted 
results. In addition, this sample had the lowest load- 
carrying capacity among the samples. A small error 
can be justified and understood in predicting a small 
value. As a result, the error of the value predicted by 
the ensemble model was in an acceptable range. 

The error of sample 44 was −52%. The estimates 
of the load-carrying capacity of the RCC obtained 
from FE nonlinear analysis and the ensemble model 
were 20.89 kN and 31.82 kN, respectively. Thus, the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 8  Distribution of percentage errors of all prediction models 

Model 
Distribution of percentage error (%) 

Very good  
(0–10%) 

Good 
(10%–25%) 

Acceptable 
(25%–50%) 

Unacceptable  
(50%–75%) 

Bad 
(75%–100%) 

Worst 
(>100%) 

MLR 71.21 18.94 6.82 0.76 0.76 1.51 
MLnER   0.76 14.40 65.91 6.06 6.06 6.81 
GEP 75.76 15.15 5.30 0.76 2.27 0.76 
Ensemble model 79.55 15.15 3.78 1.52 0.00 0.00 

Fig. 25  Comparison of the load-carrying capacities of the 
RCC obtained from the ensemble model and nonlinear 
FE analysis 

Fig. 24  Error distribution obtained from the ensemble 
model 
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difference between the values obtained from FE non-
linear analysis and the ensemble model was about 
10.39 kN. Therefore, the highest negative errors were 
related to samples which had a load-carrying capacity 
of less than 50 kN. 

According to these results, a safety factor should 
be applied to the ensemble model for improving the 
reliability of this model. Based on the results of the 
maximum negative error of the ensemble model, the 
safety factor was selected as 1.55. The following 
equation is proposed for applying the safety factor to 
the results of the ensemble model: 

 

max,ens
max,SF SF

P
P                              (15) 

 
where Pmax,SF is defined as the modified load-carrying 
capacity of the RCC under PEF, and SF is the safety 
factor. 
 
 
5  Conclusions 

 
In this study, the performance of RCCs under 

PEF was evaluated using nonlinear FE analysis. After 
verifying and validating an RC frame and an RCC 
with the results of two previous experimental tests, 
132 RCCs were simulated by the FE nonlinear 
method. The effects of nine variables, including the 
beam depth, compressive strength of concrete, per-
centages of longitudinal reinforcements of the beam 
and column, percentage of joint transverse rein-
forcement, column depth, column reinforcement bond 
index, axial load of the column, and temperature on 
the remaining load-carrying capacity of the RCC 
were evaluated. In the next part of the study, four 
models, MLR, MLnER, GEP, and an ensemble model, 
were used to predict the load-carrying capacity of the 
RCC. Seventy percent of the samples selected ran-
domly were used for training the prediction formulas. 
The results of the remaining dataset were used to 
evaluate the validity of the prediction models. The 
key conclusions of this study can be summarized as 
follows: 

1. PEF had considerable negative effects on the 
load-carrying capacity of the RCC. Increasing the 
temperature from 25 °C to 600 °C and 1000 °C caused 

more than 25% and 75% reductions, respectively, in 
the load-carrying capacity of the RCC. 

2. The most effective parameter for improving 
the fire resistance of the RCC was the RLC. Increas-
ing the RLC from 1% to 8% increased the load- 
carrying capacity of the RCC at different tempera-
tures by 234.8%–492.9%. In contrast, RLB had no 
significant effect on the performance of the RCC 
under fire conditions. 

3. Increasing the compressive strength of con-
crete increased the remaining load-carrying capacity 
of the RCC under PEF slightly. This effect was more 
significant at higher temperatures, at which the me-
chanical properties of steel decrease rapidly. 

4. Both PCTS and RBCD improved the fire re-
sistance of the RCC, although the effect of their 
combination was more marked at high temperatures. 
In contrast, increasing the BI resulted in a reduction in 
the load-carrying capacity of the RCC. 

5. The results show that the applied temperature, 
RLC, and RBCD had significant effects on the failure 
mode of the samples. 

6. Based on the different statistical parameters, 
error terms, and error distributions, the ensemble 
model, which is a combination of MLR, MLnER, and 
GEP, was selected as the best model for predicting the 
remaining load-carrying capacity of the RCC under 
PEF.  

7. For improving the accuracy of the results of 
the ensemble model, a safety factor of 1.55 should be 
applied to the results of this model. 
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