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1. Introduction

Recently, FRP has been increasingly used for the repair, restoration, 

and reinforcement of RC structural members due to various 

advantages, such as its high strength, durability, and abrasion 

resistance. However, FRP-strengthened RC structural members 

have poor fire resistance, unlike general RC structural members, 

meaning that they are vulnerable to fire (Bakis et al., 2002; 

Ahmed and Kodur, 2011a; Ahmed and Kodur  2011b; Kodur and 

Bhatt, 2018).

FRP composite laminate materials are composed of FRP 

fibers, capable of withstanding high temperatures, and a resin matrix 

with a low glass-transition temperature. An FRP composite 

laminate starts to deteriorate as the resin matrix softens at the 

glass-transition temperature and loses its bonding ability at the 

decomposition temperature, resulting in a sharp deterioration in 

the mechanical properties. This is especially likely when the 

laminate material is exposed to fire. In addition, in such events, 

the temperature of the adhesive between the FRP and concrete 

increases. When the temperature of the adhesive reaches its glass-

transition temperature, the mechanical properties of the adhesive 

are reduced, leading again to FRP debonding. For these reasons, 

FRP-strengthened RC structural members should include insulation 

(Ahmed and Kodur, 2011a; Kodur and Bhatt, 2018).

It is crucial to predict the moment capacity of FRP-strengthened 

RC beams (FSRBs) containing an insulating material upon 

exposure to fire. A fire causes high temperatures in the FSRB 

even with insulation, which greatly degrades the mechanical 

properties, as mentioned above. Complex calculations cannot be 

avoided when calculating the moment capacity of a FSRB with 

insulation. First, the tensile and compressive forces must be 

obtained using the fire exposure time, the dimensions of the 

cross-section, whether FRP debonding occurs, and the strength 

of the material. Then, the moment capacity is calculated using 

the equilibrium of the tensile and compressive forces (Xiang and 

Wang, 2013). An ANN can predict the moment capacity without 

these complex calculations.

ANNs are used by many researchers in the field of structural 
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engineering. Bengar et al. (2016) predicted the curvature value 

by developing an ANN model, finding it to be complicated to 

calculate the exact curvature value of a RC beam. Erdem (2010) 

developed an ANN model that predicts the moment capacity of 

an RC beam upon exposure to fire and found that it was possible 

to predict the moment capacity accurately after a fire given a 

certain range of input parameters. Cai et al. (2019) developed 

and validated a model for calculating the residual shear of RC 

beams after a fire using an ANN. Their model was used to 

investigate the effects of certain input parameters on the shear 

resistance of the beam. Naser et al. (2012) developed a model that

predicts the temperature distribution of RC T-beams reinforced 

with CFRP plates under a fire load using an ANN.

While many researchers have used ANNs in structural 

engineering, a study to predict the moment capacity of FSRBs 

exposed to fire using an ANN has not yet been conducted.

In this study, A new approach is proposed to predict the 

moment capacity of FSRBs exposed to fire using ANN. Unlike 

traditional methods that require complex calculations to determine 

the tensile and compressive forces and the moment capacity of 

the FSRB, the ANN model can predict the moment capacity 

without such calculations. This study contributes to the field of 

structural engineering by introducing a new method for predicting 

the moment capacity of FSRBs exposed to fire, which can be 

applied to design fire-resistant structures using FRP-strengthened 

RC members.

2. Heat Transfer Analysis

2.1 Heat Transfer Analysis Theory
Heat transfer refers to thermal energy that is transferred due to a 

temperature difference between different media. Heat is transferred 

in three ways: conduction, convection, and radiation (Bergman 

et al., 2011).

Conduction refers to energy transferred from a high-energy 

particle to a low-energy particle by interaction between the 

particles, and it can be calculated as

, (1)

where q'' is the heat rate by conduction (W/m2), k is the thermal 

conductivity (W/m·k), ΔT is the temperature difference (K), and 

L is the thickness (m). 

Convection is the transfer of heat between a surface and a 

flowing liquid or gas adjacent to it. It can be calculated as

, (2)

where q'' is the convective heat flux (W/m2), h is the convection 

heat transfer coefficient (W/m2·k), Ts is the surface temperature 

(K), and  is the fluid temperature at a sufficient distance from 

the surface (K). 

Radiation is the transfer of energy emitted in the form of 

electromagnetic waves from the surface of a material; it can be 

calculated as.

, (3)

where q'' is the surface emissive power (W/m2), ε is the emissivity, σ

is the Boltzmann constant (5.67 × 10−8 W/m2K4), and Ts is the 

absolute temperature (K).

2.2 FEM Analysis Modeling
To obtain the moment capacity of the FSRB exposed to fire, first 

it is important to obtain the temperature distribution of the beam 

through a verified heat transfer analysis. In this study, the heat 

transfer analysis of FSRBs exposed to fire was verified by comparing

the outcome with the cross-sectional temperature change from a 

fire resistance test and a heat transfer analysis by Ahmed et al. 

(2011b). The heat transfer analysis was simulated using the 

general-purpose software program ABAQUS (2010). The cross-

sectional dimensions, lengths, and positions of the thermocouples

(TC5, TC6, TC9, F/C) of the beam are shown in Figs. 1(a) −
1(c). Concrete, FRP and insulation were modeled as solid 

materials and were simulated using the heat transfer element 

DC3D8. The rebar was modeled as a wire and was simulated 

with the heat transfer element DC1D2. The thermal properties of 

the concrete and rebar followed the material model of Eurocode 

4 (2005) (Figs. 2). The thermal properties of the FRP were referenced 

from the material model of Bisby (2003), and the thermal 

properties of the insulation were sourced from the material 

model used for the heat transfer analysis by Ahmed et al. (2011b) 

(Figs. 2). In the heat transfer analysis, both the FRP and the rebar 

were modeled as fully bonded to the concrete by the verified 

modeling of Hawileh et al. (2009) and Panahi et al (2021). 

Afterwards, when calculating the structure to obtain moment 

capacity, if the temperature of the FRP exceeds the temperature 

of the glass-transition of adhesive, the FRP bond line is considered 

completely damaged and that FRP element is debonded. Also, it 

should be noted that this heat transfer analysis model does not 

take into account the debonding or cracking of the insulation in the 

analysis by Ahmed et al. (2011b). As a convective boundary 

condition, the values recommended in Eurocode 4 (2005), 25 W/

m2K and 9 W/m2K, were applied for the convective heat transfer 

coefficient for the fire-exposed and non-fire-exposed surfaces, 

respectively. As shown in Fig. 1(d), the surfaces exposed to fire 

have three sides excluding the top side of the beam. Emissivity 

of 0.12 and a Boltzmann constant of 5.67 × 10−8 W/m2K4 were 

applied as the radiation boundary conditions. The heating 

temperature of the fire-exposed surface of the beam followed the 

standard fire curve from the ASTM E 119-11 (2010) specification.

2.3 Validation of the Heat Transfer Analysis
The validity of the heat transfer analysis model (Kang_FEM) by 

ABAQUS is secured by comparing the fire resistance test results 

(Ahmed_Test) and the heat transfer analysis results (Ahmed_FEM)

in Ahmed et al. (2011b). Fig. 3(a) shows the mesh size and 

temperature distribution of the beam cross-section in what is a 

heat transfer analysis model (Kang_FEM). In addition, the figure 

shows the temperature distribution of the tension rebar, compression 
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rebar and stirrup.

Figure 3(b) compares the temperature at the interface between 

the FRP and concrete (F/C) and the tensile rebar (TC6), and 

Fig. 3(c) compares the temperature at the intermediate depth of a 

concrete section (TC9) and a compression rebar (TC5). Throughout 

the fire, the temperature distribution at all points except that in 

the test results of the interface (F/C) between the FRP and 

concrete appears to be consistent. In the test of the interface (F/

C) between the FRP and concrete, some of the insulation became 

detached due to FRP peeling at 38 minutes, which is not 

consistent with the analysis results. The heat transfer analysis 

model cannot explain this detached insulation (Ahmed et al., 

2011b). In other situations apart from these, the heat transfer 

analysis model (Kang_FEM) indicates that the overall temperature 

distribution upon exposure to fire is accurate and effective. 

Therefore, the validity of the heat transfer analysis of a FSRB 

exposed to fire is secured.

3. Determination of the Moment Capacity of a 

FSRB Exposed to Fire 

To calculate the moment capacity of a FSRB exposed to fire, the 

temperature distribution must be determined by a heat transfer 

analysis. It is therefore necessary to determine the strength of the 

material and whether the FRP is debonded and to calculate the 

tensile and compressive forces of the beam cross-section. The 

moment capacity calculated when the tensile and compressive 

forces are equal is the moment capacity of the FSRB exposed to 

fire. The procedure for calculating the moment capacity of a 

FSRB exposed to fire is shown in the flowchart in Fig. 4.

Fig. 1. Details of the FSRB: (a) Elevation, (b) Beam Cross-Section, (c) Thermocouple Position, (d) Boundary Condition

Fig. 2. Thermal Properties of the Material: (a) Normalized Thermal Capacity, (b) Normalized Thermal Conductivity
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3.1 Material Properties According to the Temperature
As the temperature increases, the reduction in the compressive 

strength of the concrete must be considered. The compressive 

strength reduction factor of concrete can be obtained by the 

formula provided by Eurocode 2 (2004).

fck T,

fck 20°C,

-------------- kc=

Fig. 3. FEM Analysis Results and Temperature Comparisons: (a) Temperature Distribution of the Cross-Section and Reinforcement, (b) F/C and 
TC9, (C) TC5 and TC6

Fig. 4. Procedure for Calculating the Moment Capacity
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Here, fck,T and fck,20
o

C are the concrete compressive strength at 

temperature T and the concrete compressive strength at 20 oC. kc
is the compressive strength reduction factor of concrete according to 

the temperature.

The decrease in the tensile strength of the rebar with an 

increase in the temperature must be taken into account, as with 

the concrete. The tensile strength reduction factor of rebar can be 

obtained by the formula provided by Eurocode 2 (2004).

(5)

Here, fs,T and fs,20
o

C are the tensile strength of the rebar at 

temperature T and the tensile strength of the rebar at 20 oC. ks is 

the tensile strength reduction factor of rebar according to the 

temperature.

FRP does not undergo plastic deformation, and brittle fractures

occur. Therefore, when calculating the moment capacity through 

a cross-sectional equilibrium analysis, the FRP strain of the 

elastically deformed part is taken into account. Unlike concrete 

or rebar, FRP must take into account the elastic modulus reduction 

factor as the temperature increases. The elastic modulus reduction 

factor of FRP according to the temperature can be obtained by 

the formula provided by Bisby (2003).

(6)

In this equation, Efrp,T and Ffrp,20
o

C are the elasticity modulus of 

FRP at temperature T and the elasticity modulus of FRP at 20 oC. 

kfrp,E is the elastic modulus reduction factor of FRP according to 

temperature.

3.2 Debonding Temperature of FRP
FRP becomes bonded by attaching it to the bottom surface of the 

concrete using an adhesive. The performance of the adhesive 

affects the force transfer from the concrete to the FRP. Fig. 5 

shows the changes in the strength and elastic modulus of the 

adhesive with the temperature (Borchert and Zilch, 2005). The 

closer the temperature of the adhesive is to the glass-transition 

temperature Tg, the lower the strength and elastic modulus of the 

adhesive. When the adhesive reaches the glass-transition temperature,

the adhesive properties deteriorate according to the temperature, 

causing slip between the FRP and concrete and ultimately debonding 

the FRP. Therefore, it is assumed that when the temperature 

between the FRP and the concrete reaches the glass-transition 

temperature of the adhesive, the FRP debonds and does not 

contribute to the load-carrying capacity of the member (Camata 

et al., 2007; Ahmed and Kodur, 2011a).

3.3 Moment Capacity Calculation Based on Section 

Equilibrium Analysis
After obtaining the temperature of the element through heat 

transfer analysis, it is possible to obtain the reduction factor for 

each element and whether the FRP is debonding according to the 

temperature. The moment capacity of FSRB can be calculated by 

the cross-sectional equilibrium analysis method in two cases 

depending on whether or not FRP debonding is performed.

3.3.1 Before the Debonding of FRP
According to the design standard ACI 440.2R-08 (2008), the 

moment capacity of the beam before the debonding of the FRP 

can be derived through the temperature, reduction factor and 

mechanical properties of each mesh divided by K×L.

The tensile force of the beam before the debonding of the 

FRP is the sum of the forces acting on the mesh of each FRP and 

rebar. This can be derived as follows:

, (7)

, (8)

. (9)

The compressive force of the beam before the debonding of 

the FRP can be calculated as the sum of the forces acting on the 

concrete mesh (Fig. 6).

(10)

kc 1= 0 T 100≤ ≤

kc 1.067 0.00067T–= 100 T 400≤ ≤

kc 1.44 0.0016T–= 400 T 900≤ ≤

kc 0= 900 T≤

fs T,

fs 20°C,

------------ ks=

ks 1= 0 T 350≤ ≤

ks 1.899 0.00257T–= 350 T 700≤ ≤

ks 0.24 0.0002T–= 700 T 1200≤ ≤

ks 0= 1200 T≤

Efrp T,

Efrp 20°C,

----------------- kfrp E,=

kfrp E,

1 0.05–

2
------------------ 0.00868* T 367.41–( )–[ ] 1 0.05+

2
------------------+tanh=

0 T 1200≤ ≤

FT Fs Ffrp+=

Fs k
L
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 fyAsij∑

K

i 1=∑=

Ffrp k
L
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 ffrpij

xf yfεijΔΔ∑
K
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Fc k

β
1
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K
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Fig. 5. Elastic Modulus and Tensile Strength of Adhesives According to 
the Temperature16
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According to the section equilibrium analysis method, in a 

state of static equilibrium, Eqs. (7) and (10) must be equal. If 

they are not equal, the value of β1c is gradually increased and the 

calculation is repeated. When the force of the beam is in a state 

of equilibrium, the moment capacity of the beam before the 

debonding of the FRP can be calculated as follows:

. (11)

Here, fck is the concrete compressive strength at 20s, fy is the 

rebar tensile strength at 20s, Efrp is the elastic modulus of FRP,  εij
is the strain of FRP at each mesh temperature, FT is the total 

tensile force of the beam, Fs is the tensile force of the rebar, and 

Fc is the total compressive force of the beam. In addition, kcij
, ksij

and kfrp
ij
 are the reduction factors of the material for each 

corresponding mesh.

3.3.2 After the Debonding of the FRP
According to Erdem (2015), the moment capacity of the beam 

after the debonding of the FRP can be calculated through the 

temperature, reduction factor and mechanical properties of each 

mesh divided by K×L.

The tensile force of the beam after the debonding of the FRP 

can be determined as follows (Fig. 7):

. (12)

The compressive force of the beam after the debonding of the 

FRP can be calculated as follows (Fig. 7):

. (13)

Likewise, for the calculation of the moment capacity of the 

beam before the debonding of the FRP, if the beam is in a state of 

static equilibrium, Eqs. (12) and (13) must be equal. If not, the 

value of a is gradually increased and the calculation is repeated 

until a state of static equilibrium is reached. When the force of 

Mu k
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Fig. 6. Strains and Internal Forces of the Beam before the Debonding of the FRP

Fig. 7. Strains and Internal Forces of the Beam after the Debonding of the FRP
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the beam reaches the static equilibrium state, the moment capacity 

of the beam before the debonding of the FRP can be calculated 

as follows:

. (14)

4. Artificial Neural Network

An ANN is a type of artificial intelligence technology that 

mimics the information processing format of the human brain 

(Kotsovou et al., 2017). An ANN consists of layers of neurons, 

including the input, output, and hidden layer types (Fig. 8(a)). 

The input layer is composed of several nodes that receive input 

data xi with independent parameters. The output layer includes 

several nodes representing the prediction result yj of the network.

The hidden layer performs the main mathematical calculations 

on the input data xi between the input and output layers. In the 

hidden layer, the input data xi is multiplied by the assigned weight 

ωij and the sum of that and the bias bi is computed. The computed 

value is then passed to the activation function f to represent the 

predicted output yj. The weights are gradually adjusted to minimize

the error between the predicted output and the target output 

(Haido, 2022; Thai, 2022) (Fig. 8(b)).

Various algorithms are used to minimize the error of the ANN 

model. However, the Levenberg-Marquardt (LM) algorithm and 

the Bayesian regularization (BR) algorithm are mainly used to 

train the ANN due to their advantages and popularity (Tran and 

Kim, 2022).

4.1 Levenberg–Marquardt (LM) Algorithm
The Levenberg-Marquardt (LM) algorithm is the most common 

method for optimizing the weights and biases among standard 

backpropagation (BP) algorithms. This algorithm is designed to 

speed up training without computing the Hessian matrix.

If the performance function has the form of a sum of squares, 

the Hessian matrix is approximated as shown below, and the 

slope can be calculated as follows (Marquardt, 1963):

, (15)

. (16)

Here, J is the Jacobian matrix with the first derivative of the 

neural network error for the weights and biases, and e is the 

neural network error vector.

The LM algorithm uses an approximation of the Hessian 

matrix in the next update, similar to Newton’s method.

(17)

In this equation, x is the connection weight and μ is a constant. μ

decreases as the performance function decreases and increases as 

the performance function increases. As a result, the performance 

function always decreases with each iteration.

4.2 Bayesian Regularization (BR) Algorithm
The Bayesian regularization (BR) algorithm computes the weights 

and biases according to the LM optimization algorithm. Based 

on the error between the predicted output and the actual output, 

the weights of all nodes are adjusted to minimize the error. This 

algorithm adjusts the objective function by adopting Bayesian 

regularization and adding the mean of the sum of squares of the 

network connection weights to the objective function. The BR 

algorithm can overcome the disadvantages of the standard BP 

algorithm, which tends to fall into the local minimum owing to 

its slow convergence speed (Sun et al., 2017; Wu et al., 2022).

The objective function of the BR algorithm is expressed as 

follows,

, (18)

where EW is the sum of the squared network weights, ED is the sum 

of the squared network errors, and α and β are the corresponding 

objective function parameters.

5. ANN Model for the Moment Capacity of FSRBs 

Exposed to Fire

5.1 Input and Output Parameters
The data consist of eight input parameters (Fig. 9): the beam 

width (b), beam height (h), FRP area (Afrp), rebar area (As), concrete 

Mu 0.85 k

β
1
c

ycΔ
--------

j 1= cij
 fck xc yc d

ycΔ
2

-------- j yΔ––⎝ ⎠
⎛ ⎞ΔΔ∑

K

i 1=
∑=

H J
T
J=

g J
T
e=

xk 1+ xk J
T
J μI–( )

1–
J
T
e–=

F αEW βED+=

Fig. 8. The System of an Artificial Neural Networks
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compressive strength ( fck), insulation thickness (Ig), concrete 

cover depth (Cd), and fire exposure time (t). The output parameter 

used here is the moment capacity (Mu).

The temperature distribution of the beam section is determined 

through the heat transfer analysis verified in Chapter 2, and 400 

datasets are obtained using the moment capacity calculation 

method in Chapter 3. The values of the input parameters are b

(254-508 mm), h (304-406 mm), Afrp (203-406-457 mm2), As (380.1-

859.5-1161.3 mm2), fck (28-40-52 MPa), Ig (25-45 mm), Cd (20-

25-35-45 mm), and t (0-5-10-20-30-40-50-60-70-80-90-100-110-

120-130-140-150-160-170-180 min). The tensile strength of the      

rebar ( fy), the elastic modulus of the FRP (Efrp), and the glass-

transition temperature of the adhesive (Tg) were set to 400 MPa, 

24000 MPa, and 87 oC, respectively.

5.2 Performance Criteria
The performance of the model is evaluated by the coefficient of 

determination (R2), the mean square error (MSE), and the mean 

relative error ( ). The expressions of these three performance 

indicators are given below.

(19)

(20)

(21)

In these equations,  is the target value and yi is the output            

value.

5.3 Determining the Hyperparameters of a Neural Network
It is essential to determine the hyperparameters of the neural 

network that predict the moment capacity of an FSRB exposed 

to fire. The key to ANN modeling is to apply appropriate 

hyperparameters, such as the number of hidden layers, the number 

of neurons in the hidden layers, and the type of algorithm. Most 

issues in civil engineering can be predicted well even with a 

single hidden layer (Naderpour et al., 2010; Nikbin et al., 2017).

Therefore, a single hidden layer is also adopted in this study. In 

addition, TANSIG and PURELIN are used as activation functions, 

and the mean square error (MSE) function is selected as the 

measure of the ANN training approximation (Tran et al., 2019; 

Hosseinpour et al., 2020; Tran and Kim, 2022). In this study, the 

ANN model was trained by applying the LM algorithm and the 

BR algorithm from among many types of algorithms. The 

combination of these two algorithms and the number of hidden 

neurons can serve to determine the optimal ANN model. Here, 

the number of hidden neurons ranges from 1 to 20. The LM 

algorithm is trained and tested by randomly dividing the 400 

datasets as follows: 70% for training, 15% for validation, and 

15% for testing. The BR algorithm automatically controls the 

e

R
2

1
ŷi yi–( )n

i 1=∑

ŷi yi–( )n 2

i 1=∑
------------------------------

2

–=

MSE
1
n
--- ŷi yi–( )n 2

i 1=∑=

e
1
n
---

ŷi yi–

yi

-------------- 100%×n

i 1=∑=

ŷi

Fig. 9. Details of the Input Parameters and Conditions for the Heat 
Transfer Analysis: (a) Beam Cross-Section, (b) Boundary Condition

Fig. 10. Performance according to the Algorithm Type and Number of 
Hidden Neurons: (a) Coefficient of Determination (R2), (b) Mean 
Squared Error (MSE), (c) Mean Relative Error ( )e
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structural complexity, eliminating the need for separate training 

and validation sets (Tien Bui et al., 2012). The training phase is 

performed with all training data. Therefore, the BR algorithm 

develops the model by randomly dividing the 400 datasets: 70% 

for training and 30% for testing. Fig. 10 shows the performance 

of the model according to the type of algorithm and the number 

of hidden neurons. The hyperparameters of a neural network 

have a significant impact on the performance of the model. As 

the number of hidden neurons increases, the ability to solve complex 

problems improves, which in turn improves the performance of 

the model. Also, the BR algorithm outperforms the LM algorithm 

overall regardless of the number of hidden neurons. For the BR 

algorithm, with ten or more hidden neurons, it can be confirmed 

that R2 is 0.999 or more, MSE is 1 or less, and  is 1% or less. 

For the model to which the LM algorithm is applied, the number 

of hidden neurons that results in the best performance is 17, and 

the performance indicators R2, MSE, and  for the model are 

correspondingly 0.9908, 14.1075, and 1.6469. In the model to 

which the BR algorithm is applied, the number of hidden neurons 

resulting in the best performance is 17, while R2, MSE, and  are 

0.9998, 0.3338, and 0.2512%, respectively.

6. ANN Model Analysis Results

After training and testing with the 400 datasets and the 

hyperparameters of the neural network, the ANN model is 

developed to predict the moment capacity of FSRBs exposed to 

fire. According to the performance criteria, the ANN model is 

developed with the BR algorithm and 17 neurons. The MSE values 

for the training and testing phases were 0.9058 and 0.0886, 

respectively. The MSE value for all data is 0.3338. These results 

indicate that the ANN model worked well (Cai et al., 2019). 

Fig. 11 shows the relationship between the target value determined 

by the calculation process in Chapters 2 and 3 and the moment 

capacity predicted by the developed ANN model. The coefficient 

of determination (R2) values during the training and testing steps 

are 0.9999 and 0.9995, respectively. The coefficient of determination 

(R2) for all 400 datasets is 0.9995. These results suggest that the 

ANN model has high generalization ability (Cai et al., 2019). 

Fig. 12(a) shows the results of a comparison between the output 

and target values of the developed ANN model. The maximum 

error between the output value and the target value is 3.04 kN·m, 

and the average error for the 400 datasets is 0.35 kN·m. The 

relative error (e) of the output value and the target value is shown 

in Fig. 12(b). The expression of the relative error (e) is identical 

to that in Eq. (22). The maximum relative error (e) is 5.32%, but 

e

e

e

Fig. 12. Evaluating the Computational Accuracy of ANN Model: (a) Target and Output Moment Capacity, (b) Relative Error of the Moment Capacity

Fig. 11. Comparison of the Calculated Target and Predicted Output 
Moment Capacity: (a) Train, (b) Test, (c) All
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Table 1. Calculated Target and Predicted Output Moment Capacities

No. b (mm) h (mm) Afrp (mm2) As (mm2) fck (MPa) It (mm) Cd (mm) t (min) Mu,target  (kN·m) Mu,output (kN·m) e (%)

1 254 406 203 859.5 52 25 20 0 153.07  154.43  0.88 
2 254 406 203 859.5 52 25 20 5 153.93  153.70  0.15 
3 254 406 203 859.5 52 25 20 10 153.23  153.69  0.30 
4 254 406 203 859.5 52 25 20 20 151.01  151.45  0.29 
5 254 406 203 859.5 52 25 20 30 124.28  124.25  0.03 
6 254 406 203 859.5 52 25 20 40 124.28  124.13  0.13 
7 254 406 203 859.5 52 25 20 50 124.11  124.09  0.02 
8 254 406 203 859.5 52 25 20 60 124.11  124.14  0.03 
9 254 406 203 859.5 52 25 20 70 123.94  124.55  0.49 
10 254 406 203 859.5 52 25 20 80 123.94  124.54  0.48 
11 254 406 203 859.5 52 25 20 90 123.94  123.11  0.68 
12 254 406 203 859.5 52 25 20 100 118.85  119.20  0.30 
13 254 406 203 859.5 52 25 20 110 113.16  113.34  0.16 
14 254 406 203 859.5 52 25 20 120 107.79  107.49  0.28 
15 254 406 203 859.5 52 25 20 130 102.73  102.65  0.08 
16 254 406 203 859.5 52 25 20 140 98.11  98.27  0.16 
17 254 406 203 859.5 52 25 20 150 93.64  93.77  0.14 
18 254 406 203 859.5 52 25 20 160 89.42  89.30  0.13 
19 254 406 203 859.5 52 25 20 170 85.42  85.20  0.26 
20 254 406 203 859.5 52 25 20 180 81.64  81.58  0.07 
· · · · · · · · · · · ·
· · · · · · · · · · · ·
· · · · · · · · · · · ·
361 254 304 406 859.5 52 25 20 0 146.99  147.72  0.50 
362 254 304 406 859.5 52 25 20 5 146.70  146.71  0.01 
363 254 304 406 859.5 52 25 20 10 146.04  146.30  0.18 
364 254 304 406 859.5 52 25 20 20 143.92  143.92  0.00 
365 254 304 406 859.5 52 25 20 30 119.13  120.12  0.83 
366 254 304 406 859.5 52 25 20 40 119.13  119.15  0.02 
367 254 304 406 859.5 52 25 20 50 118.95  119.06  0.08 
368 254 304 406 859.5 52 25 20 60 118.95  118.53  0.35 
369 254 304 406 859.5 52 25 20 70 118.78  119.08  0.25 
370 254 304 406 859.5 52 25 20 80 118.78  119.37  0.49 
371 254 304 406 859.5 52 25 20 90 118.61  117.56  0.89 
372 254 304 406 859.5 52 25 20 100 112.67  113.10  0.38 
373 254 304 406 859.5 52 25 20 110 107.13  107.26  0.12 
374 254 304 406 859.5 52 25 20 120 102.05  101.62  0.42 
375 254 304 406 859.5 52 25 20 130 97.14  96.84  0.31 

376 254 304 406 859.5 52 25 20 140 92.53  92.62  0.09 
377 254 304 406 859.5 52 25 20 150 88.21  88.42  0.24 
378 254 304 406 859.5 52 25 20 160 84.14  84.13  0.01 
379 254 304 406 859.5 52 25 20 170 80.30  80.20  0.12 
380 254 304 406 859.5 28 25 20 180 76.66  75.57  1.44 
381 254 304 406 859.5 28 25 20 0 130.92  130.92  0.00 
382 254 304 406 859.5 28 25 20 5 130.74  130.53  0.16 
383 254 304 406 859.5 28 25 20 10 130.33  130.56  0.18 
384 254 304 406 859.5 28 25 20 20 129.00  129.02  0.02 
385 254 304 406 859.5 28 25 20 30 114.49  114.13  0.31 
386 254 304 406 859.5 28 25 20 40 114.31  114.24  0.07 
387 254 304 406 859.5 28 25 20 50 114.14  114.69  0.48 
388 254 304 406 859.5 28 25 20 60 113.97  114.01  0.03 
389 254 304 406 859.5 28 25 20 70 113.80  113.71  0.08 
390 254 304 406 859.5 28 25 20 80 113.63  113.73  0.09 
391 254 304 406 859.5 28 25 20 90 113.29  112.08  1.08 
392 254 304 406 859.5 28 25 20 100 107.79  108.02  0.21 
393 254 304 406 859.5 28 25 20 110 102.80  102.79  0.01 
394 254 304 406 859.5 28 25 20 120 97.94  97.80  0.14 
395 254 304 406 859.5 28 25 20 130 93.37  93.47  0.11 
396 254 304 406 859.5 28 25 20 140 89.21  89.40  0.22 
397 254 304 406 859.5 28 25 20 150 85.17  85.22  0.05 
398 254 304 406 859.5 28 25 20 160 81.37  81.08  0.35 
399 254 304 406 859.5 28 25 20 170 77.77  77.66  0.14 
400 254 304 406 859.5 28 25 20 180 74.37  75.57  1.60 
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the average relative error value ( ) of the 400 datasets is 0.2512%, 

which is less than 1% of the maximum. Table 1 shows the input, 

output, target value, and relative error of the 400 datasets. Through 

the average difference between the output value and the target 

value and the average relative error value, it was confirmed that 

the ANN model has high computational accuracy. Therefore, the 

ANN model presented here can be used to predict the moment 

capacity of FSRBs exposed to fire.

e = Relative Error = (22)

Here,  is the target value and yi is the output value.

7. Parametric Study Using the ANN Model

The developed ANN model with high computational accuracy 

and good generalization ability is used to evaluate the effects of 

several input parameters on the moment capacity. The effects of 

each of these input parameters on the moment capacity are 

described below.

7.1 Effect of the Reinforcement Area As on Mu

The effect of the rebar area (As) on the moment capacity is studied 

using the ANN model. The input parameters are b = 254 mm, h = 

406 mm, Afrp = 203 mm2, As = 380.1, 859.5, 1161.2 mm2,  fck =              

28 MPa, It = 45 mm, Cd = 25 mm, and t = 0, 5, 10, 20, 30, 40, 50,                   

60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180 min. 

The effect of the rebar area on the moment is shown in Fig. 

13(a). The moment capacity clearly decreased as the fire 

exposure time increased, but the moment capacity increased as 

the rebar area increased.

7.2 Effect of the Concrete Cover Depth Cd on Mu

The effect of the concrete cover depth (Cd) on the moment 

capacity is also studied using the ANN model. The input parameters 

are b = 254 mm, h = 406 mm, Afrp = 203 mm2, As = 859.5 mm2, 

fck = 52 MPa, It = 25 mm, Cd = 20, 30, 40 mm, and t = 0, 5, 10, 

20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 

170, 180 min. The effect of the concrete cover depth is illustrated 

in Fig. 13(b). For a short fire time, a smaller concrete cover depth 

acts favorably on the moment capacity, but for a long fire time, a 

decrease in the concrete cover depth has an adverse effect on the 

moment capacity. For a fire exposure time of 100 minutes or 

more, it is confirmed that as the concrete cover depth becomes 

shallower, the tensile strength of the rebar decreases rapidly due 

to the high temperature, which affects the moment capacity.

7.3 Effect of the FRP Area Afrp on Mu

The effect of the FRP area (Afrp) on the moment capacity was 

subsequently studied using the ANN model. The input parameters 

are b = 508 mm, h = 406 mm, Afrp = 203, 406, 457 mm2, As = 

1161.3 mm2, fck = 28 MPa, It = 45 mm, Cd = 35 mm, and t = 0, 5, 

10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 

160, 170, 180 min. As shown in Fig. 13(c), while the FRP area 

affects the moment capacity for a short fire time, the effect on the 

moment capacity as the fire time increases is negligible. When 

the fire exposure time exceeds 50 minutes, the debonding of the 

FRP occurs, and the FRP area does not affect the moment capacity 

e

ŷi yi–

yi

-------------- 100%×

ŷi

Fig. 13. The Effects of Each of These Input Parameters on the Moment Capacity: (a) Effect of the Rebar Area, (b) Effect of the Cover Depth, (c) Effect 
of the FRP Area, (d) Effect of the Insulation Thickness
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of the beam. That is, when the adhesive temperature between the 

FRP and concrete exceeds the glass-transition temperature (Tg), 

the FRP is debonded and the FRP area does not affect the 

moment capacity.

7.4 Effect of the Insulation Thickness It on Mu 
The ANN model is used to study the effect of the insulation 

thickness It on the moment capacity. The input parameters 

are b = 254 mm, h = 406 mm, Afrp = 203 mm2, As = 859.5 mm2,

fck = 52 MPa, It = 25, 35, 45 mm, Cd = 35 mm, and t = 0, 5, 10, 

20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 

170, 180 min. Fig. 13(d) shows the effect of the insulation thickness 

on the moment capacity. Although the insulation thickness has 

no effect at short fire exposure times, an increase in the insulation 

thickness may delay the point at which the debonding of the FRP 

occurs. When the insulation thickness increases from 25 mm to 

45 mm, the debonding time of the FRP increases from 30 

minutes to 60 minutes. In addition, the insulation thickness for a 

long fire exposure time prevents a sharp decrease in the tensile 

strength of the rebar, which affects the moment capacity.

8. Conclusions

In this study, the validity of a heat transfer analysis using ABAQUS 

is verified based on Ahmed’s experimental and analysis results 

and a formula for calculating moment capacity of FSRBs exposed 

to fire is established. Furthermore, a heat transfer analysis is 

conducted using the FRP area, the rebar area, the concrete 

compressive strength, the insulation thickness, the concrete 

cover thickness, and the fire exposure time as variables, and 400 

moment capacity values according to each variable are calculated 

with the formula. An ANN model is developed to calculate the 

moment capacity of a FSRB exposed to fire through a sensitivity 

study using the type of algorithm and the number of neurons in 

the hidden layers as variables. Using the developed ANN model, 

the effects of the rebar area, concrete cover depth, FRP area, 

insulation thickness and fire exposure time on the moment 

capacity are investigated. Through the ANN model, it is possible 

to predict the moment capacity of a FSRB exposed to fire quickly 

and effectively. The conclusions of this study are given below.

1. The ANN model trained by the BR algorithm rather than 

the LM algorithm is more accurate for predicting the 

moment capacity of a FSRB exposed to fire, and using 17 

hidden neurons is effective in terms of the performance 

outcome.

2. The coefficient of determination, the average error, and the 

average relative error of the developed ANN model are 

0.9995, 0.35, and 0.2512%, respectively, all of which have 

high generalization ability and good computational accuracy.

3. The moment capacity increases as the rebar area increases 

and decreases as the fire exposure time increases.

4. For a short fire exposure time, the moment capacity 

increases as the concrete cover depth decreases, but after a 

certain point, a decrease in the concrete cover depth causes 

a sharp decrease in the moment capacity.

5. The FRP area affects the moment capacity during the fire 

exposure time before the FRP is debonded, but the effect 

becomes negligible after the debonding.

6. For a short fire exposure time, the insulation thickness 

affects the moment capacity by delaying the time of FRP 

debonding, and during the subsequent fire exposure time, 

the insulation thickness prevents a sudden decrease in the 

tensile strength of the rebar, which affects the moment 

capacity.
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