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1. Introduction 

 
Slab-column connections in reinforced concrete (RC) 

flat slabs are recognized as critical zones in the structural 
design of concrete buildings. These regions are subjected to 
concentrated flexural and shear stresses which, in the 
absence of adequate strengthening, are highly susceptible to 
punching shear failure. Such failure can result in brittle and 
sudden collapse of floor systems (Al-Maliki et al. 2021, 
Abdulrahman and Aziz 2021). Among modern retrofitting 
techniques, the use of carbon fiber-reinforced polymer 
(CFRP) plates has emerged as a promising and cost-
effective solution for enhancing the performance of these 
connections (Akhundzada et al. 2019, El-Mandouh et al. 
2022). Due to their high strength-to-weight ratio, corrosion 
resistance, and ease of installation, CFRP plates have 
gained significant attention from researchers in the field of 
structural rehabilitation. 

Several studies have evaluated the flexural and shear 
performance of RC slab-column connections strengthened 
with CFRP. Harajli and Soudki (2003), and Esfahani et al. 
(2009) demonstrated the effectiveness of CFRP in 
enhancing the punching shear resistance of interior slab-
column joints. Moon et al. (2017) and Aman et al. (2020) 
reported improvements in load-carrying capacity and 
stiffness of CFRP-strengthened slabs. More recent research 
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by Mukhtar and Lardhi (2024) highlighted the application 
of near-surface mounted (NSM) FRP bars in increasing 
punching resistance in recycled aggregate slabs. 
Additionally, Yagar et al. (2024) developed a 
comprehensive database to evaluate the applicability of ACI 
code equations in estimating the punching capacity of FRP-
strengthened connections. 

In the context of seismic loading, studies such as those 
by Liu et al. (2021), Daud et al. (2015), and Ma et al. 
(2020) have shown that CFRP retrofitting leads to reduced 
displacements, improved energy dissipation capacity, and 
enhanced cyclic behavior of slab-column joints. El-
Mandouh et al. (2022) and Babiker et al. (2024) further 
examined the beneficial impact of CFRP on the seismic 
performance of slabs with openings. 

To advance the efficiency of such strengthening 
techniques, various metaheuristic algorithms have been 
employed in the structural optimization domain. These 
include the Genetic Algorithm (GA), Particle Swarm 
Optimization (PSO), and more recently, the Grey Wolf 
Optimizer (GWO), which has proven to be highly effective 
in handling complex civil engineering optimization 
problems. Aidy et al. (2022) and Rady and Mahfouz (2022) 
applied GA to optimize structural layouts of RC slabs. 
Truong et al. (2022) leveraged machine learning techniques 
to model the punching capacity of FRP-reinforced slabs. 
Introduced by Mirjalili et al. (2014), the GWO algorithm 
has demonstrated significant capabilities in optimization 
tasks and has been applied successfully in several structural 
engineering studies (Emmanuel et al. 2022, Yin et al. 2021). 
Moreover, recent efforts by Truong et al. (2022) and 
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Babiker et al. (2024) have focused on employing machine 
learning and deep learning approaches to predict the 
punching behavior of FRP-strengthened slabs with higher 
precision. 

Given the increasing vulnerability of aging concrete 
structures and the critical need for efficient and cost-
effective retrofitting methods, the application of rigorous 
numerical modeling and advanced optimization strategies 
becomes imperative. This necessity is particularly 
pronounced in seismic-prone regions, where enhancing the 
structural integrity of slab-column connections is both an 
engineering and safety priority. Despite the extensive use of 
CFRP in practice, many design decisions are still based on 
empirical judgment or trial-and-error approaches, which 
may not yield structurally or economically optimal solutions. 

A critical review of the literature reveals that: 
 

• Comprehensive numerical and parametric investiga-
tions on the geometric design variables of CFRP 
plates under combined static and seismic loads are 
still lacking. 

• There is a notable research gap in the integrated 
optimization of multiple design parameters (such as 
thickness, orientation, dimensions, and number of 
CFRP layers) using intelligent algorithms in 
conjunction with finite element modeling (FEM) for 
RC slab-column connections. 

 

The present study addresses this research gap by 
developing a computational framework for the optimal 
design of CFRP plates in RC slab-column joints. The 
framework is based on nonlinear finite element simulations 
conducted in Abaqus and an optimization module built in 
MATLAB using the Grey Wolf Optimizer. The objective 
function is defined to minimize damage indices under both 
static and cyclic loading scenarios. 

 
 
 

The key novelty of this research lies in the integration of 
FEM-based structural analysis with GWO-driven 
optimization to simultaneously determine the optimal 
combination of four critical design parameters: number of 
CFRP layers, fiber orientation, plate thickness, and plate 
dimensions. To the best of the authors’ knowledge, this is 
the first study to propose a unified methodology for the 
geometric optimization of CFRP plates tailored for RC slab-
column retrofitting, with high potential for practical 
engineering applications. 

This paper is structured into four main sections. Section 
2 outlines the materials and methods, including details of 
the experimental benchmark model, numerical modeling 
strategy using Abaqus, material properties, and the 
implementation of GWO in MATLAB. Section 3 presents 
the numerical results and optimization outcomes, including 
parametric analyses, performance evaluation of various 
CFRP configurations, and the derivation of the optimal 
CFRP design. Finally, Section 4 provides conclusions and 
recommendations for future research. 

 
 

2. Materials and method 
 
2.1 Specifications of the reference model 
 
In this research, the numerical model was implemented 

in Abaqus software. In order to calibrate the numerical 
models and validate their performance, they must be created 
based on the laboratory model and undergo verification-
validation steps with respect to the experimental model. 
Accordingly, the numerical slab-column model was defined 
and implemented according to the empirical model of 
Hamoda and Hossain (2019), which consisted of a RC flat 
slab with base dimensions of 1000 mm × 1000 mm and a 
thickness of 100 mm and a concrete column with base 
dimensions of 100 mm × 100 mm and a height of 300 

 
 

 
Fig. 1 Experimental setup and dimensions of the slab-column model: (a) schematic of the cross-section of the laboratory 

model; (b) plan of the laboratory model; (c) specimen and experimental setup (Hamoda and Hossain 2019)
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mm. Fig. 1 displays the schematic of the model and the 
experimental setup. In the laboratory model, 8-mm and 12-
mm rebars were used in the column and 8-mm compressive 
and tensile rebars were used in the slab for reinforcement 
(Fig. 2). 

The concrete in the experimental model had an average 
compressive strength of 32 N/mm2 and tensile strength 
(based on 12 cylindrical specimens with dimensions of 150 
mm × 300 mm) of 2.7 N/mm2. The rebars used in the slab 
and column were made of steel with an elastic modulus of 
200 N/mm2, a yield strength of 365 N/mm2, and an ultimate 
strength of 545 N/mm2. In addition, the rebars had a 
nominal cross-sectional area of 199 mm2. Table 1 
summarizes the material properties extracted from the 
experimental benchmark used for validation, as described 
by Hamoda and Hossain (2019). For parameters not 
explicitly reported, standard values from literature and 
product datasheets were adopted. These values were used in 
the finite element model to ensure consistency and realism 
with the physical experiment. 

 
2.2 Specifications of the numerical models 
 
In this research, a numerical model was created based 

on the properties and dimensions of the experimental 
model. Accordingly, a modulus of elasticity of E = 200.000 
N/mm2 and a Poisson’s ratio of ν = 0.3 were considered as 
the elastic properties of steel for the numerical model. The 
plastic behavior of the steel is defined using its stress-strain 
curve (Fig. 3). Based on the laboratory model, the steel was 
found to have a yield stress of 365 N/mm2 and an ultimate 
stress of 545 N/mm2. 

The properties of concrete were defined according to its 
elastic and plastic behavior (focusing mainly on the tensile 
and compressive damage). In this regard, the elastic 
properties of the concrete were taken to be a modulus of 
elasticity of E = 21.200 N/mm2 and a Poisson’s ratio of 𝜈 =0.2. Various techniques are used to define the specifications 
and plastic behavior of concrete under loading. 
Accordingly, the tensile and compressive behaviors of 
concrete are introduced, and the main parameters used to 
define its plastic behavior (damage) are defined in the 
software. The tensile and compressive behavior graphs of 
concrete are shown parametrically in Fig. 4. 

Five groups of material data for concrete, including 
concrete damaged plasticity, compressive behavior, 
concrete compression damage, tensile behavior, and 
concrete tension damage must be specified in Abaqus in 
order to define the plastic behavior of concrete. Table 2 
presents the plastic damage parameters of concrete used in 
the numerical model. 

 
 

Fig. 3 Stress-strain curve of the steel used in the 
numerical model 

 
 

Fig. 4 Graph of the behavior of concrete (stress-strain) 
under (a) compression and (b) tension

 
 

Table 2 Plastic damage properties of concrete used in the 
numerical model 

Dilation 
angle Eccentricity fb0/fc0 K Viscosity 

parameter 
38 0.1 1.16 0.67 0.0009 

 
 
The CFRP plates were defined using the shell (S4R) 

element in the numerical model. The Lamina type was used 
to define the elastic properties of the CFRP plates, and the 
Hashine Damage model was employed to define their 
damage properties. In addition, the damage evolution 
parameters in the CFRP plates were among the major 
specifications used to define the behavior of these plates in 
the numerical model. Table 3 shows the elastic parameters, 
the Hashine Damage model, and the damage evolution 
specifications in the numerical model of the CFRP plates. 
Finally, the composite material properties in Abaqus V. 
2020 were used to define different layers and the 
specifications of the CFRP plates, such as thickness and 
fiber orientation in each layer. 

 
Fig. 2 Geometric specifications and reinforcement system configuration in the slab and column of the laboratory model
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In this model, mesh sensitivity analysis was performed 

for three different element sizes of 5 mm, 10 mm, and 20 
mm. Moreover, in the case of solid elements, 8-node Hex 
elements (C3D8R) were used for slabs and columns, and 
T3D2 elements were utilized for rebars and fibers. Fig. 5b 
displays a view of the mesh. In the model, the boundary and 
loading conditions involved constraining the bottom of the 
slab and exerting a vertical force on the column, 
respectively (Fig. 5(c)) 

 
2.2.1 Finite element modeling in Abaqus 
A comprehensive three-dimensional finite element (FE) 

model was developed using Abaqus/Standard to simulate 
the behavior of reinforced concrete (RC) flat slab–column 
connections strengthened with CFRP plates. The model 
aimed to replicate the geometry, material behavior, and 
loading conditions of the reference experimental study by 
Hamoda and Hossain (2019). 

 
 

 
 
The concrete slab and column were modeled using 8-

node linear brick elements with reduced integration 
(C3D8R), which are well-suited for nonlinear concrete 
behavior and damage localization. Steel reinforcement bars 
were represented by 2-node truss elements (T3D2), and the 
CFRP plates were modeled using 4-node shell elements 
with reduced integration (S4R), capturing in-plane and 
bending effects efficiently. 

Mesh sensitivity analysis was conducted to determine 
the optimal mesh size. Finer meshing was applied in the 
critical zone around the slab–column connection to improve 
accuracy in capturing stress concentrations and failure 
initiation. 

The Concrete Damaged Plasticity (CDP) model was 
used to simulate the nonlinear behavior of concrete under 
compressive and tensile loading, including stiffness 
degradation and post-cracking behavior. The CDP 
parameters were calibrated based on experimental data 

 

Table 3 Specifications of the CFRP plates in the numerical model 
Elastic 

E1 E2 Nu12 G12 G13 G23 
7000 10000 0.34 8000 4700 8000 

Longitudinal 
tensile strength 

Longitudinal 
compressive 

strength 

Transverse 
tensile 

strength 

Transverse 
compressive 

strength 

Longitudinal 
shear 

strength 

Transverse 
shear 

strength 

1340 1192 19.6 92.3 51 23 
Damage evolution 

Longitudinal tensile 
fracture energy 

Longitudinal compressive
fracture energy 

Transverse tensile 
fracture energy 

Transverse compressive
fracture energy 

48.4 60.3 4.5 8.5 
 

 
Fig. 5 Specifications of the numerical model: (a) schematic of the slab-column model; (b) finite element model meshing; 

(c) boundary and loading conditions; (d) CFRP plates in the numerical model
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provided in Hamoda and Hossain (2019). 
Steel reinforcement was assumed to behave as an 

elastic–perfectly plastic material with isotropic hardening. 
The tensile behavior of CFRP was modeled as linear elastic 
up to failure using the Hashin damage criterion, which 
captures fiber and matrix cracking modes. 

The interaction between concrete and reinforcement 
bars was modeled using the embedded region technique in 
Abaqus. In this approach, the rebar elements are fully 
bonded to the surrounding concrete mesh, assuming no 
relative slip (perfect bond). Bond–slip behavior was not 
explicitly considered in this study to reduce model 
complexity and focus on the global structural response. 

The interface between CFRP plates and concrete was 
modeled using surface-to-surface contact with cohesive 
behavior to simulate potential delamination under loading. 
The traction–separation law was defined along with damage 
initiation and evolution criteria, consistent with the Hashin 
failure model. 

Fixed boundary conditions were applied to the base of 
the column and the edges of the slab to replicate the 
experimental support conditions. A monotonic vertical load 
was applied at the top of the column in displacement control 
mode. Nonlinear static analysis was conducted using the 
Static General solver with automatic time stepping and 
convergence control enabled to handle contact nonlinearity 
and material softening. 

The developed FE model was validated against the 
experimental results from Hamoda and Hossain (2019). 
Good agreement was observed in terms of peak load 
capacity, deflection response, and damage patterns, 
confirming the accuracy and reliability of the numerical 
simulation. 

In the numerical model developed using Abaqus, 
different interaction techniques were defined to realistically 
simulate the behavior of composite components: 

 

• The interaction between concrete and reinforcement 
bars was modeled using the embedded region 
technique, in which steel rebar elements are 
embedded into the host concrete elements. This 
approach assumes a perfect bond between concrete 
and steel, which is widely accepted in similar 
numerical studies. Bond-slip behavior was not 
explicitly modeled, as the primary focus of the study 
was on evaluating the global structural response and 
optimizing CFRP strengthening configuration. 

• The CFRP–concrete interface was modeled using a 
surface-to-surface contact interaction along with the 
cohesive behavior defined through the Hashin 
damage model. This allowed the simulation to 
account for potential debonding or delamination 
under loading. Damage evolution and stiffness 
degradation in the CFRP layers were included using 
traction-separation laws. 

 

These interaction definitions were selected to achieve a 
balance between modeling accuracy and computational 
efficiency while capturing the critical failure mechanisms in 
the slab–column connection. 

 

2.3 Evaluation of the punching shear capacity of 
the RC slab 

 
In the design of RC slab-column connections, punching 

shear capacity is a major design criterion, and guidelines 
and regulations have introduced various relationships for 
calculating this quantity. The punching shear capacity can 
be determined in two directions using the guidelines 
recommended by international building design regulations 
and standards. The equations presented in ACI-318, BS-
8110, Eurocode 2, and CSAS806 are often used to compute 
the ultimate strength in concrete slabs. Theoretically, the 
ACI and CSA-S806 standards provide a conservative 
design for punching by considering the nearest distance 
between the critical section and the support and other 
parameters. However, other standards consider the critical 
distance to be longer than d/2-2d for design based on 
punching shear strength. Accordingly, the present research 
used the equations in ACI-318 to evaluate the punching 
shear capacity (𝑉௖) (Hamoda and Hossain 2019). 

 𝑉ଵ = 0.33𝜆ඥ𝑓௖𝑏଴𝑑 (1)
 𝑉ଶ = (0.17 + 0.34𝛽଴ )𝜆ඥ𝑓௖𝑏଴𝑑 (2)

 𝑉ଷ = 0.083(2 + 𝛼௦𝑑𝑏଴ )𝜆ඥ𝑓௖𝑏଴𝑑 (3)

 𝑉௖ = 𝑚𝑖𝑛(𝑉ଵ, 𝑉ଶ, 𝑉ଷ) (4)
 
In Eqs. (1)-(4), 𝑓௖ represents the cylinder compressive 

strength of concrete, 𝜆 is the shear reduction factor in 
concrete, β0 is the ratio of the larger side to the smaller side 
of the concrete column, b0 denotes the critical shear 
perimeter of the slab located at a distance of 0.5d from the 
column, and 𝛼௦ is the location factor of the column, which 
is equal to 4 for internal columns, 3 for edge columns, and 2 
for corner columns. Also, d represents the effective length 
of the concrete (Hamoda and Hossain 2019). 

 
2.4 Numerical models 
 
In this research, parametric studies were conducted to 

evaluate the effect of CFRP plates by varying the four main 
parameters, namely loading conditions, CFRP plate 
thickness, CFRP plate dimensions, and number of layers 
and fiber orientation in the CFRP plates. In this regard, 
numerical modeling approaches were defined by 
considering the variables under study (classified in the 
following), and parametric studies were performed to 
determine the effect of CFRP plates in strengthening slab-
column connections in Abaqus software. Table 4 presents 
the main variables along with the modeling parameters and 
conditions for each variable. 

Based on the scenarios, the slab-column connection was 
numerically simulated under static and cyclic (seismic) 
loading. In this research, the ATC-SAC loading protocol 
(Krawinkler et al. 2000) was used to apply cyclic loading. 
This protocol is related to far-fault earthquakes. Moreover, 
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Fig. 6 SAC seismic loading protocol 
 
 

in this protocol, the displacement is applied at the end of the 
column according to the loading history, including 
incrementally increasing cyclic deformations. The SAC 
cyclic loading protocol is displayed in Fig. 6. A total of 33 
numerical models (M1-M33) consisting of different 
combinations of the main variables was defined and 
implemented in Abaqus for evaluating the effect of the 
CFRP plate parameters on the strengthening of slab-column 
connections. 

 
2.4.1 Definition of damage index and its use in 

optimization 
In this study, the damage index used as the objective 

function in the optimization process is extracted directly 
from the finite element simulation outputs of Abaqus. 
Specifically, the DAMAGET variable, which is part of the 
Concrete Damaged Plasticity (CDP) model, is utilized. 

DAMAGET is a scalar field variable in Abaqus that 
represents tensile damage in concrete. It ranges from 0 (no 
damage) to 1 (complete failure in tension). This parameter 
is computed at integration points and reflects the 
progressive stiffness degradation of the concrete under 
tensile loading due to cracking. According to the Abaqus 
User Guide (Abaqus Documentation 2020), the relationship 
between the undamaged and damaged stiffness is defined as 

 𝐸ௗ = (1 − 𝑑௧). 𝐸଴ (5)
 
Where: 
 

• dt is the DAMAGET variable (tensile damage index) 
• E0 is the initial elastic modulus of concrete 

 
 

• Ed is the degraded modulus after tensile cracking 
 

This relationship shows that DAMAGET directly 
quantifies the extent of material degradation under tensile 
loads, making it a reliable indicator of structural damage in 
simulations. 

Thus, the variable DAMAGET effectively quantifies the 
loss of stiffness due to tensile cracking, making it a 
physically meaningful and computationally reliable damage 
indicator. 

During the optimization process, the maximum value of 
DAMAGET within the slab–column connection zone is 
extracted after each simulation run. This value is then fed 
into the GWO algorithm implemented in MATLAB as the 
objective function, which the optimizer attempts to 
minimize. 

By minimizing DAMAGET, the algorithm effectively 
searches for the CFRP design configuration that results in 
minimal tensile degradation and improved structural 
performance under loading. 

The use of DAMAGET as a numerical damage indicator 
is widely supported in the literature. It has been employed 
in various structural simulation and optimization studies to 
represent damage accumulation in concrete: 

 

• Lee and Fenves (1998): The original developers of 
the CDP model used internal damage variables as 
indicators of tensile and compressive failure 
progression. 

• Jankowiak and Lodygowski (2005): Utilized 
DAMAGET and DAMAGEC to model fracture 
propagation in concrete elements. 

• Minafò et al. (2017) and González-Vidosa et al. 
(2020): Used CDP damage variables in flat slab 
punching shear failure analysis and damage-based 
design methods. 

 

These references confirm that DAMAGET is 
theoretically sound, physically meaningful, and 
computationally efficient for use as a performance criterion 
in optimization-driven design. 

 

Table 4 Variables in the numerical study 

Loading conditions 
Static loading 

Seismic loading 

CFRP plate thickness 
Type 1 (T1): thickness of 1 mm 
Type 2 (T2): thickness of 2 mm 
Type 3 (A3): 400 mm × 400 mm 

CFRP plate dimensions 
Type 1 (A1): 200 mm × 200 mm 
Type 2 (A2): 100 mm × 100 mm 
Type 3 (A3): 400 mm × 400 mm 

Number of layers and fiber 
orientation in the CFRP plates 

Type 1 (L1): one layer with a fiber orientation of 0° 
Type 2 (L2): one layer with a fiber orientation of 90° 

Type 3 (L3): four layers with a fiber orientation of 0°,45°,90°,0° 
Type 4 (L4): four layers with a fiber orientation of 45°,90°,0°,45° 
Type 5 (L5): four layers with a fiber orientation of 90°,0°,45°,90° 
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2.4.2 Failure criteria in the FEM Model 
A reliable failure definition was implemented in the 

numerical model to accurately simulate the fracture 
mechanisms of the RC slab-column connection and its 
strengthened variants. The failure of each component—
concrete, reinforcement, and CFRP—was modeled using 
appropriate constitutive laws and damage evolution 
strategies as follows: 

The Concrete Damaged Plasticity (CDP) model was 
used to simulate cracking and crushing of concrete. Tensile 
and compressive degradation were monitored using the 
Abaqus scalar variables DAMAGET and DAMAGEC, 
respectively. 

 

• Tensile cracking was assumed to initiate when the 
tensile stress reached the tensile strength of the 
material. 

• Complete tensile failure was considered when 
DAMAGET → 1.0. 

• Similarly, compressive failure was associated with 
DAMAGEC → 1.0, signifying full material 
degradation in compression. 

 

The reinforcement bars were modeled as elastic–
perfectly plastic, using a bilinear stress–strain relationship 
with: 

 

• Yield stress fy = 365 MPa 
• Ultimate strain based on code-based steel behavior 
• Failure assumed when the strain exceeded the 

fracture limit (as defined in the experimental 
reference) 

 

No bond-slip was modeled between the reinforcement 
and concrete (embedded region approach was adopted), so 
bar failure corresponds to reaching the plastic strain limit. 

Failure in CFRP laminates was evaluated using the 
Hashin failure criterion, integrated into the finite element 
model through the damage initiation and evolution laws. 
Four modes of failure were considered: 

 

1. Fiber tension failure 
2. Fiber compression failure 
3. Matrix tension failure 
4. Matrix compression failure 

 

Damage initiation triggers stiffness degradation in each 
failure mode, and the material was considered failed when 
any of the Hashin criteria reached their limit state. This 
multi-criteria approach allowed accurate simulation of 
progressive failure and delamination in the CFRP-
strengthened regions. 

 
2.5 GWO algorithm 
 
The GWO algorithm is among population-based 

metaheuristic algorithms and was inspired by the pack-
hunting behavior of wolves (Truong et al. 2022). Based on 
the hierarchy in the social life of gray wolves, the alpha (α) 
wolf leads the pack and is responsible for deciding on 
hunting, sleeping location, time of movement, etc. The 
second rank in the hierarchy is occupied by beta (β) wolves. 
These wolves are under the alpha wolves’ command and 

help them in their decision and other activities of the pack. 
Beta wolves are the best candidates for an alpha wolf and 
act as deputies for alpha wolves and as regulators for the 
pack. The lowest rank in the hierarchy belongs to omega 
(ω) wolves. These wolves sacrifice themselves for other 
pack members. They are the last to feed. If a wolf is not an 
alpha, beta, or omega, it will be a subordinate or delta (δ) 
wolf. Delta wolves obey alpha and beta wolves and rule 
omega wolves. For mathematically modeling the social 
governance of wolves in the GWO algorithm, the worthiest 
solution is designated the α solution. The second and third 
best solutions are named β and δ solutions. The remaining 
solutions are assumed to be ω solutions. Hence, in the 
GWO algorithm, the optimization is led by the α, β, and δ 
solutions, and the ω solutions follow these three groups. In 
this research, the GWO algorithm was implemented based 
on pack hunting in wolves, including the searching, 
encircling, and attacking steps. The following presents each 
of these steps along with their mathematical relationships. 

Searching step: This step involves tracking, chasing, and 
approaching the prey. The equations for this step are as 
follows 

 𝐷ሬሬ⃗ = |𝐶. 𝑋௉ሬሬሬሬ⃗ (𝑡) − 𝑋⃗(𝑡)| (6)
 𝑋⃗(𝑡 + 1) = 𝑋௉ሬሬሬሬ⃗ (𝑡) − 𝐴𝐷ሬሬ⃗ | (7)
 
In Eqs. (6)-(7), t represents the current iteration, A and C 

are coefficient vectors, Xp denotes the prey position vector, 
and X is the position vector of a gray wolf. 

 𝐴 = 2𝑎⃗. 𝑟ଵሬሬሬ⃗ − 𝑎⃗ (8)
 𝐶 = 2𝑟ଶሬሬሬ⃗  (9)
 
In Eq. (8), the a components decrease linearly (from 2 to 

0) as the number of iterations increases, and 𝑟ଵ and 𝑟ଶ are 
random vectors between 0 and 1. A gray wolf at Position 
(X,Y) can update its position based on that of the prey 
(X*,Y*). Based on this algorithm, various locations around 
the best solution can be obtained by adjusting the values of 
the A and C vectors (Fig. 7). 

Encircling step: This step involves pursuing, encircling, 
and harassing the prey until it stops. 

 𝐷ఈሬሬሬሬሬ⃗ = |𝐶ଵሬሬሬሬ⃗  𝑋ఈሬሬሬሬ⃗ − 𝑋⃗| 𝐷ఉሬሬሬሬ⃗ = |𝐶ଶሬሬሬሬ⃗  𝑋ఉሬሬሬሬ⃗ − 𝑋⃗| 𝐷ఋሬሬሬሬ⃗ = |𝐶ଷሬሬሬሬ⃗  𝑋ఋሬሬሬሬ⃗ − 𝑋⃗| (10)

 𝑋ଵሬሬሬሬ⃗ = 𝑋ఈሬሬሬሬ⃗ −  𝐴ଵሬሬሬሬ⃗ . (𝐷ఈሬሬሬሬሬ⃗ ) 𝑋ଶሬሬሬሬ⃗ = 𝑋ఉሬሬሬሬ⃗ −  𝐴ଶሬሬሬሬ⃗ . (𝐷ఉሬሬሬሬ⃗ ) 𝑋ଷሬሬሬሬ⃗ = 𝑋ఋሬሬሬሬ⃗ −  𝐴ଷሬሬሬሬ⃗ . (𝐷ఋሬሬሬሬ⃗ ) 
(11)

 𝑋ത(𝑡 + 1) = 𝑋തଵ + 𝑋തଶ + 𝑋തଷ3  (12)

 
Gray wolves are able to detect the location of the prey 

and encircle it. The hunting is usually led by the alpha 
wolves. Beta and delta wolves may sometimes participate in 
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Fig. 7 GWO algorithm; position vectors and updates in the 
positions of the wolves 

 
 

hunting. Nevertheless, there is no idea about an optimal 
(prey) location in a limited search space. For a 
mathematical simulation of the hunting behavior of gray 
wolves, it is assumed that alpha (the best solution) beta, and 
delta are well-informed about the potential prey location. 
Therefore, the best 3 solutions obtained so far are stored, 
and the other search agents are forced to update their 
positions based on those of better agents (Eqs. (10)-(12)). 

Attacking step: This step involves a sudden attack on the 
prey. Gray wolves end hunting by attacking the prey when 
it has stopped moving. For the purpose of mathematical 
expression, approaching the prey is implemented by 
reducing the value of a, where the fluctuation range of 
vector A also decreases with a. In other words, a is a 
random value in the range [-2a, 2a], where a decreases from 
2 to 0 as the number of iterations increases. When random 
values of A are within the range [-1, 1], the subsequent 
position of a search agent can be anywhere between its 
current position and the position of the prey. 

In order to implement the GWO algorithm, the number 
of search agents (i.e., wolves) and the number of iterations 
must be determined. Next, the optimization model is 
implemented based on the GWO algorithm and the 
presented relationships and determines the optimized values 
for each variable in the main optimization equation. 

 
2.5.1 Implementation and evaluation of the GWO 

algorithm 
The Grey Wolf Optimizer (GWO) algorithm was 

implemented in MATLAB and integrated with the Abaqus 
numerical model for optimal design of CFRP plates. The 
optimization process was based on minimizing the damage 
index of RC slab-column connections under static and 
seismic loading. The initial parameters of the GWO 
algorithm were set as follows: 

 

• Population size (search agents): 30 wolves 
• Maximum iterations: 250 
• Stopping criterion: fixed iteration limit 
 

The algorithm was executed multiple times (5 runs) to 

ensure stability and robustness of the solution. Across all 
runs, the results converged to similar optimal values for the 
design variables, with less than 2.5% variation in the final 
objective function values, indicating high solution 
consistency. 

The algorithm was executed five independent times to 
ensure stability and robustness of the solution. This number 
of runs is considered sufficient and has been widely adopted 
in structural optimization studies employing metaheuristic 
algorithms, particularly when the numerical model is 
computationally intensive (e.g., Abaqus simulations) (e.g., 
Yazdani et al. 2022, Emmanuel et al. 2022). Across all runs, 
the results converged to similar optimal values for the 
design variables, with less than 2.5% variation in the final 
objective function values, indicating high solution 
consistency and the convergence history of the GWO 
algorithm is illustrated in Fig. 19, showing the evolution of 
the objective function over 250 iterations. The algorithm 
rapidly reduced the objective function within the first 50 
iterations (approximately 80% reduction), and gradually 
approached a near-optimal solution, stabilizing around 
iteration 190 with a damage index of approximately 10.7. 

This convergence trend demonstrates a balanced 
exploitation and exploration capability of the GWO 
algorithm, consistent with the behavior reported in other 
engineering applications (Mirjalili et al. 2014, Emmanuel et 
al. 2022). 

While it is acknowledged that metaheuristic algorithms 
like GWO are susceptible to getting trapped in local optima, 
the problem was mitigated through: 

 

• A diverse initial population, with random 
initialization of all variables within defined bounds 

• A sufficiently large number of iterations (250) to 
allow adequate exploration 

• Multiple executions, confirming solution stability 
 

No additional hybridization or mutation techniques were 
applied, as the GWO algorithm demonstrated adequate 
performance and convergence within the design space of 
this study. 

These observations support the efficiency and reliability 
of the GWO-based optimization model in identifying 
globally optimal CFRP configurations for strengthening RC 
slab-column connections. 

 
2.6 Optimization model 
 
In this research, a model was developed using the 

metaheuristic GWO algorithm in order to obtain optimal 
values for the geometric parameters of CFRP plates with the 
aim of strengthening RC slab-column connections. In 
general, in an optimization process based on the major 
objectives of the problem (single-objective or multiple-
objective optimization), one or more main equations are 
required, where the main objective of the model is to 
optimize (minimize or maximize) the values in the main 
equation(s). In addition, the bounds of the variables in the 
main equation must be determined. Also, the optimization 
constraints, which are normally based on the design 
limitations and requirements, are considered in the form of 
equations in the optimization model. The main objective of 
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the optimization model of this research was to reduce 
damage to CFRP-strengthened slab-column connections 
under static and seismic loads. 

The strategy suggested for the optimal design of CFRP 
plates for strengthening slab-column connections involves a 
finite element model of damage in the specimen (slab-
column connection) and a computational model for 
implementing the GWO algorithm and extracting the 
optimal values of the CFRP plate parameters. Hence, the 
main equation was implemented in every computational 
step based on the finite element model and by simulating 
damage in the specimen. Moreover, the initial value of each 
CFRP plate parameter, namely plate thickness, plate 
dimensions, number of layers, and fiber orientation angle, 
were determined in the computational model in MATLAB. 
The finite element model was developed in Abaqus, and the 
computational model was developed in MATLAB using the 
GWO algorithm. Finally, the two parts of the model were 
linked. In each computational step, the selected CFRP plate 
parameter values were input to the finite element model, 
and the results, including damage values based on loading 
conditions, were input to the computational model. In the 
end, the values of the 4 variables of the CFRP plates 
optimized for strengthening the slab-column connection 
were extracted. The flowchart in Fig. 8 represents the 
computational-modeling procedure of the research. 

Although the optimization in this study was formulated 
based on the tensile damage index (DAMAGET) derived 
from the Concrete Damaged Plasticity (CDP) model, we 
acknowledge the engineering value of bearing capacity as a 
direct and physically interpretable performance indicator. 
However, it is important to note that the DAMAGET 
variable provides a robust and computationally efficient 
indicator of degradation, especially in regions where 
concrete cracking governs failure. It is directly associated 
with stiffness reduction and progressive failure in tensile 
zones, which are critical in slab–column connections under 
vertical or cyclic loading. 

Several peer-reviewed studies (e.g., Lee and Fenves 
1998, Jankowiak and Lodygowski 2005, Minafò et al. 2017, 
González-Vidosa et al. 2020) have successfully employed 

 
 

DAMAGET or its derivatives as surrogate damage metrics 
in finite element-based optimization and damage 
assessment frameworks. Furthermore, in this study, the 
concrete damage index was observed to correlate closely 
with key structural responses such as crack initiation, 
ultimate load drop, and CFRP delamination. This confirms 
that minimizing DAMAGET indirectly enhances global 
load-carrying capacity and ductility. 

Nonetheless, in future studies, we plan to expand the 
optimization framework into a multi-objective formulation 
that integrates both DAMAGET and peak bearing capacity 
as competing objectives. This will enable a more 
comprehensive balance between minimizing internal 
damage and maximizing global structural performance, thus 
enriching the reliability of the design. 

 
 

3. Results and discussion 
 
This section presents and discusses the outcome of the 

numerical models. For this purpose, the results of validating 
the numerical model using the experimental model are 
presented first. Subsequently, the results of the parametric 
studies on the performance of the CFRP-strengthened slab-
column connections are examined. Finally, the performance 
of the optimal design model developed based on the GWO 
algorithm is studied. 

 
3.1 Experimental model results 
 
In order to evaluate the performance of the numerical 

model and validate its results, this section compares the 
numerical and experimental results. Furthermore, a mesh 
independence analysis is performed with element sizes of 5 
mm, 10 mm, and 20 mm in order to calibrate the numerical 
model. The results were obtained based on values of (1) 
crack initiation critical force (𝑃௖௥ (𝐾𝑁)) (slab damage) and 
(2) final crack force (𝑃௎ (𝐾𝑁)) (slab damage) for various 
mesh sizes, as shown in Table 5. 

Table 5 represents the performance results of the 
numerical model based on three different mesh sizes and 

 
Fig. 8 A schematic of the CFRP optimization model for strengthening a slab-column connection 
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Table 5 Results of calibrating the numerical model with 
respect to mesh size 

 Experimental 
model 

Numerical model 
Mesh size: 

5 mm 
Mesh size: 

10 mm 
Mesh size:

20 mm 𝑷𝒄𝒓 (𝑲𝑵) 44 42 42 40 𝑷𝑼 (𝑲𝑵) 177 172 171 165 
Error % - 3.68% 3.96% 7.93% 

 

 
 

compares the error relative to the experimental results. 
Based on these results, the average computational error of 
the numerical models with element sizes of 5 mm and 10 
mm was about 4%, and that of the model with an element 
size of 20 mm was around 8%. Moreover, the results 
indicate no change in the modeling error with a decrease in 
mesh size from 10 mm to 5 mm. According to the 
sensitivity analysis, the numerical model was generated 
with a mesh size of 10 mm, and the studies were conducted 
based on this model. 

After the mesh size was determined, the laboratory 
 
 
 

model of Hamoda and Hossain (2019) was modeled in 
Abaqus with all its details and experimental setup, and the 
numerical modeling results, namely the deflection of the 
slab and column under the loading conditions, stress 
distribution in the slab, and damage in the slab, were 
examined. Fig. 9 displays the slab deflection. 

Fig. 10 shows the stress distribution in the concrete slab 
under loading conditions (based on the experimental 
model). In this figure, the stress distribution patterns at the 
surface, cross section, and flat concrete slab rebars are 
displayed. Fig. 11 presents an evaluation of the 
vulnerability of the concrete slab under experimental 
conditions. The results were discussed in terms of the 
performance of the numerical model. In order to evaluate 
the performance of the numerical model, the experimental 
results were compared to the numerical results obtained 
from Abaqus. To this end, the values of the deflection in the 
model based on loading and the strain created in the slab 
rebars based on loading were compared. The graphs of Figs. 
12 and 13 show the deflection versus the load in the model 
and strain in the compressive slab rebars versus load, 
respectively, in the experimental-numerical test based on 
the research by Hamoda and Hossain (2019). 

 
 
 

 

 

 
Fig. 9 Numerical results of the laboratory model: deflection
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Fig. 12 Comparison of the numerical and experimental 
results: slab deflection versus load 

 

 

Fig. 13 Comparison of the numerical and experimental 
results: rebar strain versus load 

 

    

Fig. 10 Numerical results of laboratory model: stress distribution patterns 

 
Fig. 11 Numerical results of laboratory model: Vulnerability evaluation of the RC slab 
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Table 6 Comparison of the numerical and experimental 
results for the slab-column connection 

Parameter/model 𝑷𝒄𝒓 (𝑲𝑵) 
∆𝒄𝒓 (𝒎𝒎) 

𝑷𝑼 (𝑲𝑵) ∆𝑼 (𝒎𝒎)
Experimental model 44 0.74 177 12.48

Numerical model 42 0.68 171 11.9
Error 4.5% 8.1% 3.38% 4.65%

Total average modeling error 5.2% 
 

 
 
The comparison between the numerical and 

experimental results indicates that the numerical had 
acceptable accuracy. Moreover, a comparison was 
performed between the crack initiation parameters in the 
numerical model and the experiment, the results of which 
along with the related error in the numerical model are 
displayed in Table 6. Main parameters under study: (1) 
crack initiation critical force (slab damage) (𝑃௖௥ (𝐾𝑁)); (2) 
deflection (crack length) (∆௖௥ (𝑚𝑚)); (3) final crack force 
(slab damage) (𝑃௎ (𝐾𝑁)); (4) final deflection corresponding 
to final crack force (∆௎ (𝑚𝑚)) 

 
3.2 Parametric study 
 
The parametric studies aimed to examine the impact of 

the modeling variables, namely loading conditions, CFRP 
plate thickness, CFRP plate dimensions, and number of 
layers and fiber orientation, on the strengthening of RC 
slab-column connections using CFRP plates. The numerical 
modeling approaches were defined based on the modeling 
variables. The following presents and discusses the results 

 
 

on a case-by-case basis. 
 
3.2 The effect of the number of layers in CFRP 
 
In the first and second models (M1 and M2), the slab-

column connection was simulated with a single-layer plate 
under punching shear load conditions in order to assess the 
effect of CFRP plates. In these two models, the fiber 
orientation angles were 0 and 90°. The modeling results 
representing the level of damage in the concrete slab are 
shown in Fig. 14. 

Based on the comparison between the numerical and 
experimental results (unstrengthened model), using CFRP 
plates can reduce damage to slab-column members and 
improve their behavior under various loading conditions 
(reduction in punching shear and radial cracks). Therefore, 
for the parametric studies, the CFRP plates were considered 
to have 4 layers and (0, 45°, 90°) fiber orientation angles. 
Hence, after extensive modeling, comprehensive parametric 
studies were conducted based on the main variables of 
CFRP plates, and the damage level in the slab-column 
connection was evaluated as the criterion for comparing 
different models. 

 
3.2.2 Effect of fiber orientation in CFRP plates 
In order to evaluate the effect of fiber orientation in 

CFRP plates, three models with identical dimensions (200 
mm × 200 mm × 1 mm) and different fiber orientations (of 
fibers L3, L4, and L5 according to Table 4) were created. 
For assessing the performance of the CFRP plates, the strain 
energy and slab damage were examined in the three models. 
Fig. 15 shows the changes in the strain energy and slab 
damage versus the load and compares the maximum 

 
 

 
Fig. 14 Slab vulnerability assessment in tensile elements strengthened with single-layer CFRP plate
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damage in the three models. In each graph, the red curve 
represents the variations in strain energy, while the blue 
curve represents the changes in damage level with changes 
in load. 

Based on the results, the M3 and M5 models exhibited 
better performance than the M4 model. In the three models, 
the only variable was the fiber orientation. As seen in the 
results, the fiber orientation of L3: (0,45,90,0) produced a 
better performance compared to L4 and L5. Furthermore, 
for examining the effect of the CFRP plate thickness (T) 
and dimensions (A), models were generated with identical 
CFRP plate thickness and dimensions and different fiber 
orientations. In this research, the influence of fiber 
orientation in the CFRP plate was studied under three 
different conditions, namely L3 with fiber orientations of 
(0,45,90,0) and four layers L4 with fiber orientations of (45, 
90, 0, 45) in four layers, and L5 with fiber orientations of 
(90, 0, 45, 90) in four layers. Based on previous discussions 

 
 

 
 

and the numerical results, the best strengthening behavior 
was achieved under L3 conditions. In other words, the least 
damage occurred in the concrete slab when the CFRP plate 
had 4 layers with fiber orientations of (0,45,90,0). 

 
3.2.3 Effect of CFRP plate thickness 
In this study, the influence of CFRP plate thickness on 

strengthening the slab-column connection was investigated 
under three conditions: T1, T2, and T3 with CFRP plate 
thicknesses of 1 mm, 2 mm, and 3 mm, respectively. 
According to the fiber orientation results, the best fiber 
orientation condition was L3. Thus, in order to evaluate the 
impact of thickness (T), all the models with a fiber 
orientation of L3, identical dimensions (A), and different 
thicknesses were compared. These models consisted of 
three groups: Group 1: M3, M6, and M9 (these models had 
fiber orientations of L3, dimensions of A1, and different 
CFRP plate thicknesses); Group 2: M12, M15, and M18 

 
 

 

Fig. 15 Sensitivity analysis results of fiber orientation in CFRP plates 

Table 7 Sensitivity analysis of the CFRP plate performance with respect to thickness (T) 
Model    

CFRP plate thickness M3: ST1A1L3 (T1) M6: ST2A1L3 (T2) M9: ST3A1L3 (T3)
Concrete slab damage 47.9946 32.5343 697.522 
Reduction in damage 

compared to the original model (%) 95.48 96.93 34.28 

CFRP plate thickness M12: ST1A2L3 (T1) M15: ST2A2L3 (T2) M18: ST3A2L3 (T3)
Concrete slab damage 661.659 613.477 652.918 
Reduction in damage 

compared to the original model (%) 37.66 42.20 38.48 

CFRP plate thickness M21: ST1A3L3 (T1) M24: ST2A3L3 (T2) M27: ST3A3L3 (T3)
Concrete slab damage 40.0195 11.5234 12.9486 
Reduction in damage 

compared to the original model (%) 96.23 98.91 98.78 
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(these models had fiber orientations of L3, dimensions of 
A2, and different CFRP plate thicknesses); and Group 3: 
M21, M24, and M27 (these models had fiber orientations of 
L3, dimensions of A3, and different CFRP plate 
thicknesses). Table 7 presents the damage parameter 
comparison between these models. 

Table 7 also shows the sensitivity analysis of the CFRP 
plate performance in strengthening the flat slab-column 
connection with respect to the plate thickness (T). Based on 
the results, the largest reduction in slab damage occurred in 
the models with CFRP plates of thickness T2 = 2 mm. 
Specifically, the use of CFRP plates with a thickness of T2 
led to a 96.93%, 42.2%, and 98.91% decrease in damage in 
Groups 1, 2, and 3, respectively. Hence, the best thickness 
for CFRP plates used to strengthen the slab-column 
connection and reduce damage due to punching shear was 
found to be 2 mm. An evaluation of the effect of CFRP 
plate thickness on the percentage reduction of damage in 
the concrete slab based on the comparison groups is shown 
in Fig. 16. 

 
3.2.4 Effect of CFRP plate dimensions 
In order to study the impact of CFRP plate dimensions 

on strengthening slab-column connections, three conditions 
were defined: A1, A2, and A3, corresponding to CFRP plate 

 
 

 
 

dimensions of 200 mm × 200 mm, 100 mm × 100 mm, and 
400 mm × 400 mm, respectively. According to the results, 
the best CFRP fiber orientation condition was L3. Hence, 
models with fiber orientations of L3, identical thickness (T), 
and different dimensions were compared to determine the 
effect of dimensions (A). These models consisted of three 
groups: Group 1: M3, M12, and M21 (these models had 
fiber orientations of L3, thicknesses of T1, and different 
CFRP plate dimensions); Group 2: M6, M15, and M24 
(these models had fiber orientations of L3, thicknesses of 
T2, and different CFRP plate dimensions); and Group 3: 
M9, M18, and M27 (these models had fiber orientations of 
L3, thicknesses of T3, and different CFRP plate 
dimensions). Table 8 compares the damage parameter 
between these models. 

Table 8 also shows the sensitivity analysis of the CFRP 
plate performance in strengthening the flat slab-column 
connection with respect to the plate dimensions (A). The 
results indicated that the largest reduction in slab damage 
occurred in models with CFRP plates of dimensions A3 = 
400 mm × 400 mm. Specifically, the use of CFRP plates 
with dimensions of A3 led to a 96.23%, 98.91%, and 
98.78% decrease in damage in Groups 1, 2, and 3, 
respectively. Hence, the best dimensions for CFRP plates 
used to strengthen slab-column connections and reduce 

 
Fig. 16 Study of the role of CFRP plate thickness in damage reduction in the concrete slab 

Table 8 Sensitivity analysis of the CFRP plate performance with respect to plate dimensions (A) 
Model    

Dimensions A M3: ST1A1L3 
(A1) 

M12: ST1A2L3 
(A2) 

M21: ST1A3L3 
(A3) 

Concrete slab damage 47.9946 661.659 40.0195 
Reduction in damage 

compared to the original model (%) 95.48 37.66 96.23 

Dimensions A M6: ST2A1L3 
(A1) 

M15: ST2A2L3 
(A2) 

M24: ST2A3L3 
(A3) 

Concrete slab damage 32.5343 613.477 11.5234 
Reduction in damage 

compared to the original model (%) 9.93 42.20 98.91 

Dimensions A M9: ST3A1L3 
(A1) 

M18: ST3A2L3 
(A2) 

M27: ST3A3L3 
(A3) 

Concrete slab damage 697.522 652.918 12.9486 
Reduction in damage 

compared to the original model (%) 34.28 38.48 98.78 
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damage due to punching shear were found to be A3. Fig. 17 
examines the effect of CFRP plate dimensions on the 
percentage reduction of slab damage based on comparisons 
between the groups. 

 
3.2.5 CFRP plate performance under seismic 

loading 
This section presents the performance results of the 

CFRP plates in strengthening a slab-column connection 
under seismic loading. According to the numerical results 
corresponding to punching shear loading, the CFRP plates 
with a thickness of T2 performed better than those with 
thicknesses of T1 and T3. In addition, CFRP plates with 
dimensions of A3 exhibited better strengthening behavior. 
Accordingly, three numerical models of the slab-column 
connection with CFRP plates of thickness T2 and 
dimensions A3 and three fiber orientations (L3, L4, and L5) 
were simulated under seismic loading conditions. This 
section presents the results corresponding to Models M30-
M33, modeled under seismic loads. Models DT2A3L3, 
DT2A3L4, and DT2A3L5 involved identical CFRP plate 
thicknesses of T2 (2 mm) and dimensions of A3 (400 mm × 

 
 

 
 

400 mm) and different fiber orientations in their CFRP 
plates. Model M33 was the experimental slab-column 
connection model, which was simulated under seismic 
loading conditions. The following discusses the damage 
level in each of these models and compares their 
performance. In order to evaluate the performances of the 
CFRP plates under seismic loading, changes in strain 
energy and slab damage versus load were studied. Fig. 18 
shows the variations in the strain energy and slab damage 
versus the cyclic load. According to the numerical results, 
the slab damage in all three strengthened models was 
significantly reduced under seismic loading compared to the 
original model (slab-column connection without CFRP 
plates). 

A study of the strengthened models under dynamic 
loading (Fig. 18) indicates that Model M31 showed more 
damage and strain energy than M30 and M32. Moreover, 
Model M30 had the best performance in terms of 
strengthening the slab-column connection under seismic 
loading. Evaluating the maximum damage in the four 
numerical models shows that Model M30 performed 
considerably better than the other two models. The only 

 
Fig. 17 Evaluation of the effect of CFRP plate dimensions in reducing slab damage 

 

Fig. 18 Performance of the CFRP plates under seismic loading 
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variable in these three models was the fiber orientation in 
the CFRP plate, and the results indicate that a fiber 
orientation of L3 (0, 45, 90, 0) led to better performance 
compared to L4 and L5 with respect to the RC slab 
strengthening under seismic loading. 

 
3.3 CFRP optimization model 
 
The optimization model was developed using the 

metaheuristic GWO algorithm in order to achieve optimal 
values for the parameters of the CFRP plate with the aim of 
strengthening RC slab-column connections. The developed 
model was executed based on the explanations in Section 2 
(optimization model). In the optimization model, the main 
variables whose optimal values were desired and their 
bounds were as follows: 

 
n: Number of layers of fibers in the CFRP plate (with 

bounds of 1 ൑ 𝑛 ൑ 6 in the optimization model) 
L: Fiber orientation in the CFRP plates (with bounds of L = 0°, 45°, 90° based on the parametric studies) 
T: Thickness of the CFRP plates (1 mm ൑ 𝑇 ൑ 4 𝑚𝑚) 
A: Dimensions of the CFRP plates (this parameter 

represents the surface area of these plates and has bounds of 
10% and 50% of the slab dimensions.) (100 ∗ 100 mm ൑𝐴 ൑ 500 ∗ 500 𝑚𝑚) 

 
Therefore, the developed CFRP optimization model had 

4 main variables. Given the explanations provided in 
Section 2.5, the slab damage was computed in Abaqus 
software. Accordingly, the main optimization equation is 
formulated as follows. 

 𝑚𝑖𝑛(𝑦):     𝐷𝑎𝑚𝑎𝑔𝑒 = 𝑓(𝑛, 𝐿, 𝑇, 𝐴) (13)
 
The initial parameters of the GWO algorithm, namely 

the number of search agents and the number of iterations, 
were considered to be 30 and 250, respectively. Table 9 
presents the initial values of the variables in the CFRP 
optimization model. 

The developed optimization model was executed, and 
the damage was calculated by running the finite element 
model at every step after extracting the initial values of the 
optimization variables. The damage values computed by the 
finite element model were input to the model as the 

 
 

Table 9 Variables of the optimization model and the initial 
parameters of the GWO algorithm 

Optimization variables 
Number of layers in the CFRP plate (n) 1 ൑ 𝑛 ൑ 6 
Fiber orientation in the CFRP palte (L) 𝐿 = 0°, 45°, 90° 

Thickness of the CFRP plate (T) 1 mm ൑ 𝑇 ൑ 4 𝑚𝑚 

Dimensions of the CFRP plate (A) 100 ∗ 100 mm ൑ 𝐴൑ 500 ∗ 500 𝑚𝑚 
GWO parameters 

Number of search agant (SA) 𝑆𝐴 = 30 
Iteration (It) 𝐼𝑡 = 250 

 

 

Fig. 19 Optimization procedure for the CFRP plate design
 
 

Table 10 Results from the CFRP optimization model 
Optimization model results 𝑛 𝑛 =  5 𝐿 𝐿 = 0°, 45°, 90°, 0,45 T T = 2 mm A A = 400 ∗ 400 mm  

Damage 10.7 
 
 

solutions to the main optimization equation. Finally, 
optimal values were obtained for the 4 variables after the 
completion of the iterations (250). Fig. 19 displays the 
procedure for obtaining the optimal values during the 
execution of the CFRP optimization model. 

Fig. 12 shows the execution of the CFRP optimization 
model. As seen in this figure, the solution progress 
involving the 4 variables of the CFRP plates led to a 
reduction in the value of the objective function (slab 
damage). This value almost stabilized at 10.7 after 190 
iterations. Table 10 presents the results corresponding to the 
CFRP optimization model, which included optimal values 
for 4 model variables. 

 
 

4. Conclusions 
 
In this research, comprehensive parametric studies were 

conducted numerically to evaluate CFRP-strengthening of 
RC slab-column connections. The main variables were 
loading conditions (punching shear and seismic), number of 
layers in the CFRP plate, thickness of the CFRP plate, and 
fiber orientation in the CFRP plate. Accordingly, 33 
modeling solutions were defined and simulated in Abaqus 
to analyze the sensitivity of the effect of each independent 
variable. In order to validate the numerical model, an 
experimental model was used as a basis, and the numerical 
results underwent verification-validation using the 
empirical results. The results indicated that the average 
error of the numerical model relative to the experimental 
model was 5.2%, demonstrating the acceptable accuracy of 
the numerical model in evaluating the behavior of the RC 
slab-column connection. 
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The results were presented in terms of the slab damage 
and strain energy in the numerical models. In addition, the 
damage patterns in the RC slab strengthened with CFRP 
plates under different loading conditions were presented. 
Based on the results and the sensitivity analysis of concrete 
slab strengthening with respect to the variables under study, 
the fiber orientation in the CFRP plate was found to be an 
important parameter affecting the behavior of the 
connection. In addition, the results indicated that the L3 
fiber orientation (involving fiber angles of 0°, 45°, 90°, and 
0° in four layers) exhibited the best performance in 
strengthening the RC slab-column connection under both 
static and seismic loads. 

The results also showed that the thickness of the CFRP 
plates played a significant role in connection strengthening. 
Moreover, a thickness of T2 (i.e., 2 mm) resulted in the best 
strengthening performance and the largest reduction in slab 
damage. Specifically, the use of a CFRP plate with T2 
thickness caused 96.93%, 42.2%, and 98.91% reductions in 
damage compared to the first, second, and third comparison 
groups. Therefore, the most optimal conditions 
corresponded to a thickness of 2 mm for the CFRP plates.  

The sensitivity of the CFRP plate’s performance in 
strengthening the slab-column connection was analyzed 
with respect to the plate dimensions (A). Based on the 
results, the largest damage reduction occurred in models 
with CFRP plate dimensions of A3 (400 mm × 400 mm). 
Specifically, the use of a CFRP plate with A3 thickness 
caused 96.23%, 98.91%, and 98.78% reductions in damage 
compared to the first, second, and third comparison groups. 
Hence, the best dimensions for CFRP plates used to 
strengthen slab-column connections and reduce damage due 
to punching shear were found to be A3. 

In addition to the parametric studies, a model was 
developed using the metaheuristic GWO algorithm in order 
to obtain optimal values for the geometric parameters of 
CFRP plates with the aim of strengthening RC slab-column 
connections. The model presented for the optimal design of 
CFRP plates for strengthening slab-column connections 
involves two main parts: a finite element model 
representing damage in the connection and a computational 
model for implementing the GWO algorithm and extracting 
the optimal values of the CFRP plate parameters. 

The finite element model was developed in Abaqus, and 
the computational model was developed in MATLAB using 
the GWO algorithm. Finally, the two parts of the model 
were linked. In each computational step, the CFRP plate 
parameter values selected in the computational model were 
input to the finite element model, and the results, including 
damage values based on loading conditions, were input to 
the computational model. Based on the results from the 
CFRP optimization model, the optimal values of the 4 main 
parameters of the CFRP plates were n = 5 for the number of 
layers, 𝐿 = 0°, 45°, 90°, 0°, 45°  for the fiber orientation, 𝑇 = 2 𝑚𝑚  for the plate thickness, and A = 400 ∗400 mm for the plate dimensions. Under these conditions, 
the damage to the RC slab-column connection was 
minimum and equal to 10.7. 

The results of this research can be used as a basis for 
designing and using CFRP plates to strengthen flat RC slab-

column connections. In addition, the CFRP plate optimal 
design model, developed using the GWO algorithm, can be 
used practically for the optimal design of these plates. In 
this study, the developed optimal design model was 
evaluated by considering 4 geometric-material properties of 
the CFRP plate. Studies of other variables, such as material 
properties, dimensions, and initial conditions of the RC 
slab-column connection based on the model in this research 
are recommended for future work. 
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