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Abstract

This paper examines the effectiveness of composite patch repairs in mitigating
crack growth in damaged composite sheets subjected to tensile loading. Three
configurations were analyzed using finite element modeling: an unrepaired
sheet, a sheet repaired with a one-sided composite patch, and a sheet
repaired with a symmetric two-sided patch. The investigation focuses on
how patch material selection influences stress distribution, crack-tip strain,
and the overall structural performance of the repaired sheets. To enhance
repair efficiency, a multi-objective optimization framework was developed to
determine the optimal design of a multilayer composite patch with minimum
weight and cost while achieving maximum load-bearing capacity. Two
optimization algorithms-the Genetic Algorithm (GA) and the Imperialist
Competitive Algorithm (ICA)-were implemented and compared. The results

Impemahst Competitive  Algo- indicate that the symmetric two-sided patch configuration provides the
rithm (ICA) most significant reduction in crack growth and the greatest improvement in
structural strength. Moreover, the optimization outcomes show that the ICA
outperforms the GA in identifying superior design parameters for composite
patch repair. These findings offer insights into crack behavior in composite
structures and contribute to the development of lightweight, cost-effective,
and high-performance repair strategies for engineering applications.
Nomenclature
GA Genetic Algorithm FEA Finite Element Analysis
ICA Imperialist Competitive Algorithm SIF's Stress Intensity Factors
1, J tensor indices SERR | Strain Energy Release Rate
Se Critical crack length ACO Ant Colony Optimization
X, Compressive strength in direction 1 CLT Classical Laminate Theory
Xy Tensile strength in direction 1 G Material-dependent constant
Y; Tensile strength in direction 2 AK Range of the stress intensity factor
Y. Compressive strength in direction 2 N Number of load cycles
O Stress S Crack length
F; Strength tensors of the second and fourth Ao Stress range
F;; order
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z Coordinate through the thickness of the h Total thickness of multi-layered compos-
plate ite plate

M Weight of the sheet a, b Length and width of the sheet
Pn Density of the n*" layer tn Thickness of the n*" layer
CEP Graphite-Epoxy BEP Boron-Epoxy
GEP Glass-Epoxy EP Epoxy
Al Aluminum E Yong Modulus
Ajj Elements of the in-plane stiffness matrix Ny Number of remaining cycles to failure
By Elements of the coupling stiffness matrix Dy, Elements of the bending stiffness matrix
N, Force resultant in the X, Y and Z direc- M,, Moment resultant about the X, ¥ and Z
Ny, tion M,, axis
N, M,

1. Introduction

Composite materials are widely used in aerospace,
automotive, marine, and structural applications due
to their high strength-to-weight ratio, corrosion resis-
tance, and design flexibility [1- 2]. Despite these advan-
tages, composite components are susceptible to various
forms of damage, including matrix cracking, delamina-
tion, and fiber breakage. Among these, crack initiation
and propagation represent critical failure mechanisms
that can significantly reduce structural integrity and
service life. In many engineering systems, damaged
composite panels cannot be easily replaced due to cost,
accessibility, or the need to maintain continuous opera-
tion. Consequently, the development of effective repair
techniques for restoring structural performance has be-
come a vital area of research.

Composite patch repair has emerged as one of
the most efficient and practical methods for repair-
ing damaged composite structures. The technique in-
volves bonding a composite patch-typically a fiber-
reinforced polymer laminate-over the damaged region
to redistribute stresses, arrest crack propagation, and
restore load-carrying capacity. Compared to tradi-
tional repair methods such as bolted or riveted metal-
lic patches, composite patches offer several advantages,
including reduced weight, minimal stress concentra-
tions, improved fatigue resistance, and better compat-
ibility with the repaired substrate. As a result, com-
posite patch repair is increasingly adopted in modern
engineering applications where lightweight and high-
performance repairs are essential [3].

Subsequent studies focused on improving patch ef-
ficiency by tailoring patch materials, geometry, and
thickness. Researchers have shown that both single-
sided and double-sided patch configurations can effec-
tively reduce stress intensity at the crack tip, with sym-
metric double-sided patches offering enhanced struc-
tural balance and reduced bending effects. In par-
ticular, two-sided repairs have been found to signifi-
cantly decrease out-of-plane deformation and interlam-
inar stresses, contributing to more uniform load trans-

fer [4-5].

The advantages of using composite patches for re-
pair are numerous. Firstly, the composite materials can
increase the strength of the repaired structure without
the need for drilling or riveting, which can compromise
structural integrity. Additionally, composite patches
offer a weight-efficient solution compared to traditional
metal-based repair methods, as they can provide en-
hanced strength-to-weight ratios. The flexibility in de-
signing and arranging the composite layers also allows
for the repair of irregularly shaped components, which
is a significant benefit in many engineering applications
[6].

Moreover, composite materials exhibit excellent fa-
tigue and corrosion resistance, making them well-suited
for applications in which the repaired structure is sub-
jected to cyclic loads or harsh environmental condi-
tions. Finally, the use of composite patch repairs can
result in cost savings by reducing the need for extensive
component replacement or complex machining opera-
tions. It is important to note, however, that the in-
stallation time and process complexity associated with
composite patch repairs should also be considered when
evaluating the suitability of this approach for a partic-
ular application [7- 9].

To design an effective composite patch repair, it is
crucial to understand the mechanical behavior of the
cracked structure and the repaired system. Finite el-
ement analysis (FEA) provides a powerful tool for ac-
curately modeling crack behavior, stress distribution,
and the interaction between the patch and the dam-
aged substrate. Numerous studies have applied FEA to
evaluate different patch configurations, adhesive prop-
erties, and loading conditions. However, determining
the optimal patch design-one that maximizes struc-
tural performance while minimizing cost and weight-
remains a challenging multi-objective problem. Tra-
ditional design approaches often rely on trial-and-error
or parametric studies, which may not identify the most
efficient repair solution [10- 11].

Numerous studies have utilized FEA to model
stress distribution, crack-tip fields, and adhesive layer
behavior. For example, researchers have employed
two-dimensional and three-dimensional FE models to



Journal of Stress Analysis/ Vol. 9, No. 1, 2025

examine how patch stiffness, adhesive thickness, and
patch shape influence the reduction of stress intensity
factors (SIFs). The adoption of fracture mechanics pa-
rameters, such as the strain energy release rate (SERR)
and J-integral, has enabled more precise characteriza-
tion of crack behavior in patched composites [12- 13].

To address this challenge, optimization algorithms
have been increasingly integrated with FEA-based
evaluation. Among various algorithms, evolutionary
and population-based techniques such as the Genetic
Algorithm (GA) and the Imperialist Competitive Al-
gorithm (ICA) have shown strong capability in han-
dling nonlinear, multi-parameter engineering problems.
These algorithms are well suited for exploring complex
design spaces and identifying optimal repair configura-
tions that balance competing objectives [14- 15].

In this study, finite element analysis is combined
with optimization techniques to investigate the behav-
ior of cracked composite sheets repaired using compos-
ite patches. Three scenarios are examined: an unre-
paired sheet, a sheet repaired with a single-sided patch,
and a sheet repaired with a symmetric two-sided patch.
The influence of patch material selection on stress dis-
tribution, crack-tip strain, and overall structural per-
formance is evaluated. Additionally, a multi-objective
optimization framework is implemented using GA and
ICA to design a multilayer composite patch with min-
imal weight and cost and maximum load-carrying ca-
pacity.

Genetic Algorithms (GA) have been among the
most commonly used tools in optimizing composite
structures due to their robustness in handling nonlin-
ear and multi-dimensional design spaces. Several stud-
ies have applied GA to optimize patch thickness, ma-
terial selection, and stacking sequence. However, GA
can be prone to premature convergence and may re-
quire significant computational effort, especially when
integrated with FEA.

The Imperialist Competitive Algorithm (ICA), in-
spired by socio-political competition, has emerged as
a promising alternative due to its strong exploration
capabilities and improved convergence behavior. Al-
though fewer studies have applied ICA specifically to
composite patch repair, its documented effectiveness in
structural optimization suggests substantial potential
for improving repair design efficiency.

Despite the extensive research on composite patch
repairs and finite element modeling, notable gaps re-
main. For example, comparative optimization stud-
ies are limited, particularly those evaluating different
evolutionary algorithms for patch design. Few stud-
ies incorporate multi-objective optimization, simulta-
neously addressing weight, cost, and structural per-
formance. Also, analyses comparing single-sided and
two-sided patch configurations using integrated FEA-
optimization frameworks are scarce. Optimization-
driven insights into crack growth mitigation for dam-
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aged composite sheets are still underdeveloped. There-
fore, there is a clear need for a comprehensive investi-
gation that combines finite element analysis with ad-
vanced optimization techniques to identify effective,
lightweight, and cost-efficient composite patch repair
configurations.

The results of this research provide valuable in-
sights into crack mitigation in composite structures and
highlight the advantages of using optimization tech-
niques in the design of efficient, lightweight, and cost-
effective composite patch repairs. These findings can
support engineers in developing improved repair solu-
tions for a wide range of industrial applications.

2. Formulation of the Problem

2.1. Biaxial Failure in Orthotropic Materials

The stress distribution within the layers of an or-
thotropic material is evaluated using the Tsai—Wu fail-
ure criterion. This tensor-based approach predicts the
onset of failure by examining the interaction of stresses
within each layer. When the criterion indicates that
a layer has failed, that layer is excluded from the re-
maining laminate configuration, thereby reducing the
effective number of layers in the composite structure
[16]. The Tsai-Wu failure criterion is mathematically
expressed as:

Fio; + FijO'iO'j =1 (1)

where 7 and j denote the tensor indices, and F; and F;;

represent the second- and fourth-order strength ten-
sors, respectively. If we consider:

06 = T12, 05 = T31, 04 = T23

(2)
Then, the corresponding expression for a plane-
stress condition becomes:

Fio1 + Faoq + Feoe + F1107 + Fazo3 + Feeog
—|—2F120’10'2 =1

(3)
The Tsai-Wu failure coefficients F; and F;; can be

related to the principal strength properties of the ma-
terial, specifically its tensile and compressive strengths
along the three orthogonal axes. For the special case
in which the applied stresses act along the principal
material direction 1, the Tsai-Wu coefficients can be
written as:

X+ X2 =1

i Xc+FnX2=1

_ 1 1
Fr=x+%x

1 @
F 11 = T X Xco

where X; is the tensile strength in direction 1, and
X, is the compressive strength in direction 1. In case
where the stresses are applied in the principal direction
2, the Tsai-Wu failure coefficients can be expressed as:

1 1 1
Fro=—=+—, F22=—YYC (5)
t

Y, Yc
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where Y; is the tensile strength in direction 2, and
Y. is the compressive strength in direction 2. This
formulation allows the Tsai-Wu failure criterion to be
tailored to the specific strength properties of the or-
thotropic composite material in the principal direction
2. By considering both the tension and compression
states, the model can accurately capture the asymmet-
ric behavior of the material under different loading con-
ditions. The ability to define the Tsai-Wu coefficients
using the principal strength values is crucial for the re-
liable assessment of failure in orthotropic composites,
as it enables the direct incorporation of the material’s
anisotropic characteristics into the failure analysis. In
the shear mode, the following relations hold:

1

Fs=0 , F66:§ (6)
To determine F'io, a biaxial stress state must be im-
posed in which the two principal stresses are applied
simultaneously while all other stress components are

set to zero.

01 =092 = J(Fl + FQ)U + (Fll + F22 + 2F12)02 =1
(7)
For the Tsai-Wu coefficient Fy5, which character-

izes the interaction between the principal stresses, an

expression can be derived using the previously estab-
lished relationships. The resulting formula for Fis, is:

1 i 1 n 1 n 1 n 1
— e v ey 5 |0
20’2 Xt XC }/t YC

Ty (N 2
X Xc  vve)?

This expression incorporates the tensile and com-
pressive strengths in the two principal material direc-
tions (X, X., Y3, Y.) to account for the coupling ef-
fects between stresses in an orthotropic material. In-
cluding F'12 in the Tsai—-Wu failure criterion is essen-
tial, as it enables accurate representation of the in-
teraction between principal stresses-an important fac-
tor in composite materials, where failure behavior is
strongly influenced by multiaxial loading. By adopting
this formulation for F5, the Tsai-Wu criterion becomes
a more comprehensive and reliable tool for predicting
failure initiation in orthotropic composite structures
subjected to complex stress states. This enhanced pre-
dictive capability is critical for the robust design and
analysis of advanced composite materials and compo-
nents.

Fip =

(8)

2.1.1. Multi-Layer Forces and Moments

In a multilayer composite plate, the resultant forces
and moments are obtained by integrating the stresses
through the thickness of each individual layer. This
procedure yields the total in-plane force and bending
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moment resultants acting on the plate. The mathe-
matical forms of these resultants are expressed as:

Ny t/2 Ox

Ny, »= / oy pdz 9)
Ny 2 Ty

My t/2 Ox

M, »= / oy pzdz (10)
Mxy —t/2 Txy

where N,, N, and N, denote the force resultants in
the X, Y, and Z directions, and M,, M., and M, rep-
resent the corresponding moment resultants about the
X, Y, and Z axes. The variable z is the coordinate mea-
sured through the plate’s thickness, and h is the total
thickness of the multilayer composite, as illustrated in
Fig. 2. Fig. 1 shows the global forces and moments
acting on a flat multilayer plate.

By performing these integrations, the contributions
of all layers-each with its own anisotropic and heteroge-
neous properties-are combined to determine the overall
force and moment resultants experienced by the com-
posite plate. This information is essential for struc-
tural analysis and design, enabling the evaluation of
load-bearing capacity and the identification of possible
failure mechanisms in multilayer composite structures.

!

¥4

Fig. 1. Forces and moments in a flat multilayer com-
posite plate.
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Fig. 2. Layer configuration of the sample composite
plate.

The force and moment resultants introduced in the
previous equations can be compactly expressed as:

Ny A A Ais Bii Biz Big
v Ais Axy Ay Bia Bae By
Niy | _| A Az Aes Bis Bas Bes
M, Bii Biz2 Big Dii D1z Dig
My Bi2 B2z Bgs Diz Dax Dag
M,y | Bis Bas Bes Dig D2 Des
g%
el
0
7 x
o (1)
Ry
Koy
N
A= (Qy), (B—71)
k=1
n
Bij_§z (Qij)k(z k=2 k-1) (12)
k=1
L X
DIJ gZ(QIJ)k(Z k—%Z kfl)
k=1

In these expressions, A;; denotes the elements of the
in-plane (tensile) stiffness matrix, B, represents the el-
ements of the coupling stiffness matrix-capturing the
interaction between in-plane stretching and bending-
and D; corresponds to the elements of the bending
stiffness matrix, which governs the flexural response
of the multilayer composite plate. Collectively, these
matrices (A;, B;, and D,) form the stiffness param-
eters of Classical Laminate Theory (CLT), which are
fundamental to the analysis and design of laminated
composite structures.

The A; matrix characterizes the in-plane load-
carrying capacity, the B; matrix accounts for coupling
effects between stretching and bending, and the D;
matrix defines the resistance of the plate to bending
loads. Together, they describe the overall mechanical
behavior of a multilayer composite plate under various
loading conditions.

2.2. Crack Growth Rate Analysis

The Paris law is widely used to evaluate crack growth
under fatigue loading. This empirical relation links the
crack growth rate to the cyclic stress intensity factor.
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The Paris law is expressed as:

LLRRNIN .

AN (13)

In this equation, G and j are material-specific con-
stants determined experimentally, while AK denotes
the stress intensity factor range-the difference between
the maximum and minimum stress intensity factors
within a fatigue cycle.

Fig. 3 presents a schematic illustration of the rela-
tionship between the crack growth rate and the stress
intensity factor in the Paris law model, along with its
correspondence to the linear distance from the crack
center.

ultimate fracture
10

10

10

107

10—]2_

Crack growth rate, da/dN, (m/cycle), log scale

'IO-H

T
1 2 4 8 16 32 64
Stress intesity factor range, AK, (MPaym), log scale

Fig. 3. Schematic diagram showing the relationship
between crack growth rate and stress intensity factor
in the Paris law model.

In the crack growth equation, s denotes the crack
length and N represents the number of loading cy-
cles. The left-hand side, ds/dN, describes the crack
growth rate, indicating the infinitesimal increase in
crack length per cycle. The stress intensity factor
range, AK, is calculated using:

AK = AcY /s (14)
where Y is a dimensionless geometry factor dependent
on the component and crack configuration, ¢ is the ap-
plied stress range, and S is the crack length. For rela-
tively short cracks, Y may be assumed independent of
S. Under this assumption, the crack growth equation
can be solved by separating variables:

N Se
[av= [T
0 si G(AsY /ps)’

:;/ “sids  (15)
G(ASY\/I?)J S;
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Integrating this expression leads to:

2—j 2-J
2(8 T -0 )

(2—5) G(AsY /p)’

Ny = (16)

Here, Ny is the number of remaining cycles to fail-
ure, S, is the critical crack length at which catastrophic
failure occurs, §; is the initial crack length at the onset
of fatigue crack growth, Ao is the stress range, and Y
is a geometry-dependent constant typically between 0
and 1, based on the initial crack size S;.

The Paris law is widely used in fracture mechanics
to predict crack propagation and estimate the remain-
ing fatigue life of structural components. By apply-
ing this relationship, engineers can assess crack growth
rates and develop maintenance or replacement strate-
gies that ensure the continued safety and integrity of
the structure.

2.3. Imperialist Competition Algorithm

In computer science, the Imperialist Competitive Al-
gorithm (ICA) is a metaheuristic optimization method
designed to tackle complex optimization problems.
Similar to other nature-inspired algorithms, ICA does
not rely on gradient information, making it suitable for
nonlinear, discontinuous, or multimodal search spaces.
Nature-inspired optimization techniques have proven
to be powerful complements to classical mathematical
approaches. Well-known examples include Genetic Al-
gorithms (GA), derived from biological evolution, and
Ant Colony Optimization (ACO), modeled after the
foraging behavior of ants.

ICA draws inspiration from the socio-political dy-
namics of imperialism, simulating how powerful em-
pires create colonies, compete with rival imperialists,
and eventually dominate or lose power through com-
petitive processes. Since its introduction in the early
2000s, ICA has been successfully applied across a wide
range of optimization problems, demonstrating its ef-
fectiveness and versatility as a global search strategy
[17- 18].

The key steps of the Imperialist Competitive Algo-
rithm (ICA) include initializing a population of coun-
tries (candidate solutions), forming colonies around the
strongest countries (elite solutions), and allowing these
colonial powers to compete for greater influence. Over
successive iterations, this competitive process drives
the system toward the most dominant empire, repre-
senting the global optimal solution.

During the algorithm’s execution, the weakest
colony of the weakest imperialist is reassigned to an-
other empire. The probability of a colony joining a
particular imperialist is proportional to that imperial-
ist’s relative power. If an imperialist loses all of its
colonies, it is eliminated and itself becomes a colony of
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a more powerful empire. This process is illustrated in
Fig. 4.

Empire g,”_‘“\\ Empire N -~ ~=~_
- ~
S e @ //eee
Jf Imperialist 6 \ ) Imperialist N \\
i
1 l. @ .J
\\ ! \ . J
5 . . // \\ /
\“'--..‘___,’/ \\8 ® ///
Empire/ﬁ,/’_"“\\ Empire,1,f'_““‘~\\ Empire/g,r'_“‘xx\
’ i £ #
4 Im eriagl \\ L %pe!agﬂ. ‘\\ ’ © © ®\
Ir .p .. \ Ir.. @ ;@épperlansté@ '
'@ @ g 00 |
\ @ \ ®
@ /! @ /'f
\ v L. @
N . o ~ . //
Y~ ___~~ Empirewith ~~_— _~
,Ha~—m\\
i @
Eifihire’s Imperialist 3. \1
@

!

/
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Fig. 4. Schematic representation of imperialist elimi-
nation during iterations of the Imperialist Competitive
Algorithm.

In this section, three objectives are considered for
optimizing composite plates: minimizing weight, min-
imizing cost, and maximizing the final load capacity.
The weight of the plate can be calculated using:

M = a.b(pity + pata + - + pntn)

where M denotes the total weight of the plate, a and
b are its length and width, p,, is the density of the n'”
layer, and t, is the corresponding layer thickness.

The total cost of the plate depends on two compo-
nents: the material cost of each layer and the manufac-
turing cost associated with fiber orientation, as differ-
ent fiber directions typically incur different production
expenses. Let the composite material cost be C. and
the manufacturing cost be C,,. The total cost C; can
then be written as:

(17)

Ce=> Cp
k=1

Crm =Y Chi (18)
k=1

Cy=Ce+Cn

where C} represents the cost of each individual layer.

The ultimate breaking load is obtained through nu-
merical analysis, with the failure of the final remaining
layer taken as the failure criterion. In this study, the
load is applied in the N, direction of the composite
plate. The objective function for the breaking load in
the N, direction is formulated using the global failure
criterion:

) 2

N,
=2
- ( N

(19)
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Here, N} represents a predefined maximum load
value that remains constant across all models. Accord-
ingly, the final optimization problem is expressed as the
unconstrained multi-objective function shown below:

f=p1+02+¢3 (20)

The objective function f is employed to optimize
weight, cost, and final load. The functions ¢1 and @s
are defined as follows [19]:

M 2

o2
<,02<1+C*>

In the above relationships, M and C represent the
weight and cost of each model, while M* and C* de-
note their corresponding maximum values, which are
identical across all designs. As the weight and cost
decrease, the normalized values of these terms also
decrease, aligning with the optimization goals of this
study.

The design variables to be determined for optimiz-
ing the objective function include the thickness, fiber
orientation angle, and material type of each layer. In
this work, a four-layer composite plate is considered,
with allowable ranges for fiber angles and layer thick-
nesses defined as:

(21)

(22)

—90 < 6 < 90

0 € {0, +15,+£30, +45, £60, +75,90}

0.075 <t < 0.3

t € {0.075,0.1,0.125,0.15,0.175,0.2, 0.225, 0.25,
0.275,0.3}

(23)

The fiber angles and layer thicknesses are not ar-
bitrary; instead, they follow industry-standard values
to ensure manufacturability and structural reliability.
Each layer is constructed using these standard spec-
ifications. Furthermore, the composite plate is mod-
eled as a hybrid laminate, meaning each layer may be
composed of a different material. In this study, three
materials-CEP, GEP, and BEP-are selected for evalu-
ation. The mechanical and physical properties of these
materials are listed in Table 1.

3. Modeling

3.1. Geometric Characteristics of Samples

This study focuses on evaluating damage in a com-
posite sheet-specifically the presence of a crack-to
determine an optimal repair strategy. The com-
posite sheet examined is a rectangular panel pro-
duced by Allobond Company, with original dimensions
of 1216mmx608mm. It consists of a thermoplastic
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polyethylene core sandwiched between two aluminum
face sheets. As illustrated in Fig. 5, the layers are
bonded chemically, mechanically, and thermally, re-
sulting in a lightweight, high-strength composite with
a smooth surface and excellent flexibility.

Table 1

Cost values for different angles.
0 C 0 C
0 0.035 +60 0.039
+15 0.0375 +75 0.036
+30 0.0395 90 0.0355
+45 0.04

For the purposes of this analysis, the sheet’s length
and width have been proportionally scaled down. The
total thickness of the composite sheet is 4.2mm, com-
prising a 3mm polyethylene core, two 0.5mm aluminum
layers, and a 0.1lmm adhesive layer.

AD]-I]-\Z SIVE
N

Plate
Fig. 5. Materials composing the sample composite
sheet.

In this study, the three-dimensional finite element
method (FEM) is employed using Abaqus software to
model and analyze a cracked composite plate and its
corresponding repair patch. For the cracked plate and
its components, 8-node solid elements (C3D8R) are
used. The same 8-node C3D8R solid elements are ap-
plied to model the solid regions of the various compos-
ite repair patches, while S4R shell elements are used
for components modeled as shell structures.

The final mesh consists of 35,383 elements and
39,312 nodes, with a locally refined mesh around the
crack region to improve accuracy. A linear elastic anal-
ysis is performed to obtain the output parameters with
higher precision. A crack measuring 76mm in length
is introduced at the midpoint of one edge of the com-
posite sheet. Tensile loading is applied to the sheet
and incrementally increased up to a maximum stress
of 100MPa. Fig. 6 illustrates the crack geometry and
the corresponding mesh distribution on the composite
plate.

This loading configuration is designed to represent
realistic service conditions in which the composite sheet
may be subjected to mechanical stresses during opera-
tion.
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Fig. 6. View of the mesh in the sample composite
sheet.

For the repair process, a rectangular composite
patch (shown in Fig. 7) is applied to one side of the
structure directly over the crack. The patch dimen-
sions are Hpgqrcn=152mm and Wpeien=76mm. It con-
sists of four symmetric layers, each 0.15mm thick, with
fiber orientations of [0°/90°/90°/0°]. Three composite
materials-GEP, BEP, and CEP-are used separately to
fabricate the patch samples.

The performance of each patch material is evalu-
ated and compared in terms of mechanical behavior,
durability, and crack-repair effectiveness. This com-
parison helps identify the most suitable material for
the repair, considering factors such as strength, weight,
and cost-efficiency. The use of a multilayer compos-
ite patch with tailored fiber orientations is expected to
improve load-bearing capacity and crack-arresting per-
formance relative to single-layer or randomly oriented
patches.

Plate

o

Fig. 7. One-sided composite patch used for repair.
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The analysis of the three composite materials pro-
vides valuable insight into selecting the optimal patch
configuration for the intended repair application.

For the repair process, a rectangular composite
patch (Fig. 8) is applied symmetrically over the
crack. The patch dimensions are Hpqicn=152mm and
Woyaten=76mm.

The composite patch consists of four symmetric
layers, each 0.15mm thick, with fiber orientations
of [0°/90°/90°/0°]. Three composite materials-GEP,
BEP, and CEP-will be used separately to fabricate the
initial patch samples.

In the optimization phase of the study, additional
patch configurations will be investigated using GAICA
optimization techniques. The optimized patches will
also comprise four layers, but each layer may use
any combination of the three materials (BEP, GEP,
CEP), with fiber orientations ranging from -90° to 90°.
The layer thicknesses will be allowed to vary between
0.lmm and 0.3mm. The goal of the optimization is
to determine the best material sequence, fiber orienta-
tions, and layer thicknesses to maximize load-bearing
capacity, improve crack-arrest performance, and en-
hance the overall effectiveness of the composite repair.

The results from the optimized designs will be com-
pared with the initial three material-based patches to
identify the most effective configuration for the repair
application.

A ek H, |H P
I"— tPatch < >
Adhésive a patch
Aplate ]
Plate E |.
< o

Fig. 8. Two-sided composite patch used for repair.

3.2. Material Specifications

The material specifications for the composite sheet
and the repair patches used in this study were pro-
vided by the manufacturer, Alupond. The composite
sheet serves as the primary structural material, while
the epoxy-based composite patches are commonly em-
ployed for repair and reinforcement applications. Table
2 presents detailed specifications for both the sample
composite sheet and the composite patches used in this
research.
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The specifications for the composite sheet include
information on material composition, physical proper-
ties, and performance characteristics. Likewise, the
patch specifications detail the material composition,
layer dimensions, and other relevant parameters for the
epoxy-based repair patches.

A thorough understanding of the material proper-
ties of both the composite sheet and the patches is
essential for evaluating their mechanical performance
and suitability for the intended applications. The com-
prehensive data provided in the tables enable a de-
tailed analysis of the components used throughout the
study.

Table 2

Material specifications for composite layers.
Material composite GEP BEP CEP
E; (Gpa) 50 208 155
Es (Gpa) 15.20 25.44 12.10
E3 (Gpa) 15.20 25.44 12.10
Gi2 (Gpa) 4.70 7.24 4.40
Gi3 (Gpa) 4.70 7.24 4.40
Gas (Gpa) 3.28 4.9 3.20
Vi 0.254 0.1677 0.248
Vi3 0.254 0.1677 0.248
Va3 0.428 0.36 0.458
p=Density kg/m? 1900 2000 1600
X; (Mpa) 1000 1300 1500
X¢ (Mpa) -600 -2000 -1250
Y: (Mpa) 30 70 50
Yo (Mpa) -120 -300 -200
S (Mpa) 70 80 100

3.3. Boundary Conditions of the Problem

The boundary conditions and loading scenarios for the
analyzed components in this study are defined as fol-
lows:

e The parts are subjected to loading exclusively in
the X-direction. One edge of the part is fully con-
strained, restricting all degrees of freedom, while
the opposite edge is allowed to move only in the
direction of the applied load (X-direction). This
setup effectively simulates a uniaxial loading con-
dition.

e The applied load has a magnitude of 100 MPa
and is gradually increased in a linear manner over
a duration of one second. This controlled appli-
cation ensures a realistic and stable loading sce-
nario.

Fig. 9 illustrates the boundary conditions and load-
ing configuration implemented in Abaqus. The fixed
edge, the direction of the applied load, and the linear
loading profile are clearly depicted, providing a com-
plete visualization of the problem setup. Accurately
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defining these boundary conditions and loading param-
eters is essential for simulating the behavior of the com-
posite components and obtaining reliable results from
the finite element analysis.

Fig. 9. Boundary conditions of the sample composite
sheet.

4. Results and Discussion

4.1. Symmetry Effects in One-Sided and Two-
Sided Patch Repairs

In one-sided patch repairs, the shift of the neutral axis
causes the forces acting on the repaired region to be
off-center. This generates significant torque at the con-
nection, leading to curvature and bending of the re-
paired structure. Such bending is clearly observed in
the patch application area and represents a key limita-
tion of one-sided repair techniques (Fig. 10a, b).

In contrast, two-sided patch repairs provide a more
symmetrical load transfer. Due to the balanced place-
ment of patches on both sides, applied forces do not
induce significant deformation along the Z-axis (Fig.
11a, b). This symmetric load distribution is a ma-
jor advantage of the bilateral patch repair method, as
it helps preserve the original shape and structural in-
tegrity of the repaired component.

4.2. Comparison of Stress and Strain at the
Crack Location

To evaluate the effectiveness of the repair techniques, a
tensile load of 100 MPa was applied in the X-direction
over a duration of 1 second, distributed at equal in-
tervals. This loading scenario enabled analysis of the
strain development at the crack tip, as illustrated in
the strain-time diagram (Fig. 12a).

The results indicate that the two-sided patch re-
pair method is more effective at reducing stress (o)
over time compared to the one-sided repair. In partic-
ular, BEP patches applied bilaterally on the cracked
structure exhibit the best performance in mitigating
strain at the crack location. This enhanced strain re-
duction is attributed to the symmetric load transfer
and uniform stress distribution provided by the two-
sided patch configuration. The balanced repair mini-
mizes stress concentrations at the crack tip, resulting
in a more gradual and controlled strain development.
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Fig. 10. One-sided patch repair using a) CEP patch, b) BEP patch.
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Fig. 11. Two-sided patch repair using a) CEP patch, b) BEP patch.

In contrast, the one-sided patch repair is less effec-
tive, as asymmetric load transfer leads to higher stress
concentrations and more rapid strain accumulation at
the crack tip. Consequently, the two-sided BEP patch
emerges as the preferred approach for optimizing struc-
tural integrity and durability. Its symmetric load dis-
tribution, along with the elimination of Z-axis bend-
ing or deformations, helps preserve the original shape
of the component, minimizes distortions, and ensures
a more reliable restoration of the repaired structure’s
functionality.

Due to the superior performance of the two-sided
patch repair, as evidenced by the reduced stress and
strain at the crack location, this study further inves-
tigated the optimization of the composite patch de-
sign. Two optimization techniques-the Genetic Algo-
rithm (GA) and the Imperialist Competitive Algorithm
(ICA)-were employed to develop optimized patch con-
figurations for the bilateral repair. The focus on two-
sided patches was motivated by their key advantages,
including the elimination of bending deformations and
more effective mitigation of stress and strain at the
crack. By applying these optimization algorithms, the
study aimed to further enhance the performance and

efficiency of the repair solution.

Following the incremental application of a 100 MPa
tensile load over one second, the stress evolution at the
crack tip was analyzed and is presented in the stress-
time diagram (Fig. 12b). The results confirm that two-
sided patch repairs are more effective at reducing crack-
tip stress compared to one-sided repairs. Among the
tested configurations, bilaterally applied boron-epoxy
(BEP) patches demonstrated the highest stress mit-
igation performance, highlighting their suitability for
optimizing structural integrity in repaired composite
components.

The superior stress reduction achieved with the bi-
lateral BEP patch repair is primarily due to the sym-
metric load transfer and the uniform distribution of
stresses across the crack region. This balanced config-
uration effectively mitigates the stress concentrations
that typically form at the crack tip, resulting in a more
gradual and controlled stress buildup over time. In
contrast, one-sided patch repairs are less effective, as
asymmetric load transfer generates higher stress con-
centrations, leading to a faster and more pronounced
increase in crack-tip stress.
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Fig. 12. a) Strain versus time, b) Stress versus time.

Consequently, the two-sided BEP patch emerges as
the preferred approach for enhancing the structural in-
tegrity and durability of repaired components by min-
imizing the harmful effects of stress at the crack loca-
tion. The stress analysis further underscores the ad-
vantages of the bilateral repair, particularly when em-
ploying the optimized BEP composite. This method
offers significant improvements in stress management
and overall structural performance, making it a highly
effective solution for a wide range of engineering appli-
cations.

The stress and strain analysis of the damaged sheet,
both without a patch and with one-sided and two-sided
patches made of GEP and CEP, shows that double-
sided patches can withstand higher stresses. More-
over, the stress response of the sheet repaired with
two-sided patches closely approaches that of the un-
damaged sheet, indicating that this repair method ef-
fectively restores structural performance.

Optimization of the composite patches further re-
veals that BEP patches offer the highest stress toler-
ance at equivalent strain levels. This finding highlights
the potential of BEP as the most suitable material for
repairing the damaged sheet.

Fig. 13 presents the stress-strain relationship for
the various repair configurations. This visual compar-
ison clearly demonstrates the relative performance of
different patch materials and configurations, provid-
ing insight into their effectiveness. Overall, the analy-
sis indicates that two-sided patch repairs, particularly
those using BEP composites, offer the most effective
solution for restoring the damaged sheet, achieving the
highest stress tolerance and the closest mechanical per-
formance to the healthy, undamaged state.

4.3. Impact of Patch Layer Arrangement on
Crack Opening Displacement

The arrangement of patch layers significantly influ-
ences the displacement at the crack opening, as shown
in Fig. 14a. This figure illustrates how the crack length
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increases depending on the layer configuration within
the applied patches on the sample. Fig. 14b presents
the stress distribution along the crack length, provid-
ing valuable insight into how stresses are transferred
and concentrated within the damaged area.
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Fig. 13. Stress versus strain diagram.

Analysis of these results indicates that double-sided
patches are more effective at reducing crack opening
under higher stress levels. In particular, a bilaterally
symmetric arrangement using a boron—epoxy (BEP)
composite patch offers the most effective solution for
minimizing both crack opening and stress concentra-
tion at the crack tip.

This finding highlights the importance of the strate-
gic placement and configuration of patch layers in en-
hancing repair effectiveness. By optimizing the patch
arrangement, crack opening can be effectively con-
trolled, and stress concentrations at the crack tip can
be reduced, resulting in a more robust and reliable re-
pair. The visualizations in Figs. 14a and 14b offer a
clear and detailed understanding of crack behavior and
stress distribution, providing engineers and technicians
with the insights needed to select the most effective re-
pair strategy for the damaged structure.
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4.4. Optimization of the Problem

Under a tensile load of 100MPa applied in the X-
direction over one second at equal intervals, the strain
and stress at the crack tip in the tested samples are
shown in Figs. 15a and 15b. The results indicate
that bilateral patch repairs are more effective at re-
ducing stress (o) over a prolonged period. Among
the tested materials, bilaterally applied boron-epoxy
(BEP) patches provide the most significant reduction
in strain at the crack tip.

Given the superior performance of bilateral patches
and the absence of bending when using these configu-
rations, the study further explored the use of optimized
composite patches. Optimization was carried out us-
ing two computational methods: GA and ICA, both
applied in a bilateral arrangement. These advanced op-
timization techniques enabled the refinement of patch
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Fig. 15. a) Strain-time diagram and b) Stress—time
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b) Stress distribution along the crack length.

designs, resulting in enhanced stress and strain reduc-
tion at the crack tip. By combining bilateral patch
application with computational optimization, the over-
all effectiveness of the repair solution was significantly
improved.

The GA and ICA optimizations were implemented
using MATLAB, considering three key design parame-
ters: layer material, fiber orientation, and layer thick-
ness. Comparison of the results, presented in Table 3,
shows that the ICA achieved higher optimization per-
formance, with a superior value of the objective func-
tion and faster convergence to the optimal solution.
Simulation results indicate that the ICA outperforms
the GA in terms of response efficiency and optimality.

The patches obtained from both the GA and ICA
optimizations were subsequently applied bilaterally in
the sheet repair problem to evaluate their performance.
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diagram, including comparison with optimized patch
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Table 3
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Results of optimization using the Genetic Algorithm and Imperialist Competitive Algorithm.

Genetic Algorithm (GA)

Imperialism Competitive Algorithm (ICA)

Answers code

T(mm) [0.175 | 0.175 | 0.175 | 0.1]
0(0) [-60 | 60 | -60 |0 ]

Mat [CEP | CEP | CEP | CEP |
W(ke) 0.0025

C(t) 0.1520

Nx (kg/m) 4.7243x10*

Fit.var 4.1308

571116755711 741

[T71671]771]5111]
0.175 | 0.175 | 0.175 | 0.275]
[0]0]0]0]

[CEP | CEP | CEP | CEP |
0.0061

0.1400

3.8934x105

4.2779

Fig. 16 presents the stress and strain analysis for
the damaged sheet without a patch, the healthy sheet,
and the repaired states using one-sided and two-sided
patches made from different composite materials (GEP,
CEP, and BEP). The figure also includes results from
optimized patch configurations obtained using GA and
ICA.

As illustrated, repairs with double-sided patches
exhibit higher stress resistance compared to other
configurations. Additionally, the stress tolerance of
the double-sided patch repair closely approaches that
of the undamaged sheet, indicating that this repair
method effectively restores the structural performance
of the component.

1.0 ]
08
] —*— no patch
. ] —=— 2BEP
g 06 ] —+— 2GEP
g —— 2CEP
F 04 N —+— GEP
] —— CEP
02 —=— BEP
L0 L R EL A L R L L
0.000 0.005 0.010 0.015 0.020
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Fig. 16. Stress and strain comparison for different
repair and material configurations.

The analysis of the optimized composite patches
indicates that those optimized using the Imperial-
ist Competitive Algorithm (ICA) exhibit the highest
stress tolerance at equivalent strain levels. This find-
ing suggests that ICA-optimized patches provide the
most effective solution for repairing the damaged sheet,
restoring its structural integrity close to that of the
undamaged state. The use of advanced optimization
techniques, such as the Genetic Algorithm (GA) and
ICA, has enabled the identification of optimal repair
designs. Among these, the two-sided ICA-optimized
patch stands out for its ability to withstand higher
stresses while maintaining a repaired state closely re-

sembling the healthy sheet.

Composite patches were optimized using both GA
and ICA methods, and the resulting designs were mod-
eled and compared with previous repair configurations.
As shown in Fig. 17, ICA-optimized patches signifi-
cantly reduce crack growth and increase the rupture
load. Double-sided patches, in particular, are more ef-
fective at limiting crack opening under higher stress
levels, with the ICA-optimized configuration providing
the best overall performance.

The superior performance of ICA-optimized
patches in controlling crack growth and enhancing rup-
ture load can be attributed to the algorithm’s efficient
exploration of the design space and its ability to con-
verge to a global optimum. In contrast, GA-optimized
patches, while improving performance, do not achieve
the same level of crack mitigation or load-bearing ca-
pacity as ICA-optimized patches. This highlights the
critical role of selecting an appropriate optimization
technique for a given problem, with ICA demonstrat-
ing clear advantages in this application.

Overall, the results presented in Fig. 17 demon-
strate the effectiveness of ICA-optimized composite
patches in enhancing the structural integrity of dam-
aged components. These findings provide valuable
guidance for engineers and researchers in the design
and optimization of composite repair solutions across
a range of practical applications.
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Fig. 17. Crack width along increasing crack length.
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5. Conclusion

This study investigated the effectiveness of compos-
ite patch repairs in mitigating crack growth in dam-
aged composite sheets using a combined finite element
analysis (FEA) and optimization approach. Three re-
pair configurations were analyzed: unrepaired, one-
sided patch, and symmetric two-sided patch. A multi-
objective optimization framework was developed using
the Genetic Algorithm (GA) and the Imperialism Com-
petitive Algorithm (ICA) to identify optimal patch
designs balancing weight, cost, and structural perfor-
mance. The key findings of this research are summa-
rized as follows:

e Effectiveness of Composite Patch Repairs: The
symmetric two-sided composite patch signifi-
cantly reduced crack-tip stress, strain, and strain
energy release rate (SERR) compared to the
unrepaired and one-sided patch configurations.
One-sided patches improved structural perfor-
mance but introduced bending and asymmetric
deformation, reducing overall repair efficiency.

e Optimization Outcomes: The optimization
framework successfully identified patch designs
that minimized weight and cost while maximiz-
ing load-carrying capacity. The ICA consistently
outperformed the GA by providing superior con-
vergence, lighter and more cost-effective designs,
and higher structural performance.

e Practical Implications: Symmetric two-sided
patches, combined with optimized layer orienta-
tions and material selection, offer the most ef-
ficient and reliable repair solution for damaged
composite sheets. Integration of FEA with multi-
objective optimization provides a powerful tool
for designing lightweight, cost-effective, and high-
performance composite repairs.

This study provides comprehensive insights into
crack mitigation strategies and the influence of patch
design on composite sheet performance. Future re-
search may extend the framework to consider fatigue
loading, impact damage, environmental effects, and
more complex geometries to further enhance repair
strategies for real-world applications. In conclusion,
the combination of symmetric composite patch re-
pair and optimization-based design represents a robust,
cost-efficient, and practical solution for extending the
service life of damaged composite structures, offering
valuable guidance for engineers in aerospace, automo-
tive, and other advanced engineering applications.
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