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A topological optimization algorithm
applied to the design of composites patch
repair of mixed-mode cracked plate
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Abstract

In this work, a topology optimization algorithm is developed and implemented to get an optimum composite patch shape.

Typically, the design process consists of an iterative analysis, where the best solution is obtained from a comparative

study. In this way, we propose a topology optimization algorithm applied to obtain the optimum composite patch shape.

The algorithm is implemented in MatLab, and uses the commercial finite element code Abaqus/Standard. A numerical

example is analysed to show the capability of the proposed method. The obtained results are compared with numerical

results reported by other researchers, revealing the potential of the developed algorithm.
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Introduction

The use of externally bonded composite patches for
repairing cracks and defects in aircraft structures
achieves great success these last years, what fostered
researchers to study further this domain. Baker1 was
the pioneer in the use of bonded composite patches to
repair damaged aircraft and marine structures. The use
of the adhesively bonded composite patches as a repair
method has many advantages compared to the conven-
tional mechanically fastened repair methods.2 The
adhesively bonded patch repair reduces stresses in the
cracked region by doing load transfer through patch
into the panel and thereby prevents the crack tip from
opening and, thereby, it from growing.

In the last two decades, greater developments have
taken place in computational mechanics, especially in
the area of finite element analysis. Several authors have
studied the influence of composite patch on the per-
formance of externally bonded patch repair in the
case of a metallic panel having a crack and they have
recommended the best one based on stress intensity
factor (SIF) reduction.3–7

Some researchers8–15 have focused on the analysis of
the effect of composite patch repair on composite
panels with circular cut-out. In these types of problems,

the authors use the reduction of the stress concentra-
tion factor (SCF) as a design parameter. In all these
works, the design process consists of an iterative
analysis, where the best solution is obtained from a
comparative study.

Recently, several papers have described the effects of
the adhesive disband on the repair efficiency.16–20 They
concluded that both mode I and mode II SIF are
increased by the presence of the adhesive disband.

Mathias et al.21 developed an application of a biol-
ogy-based method, known as the genetic algorithm, to
the optimization of composite patch bonded on a metal
structure in order to reduce the stress level in a given
area under some constraints such as a maximum sur-
face of the patches. This method deduced the best patch
topology by determining the optimal material density
distribution. Such algorithms have been used in many
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cases of composite structure optimizations.22–26

Brighenti27 showed that, by adopting the optimal
patch shape, the SIF can be reduced to about 40%
and 60% with respect to that related to a square or
rectangular shape patch. However, the obtained patch
shape was very irregular and not able to be applied to
real cases.

Errouane et al.28 proposed a numerical model for the
optimization patch repair of aluminium plate, in which
design variables are considered, such as patch height,
width and thickness, in addition to adhesive thickness,
large reduction of patch material volume. Nevertheless,
their model is only valid for patches with rectangular
shape. Therefore, the optimization is limited to defining
their relationship aspect.

In the present work, a topological algorithm applied
to the design of the composite patch shape is developed.
Topology optimization methods enable designers to
find the best structural layout for a required structural
performance. The importance of this type of optimiza-
tion lies on the fact that the choice of the appropriate
topology of a structure in the conceptual phase is gen-
erally the most decisive factor for a novel product
efficiency.29

Over the last three decades, many mathematical and
heuristic optimization methods have been devel-
oped.30–33 The works related to the optimization
method have dealt with the optimization of structures
with an isotropic material, even in some commercial
programs of FEA,34,35 topology optimization modules
are included. However, so far there does not exist a
topological algorithm applied to orthotropic materials,
therefore, we had to propose and implement a new top-
ology optimization criterion. The proposed algorithm is
programmed in MatLab, and the FEA is solved with
the commercial software Abaqus/Standard. The per-
formance of the algorithm is assessed through with a
problem, showing that the obtained patch designs are
adequate to be applied to real practical cases.
Furthermore, the results are compared with studies pre-
sented by other authors.

Description of the proposed algorithm

The topological optimization algorithm proposed in
this work is able to solve the problem of the shape
design of composite patches applied to repair cracked
structures. Figure 1 presents a flowchart of the topo-
logical optimization algorithm developed in this work.

The algorithm is implemented in the MatLab lan-
guage and is based on a FEA in order to obtain the
structure stress field. Thus, the finite element model
implemented in the software Abaqus is applied to the
study of the SIF evolution at the crack front, and the
stress field of the composite patches.

The first step is to generate the typical Abaqus input
file, .inp, where the different parts of the problem are
defined, assign their material properties, mesh topology
and boundary conditions. This first input file is gener-
ated from the Abaqus/CAE interface.

Secondly, the MatLab program resorts to the
Abaqus solver to obtain the stress field of the composite
patches.

Typically, the topological optimization algorithms
are applied to isotropic materials, and the criterion to
delete the elements is based on Von Mises stress.34

However, this criterion is not available to orthotropic.
Therefore, in order to define the load state of each
element of the composite patches, we calculate the par-
ameter Lf of the fracture criterion of Tsai-Hill.36 This
parameter is given from this equation (1)

LF ¼
�11
X

� �2
�
�11�22
Y2
þ

�22
Y

� �2
þ
�12
S

� �2
ð1Þ

where X, Y are the lamina longitudinal and transverse
strengths, and S is the shear strength of the lamina.
From the results of the FEA are extracted �11, �22
are the lamina longitudinal and transverse stress, and
�12 is the shear stress.

Note that, the election of the Tsai Hill failure criter-
ion is strictly arbitrary; we could use another criterion
like Tsai Wu or Hoffman. In the optimization algo-
rithm, the failure criterion is not used to describe a
physics process; it is only an equivalent parameter
that describes the level of the element solicitation.

In the next step, the set of elements of the composite
patches is defined, which has the lowest values of the

Figure 1. Flowchart of the topological optimization algorithm

implemented in a MatLab.
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parameter Lf (the least requested elements). This set of
elements is incorporated within the Abaqus input file
and is assigned new material properties with null stiff-
ness. Therefore, these elements are fictionally deleted
from the finite element model for the next iteration.
Note that, in this step the new patch shape obtained
with the optimization process is defined.

In order to simplify the model, the number of elem-
ents deleted in each iteration is fixed as a 0.75% of the
initial patch area. This percent is obtained from a cali-
bration process previously realized. The calibration
process is based on the following criterion: if the per-
cent of elements elimination is high, the geometry of the
patch presents holes inside; but if this percentage is low,
the number of iterations and the computational cost
increase.

Finally, the algorithm verifies that the number of
iterations is lower than the maximum number of iter-
ations. If this condition is satisfied, the FEA has
repeated with the new input file, and the analysis is
finished.

Geometry and boundary conditions

The example deals with cracked aluminium plates with
mixed mode condition repaired with double-sided com-
posite patches. The obtained results are compared with
studies presented by other authors.

The problem consists of a cracked aluminium
alloy 2014 T6 panel, submitted to a load tensile
of 121.11MPa. The panel is a rectangular plate of
160� 39� 3:175mm3, with a central crack 2 a of

10mm of length. The crack is inclined at an angle �
of 45� with the horizontal axis. Figure 2 shows the geo-
metrical and boundary conditions of this case.

The material properties of the aluminium panel are
the Young’s modulus of E¼ 73.1GPa and the
Poisson’s ratio � ¼ 0:30.6,37 The patch is made of
four layers of unidirectional carbon/epoxy composite
laminate, which are parallel to the load direction.
The material properties for CFRP patches used in
the analysis are: E1 ¼ 135 GPa, E2 ¼ E3 ¼ 9 GPa,
nu23 ¼ 0:02, nu13 ¼ nu12 ¼ 0:30, G23 ¼ 8 GPa, G12 ¼

G13 ¼ 5GPa, X¼ 1500MPa, Y¼ 50MPa and S¼
70MPa. In all analysed cases, the initial dimensions
of the composite patch are 32.5� 32.5mm2.

The patch is bonded symmetrically to the panel
using AV138/HV998 adhesive material. Its mechanical
properties are the Young’s modulus of E¼ 4.59GPa
and the Poisson’s ratio � ¼ 0:47.6,37

Finite element analysis

The finite element model consisted of three parts
including the cracked panel, the adhesive, and the com-
posite patch (see Figure 3). Due to symmetry in the
plane of the plate thickness, only half part of the
repaired plate is modelled, in order to reduce the com-
putational cost.

It is assumed that the patch is perfectly bonded to
the panel by adhesive6,37,38) and modelled by means of
tie constraints, which are available in ABAQUS/
Standard34 library. Appropriately, the nodes are
coupled at the respective interfaces to reflect the

(a) (b)

Figure 2. Geometry and boundary condition of the repaired aluminium panel with double-sided composite patch (all dimensions are

in mm). (a) Front view. (b) Side view.
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perfectly bonded behaviour. During coupling, all three
degrees of freedom are coupled at each node.

All parts are meshed with eight-node brick elements
(C3D8R).34 The mesh is refined near the crack tip area
with elements dimension of 0.0025mm. The aluminium
panel, the adhesive and the composite patch, are dis-
cretized with 123054, 26569 and 26569 elements,

respectively. Figure 4 shows the meshes of the alumin-
ium plate used in each analysis.

Mesh validation

The finite element meshes are validated with the numer-
ical results presented by Ramji et al.6 There are

Figure 4. Mesh of the aluminium plate for different crack inclination angles. (a) � ¼ 0
�

. (b) � ¼ 30
�

. (c) � ¼ 45
�

. (d) � ¼ 60
�

.

Figure 3. Finite element model of repaired cracked aluminium panel with double-sided patches and near the crack tip.
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considered a cracked aluminium plate repaired with a
square composite patch, with dimensions: 22� 22,
24� 24, 26� 26 and 28� 28mm2. The crack inclination
angle considered is 45�.

The values of the SIF obtained are presented in
Table 1. We can see that the difference between our
model and the results presented in Ramji et al.6 are
lower than 1.5%.

Results and discussions

In order to quantitatively compare the effective patch
shape for the cracked plate, a parameter R is used. This
parameter was introduced by Ramji et al.,6 and it is
defined as

R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KU

I � KR
I

KU
I

� �2

þ
KU

II � KR
II

KU
II

� �2
s

ð2Þ

where KU
I and KU

II are the unrepaired mode I and mode
II SIF values, while KR

I and KR
II represents the values of

the SIF for the repaired panel. This parameter com-
bines both mode I and mode II SIF reduction into
one value so that comparison becomes easier and
straight forward. Higher the R value, better patch per-
formance in relation to SIF reduction.

Influence of the composite patch size

In this section, the problem described in Figure 2 is
analysed, with a crack inclination angle of 45�.

Figure 5 presents the values with the parameter R in
function of the area of the composite patches. The solu-
tions are compared with the results presented by other
authors6 for different patch shapes. As we can see the
results obtained with the proposed algorithm present
the highest values of R for all patch sizes. Therefore,
the patch shapes designed with our model are the best
solution for this example. It is evident that R values
increase when increasing patch area.

Furthermore, it can be found that the obtained
results present a completely linear dependence with
the patch area, while the results presented by Ramji
et al.6 show different behaviours. This difference
between the analyses is due to the fact that the study6

performed in the patch geometry is fixed and only its
proportions change, while in the results of our model
the areas and the geometry of the patch change.

Figure 6 presents the composite patches shapes of
these sizes: 616, 706 and 804mm2. In this figure,
the deleted elements are presented in red, while the
final patch shape is defined by the green area. In
Figure 6(c) we can see that the octagonal shape is

Figure 5. Variation of parameter R with respect to the area of the composite patch, are compared our solutions and the results

obtained by Ramji et al.6

Table 1. The values of the SIF for cracked aluminium plate

repaired with square double-sided composite patches (values of

SIF are presented in MPa�mm1=2).

Patch
Present study Ramji et al.6 Difference (%)

[mm2] KI KII KI KII �KI �KII

22� 22 82.50 75.25 82.80 76.30 0.36 1.39

24� 24 77.50 70.50 78.80 71.25 0.90 0.85

26� 26 76.25 67.25 76.00 67.46 0.94 0.31

28� 28 75.00 65.50 74.53 64.86 0.62 0.97

SIF: stress intensity factor.

Braun et al. 5



obtained from the biggest patch size analysed. This
case is in agreement with the results presented by
Ramji et al.,6 but with other proportions of sides.
Although for smaller sizes the hexagonal patch
shape is more efficient, this geometry was not studied
in Ramji et al.6

Influence of the crack inclination

Furthermore, we have analysed the influence of the
crack inclination � for the patch shape obtained with
the proposed model, corresponding to a patch area of
616mm2. We are considering four crack inclination
angles: 0�, 30�, 45� and 60�.

Figure 7 presents the variation of the parameter R in
relation to crack inclination angles �. Our results are
compared with the solution obtained by Ramji et al.6

for the same problem. We can see that the values of R
obtained with the proposed model are higher than the
results presented by Ramji et al.6 for all analysed
angles. Therefore, the patch shapes designed with the

developed topological algorithm are better than the
patch shapes considered by the other authors.6

Figure 8 presents the patch shape for each crack
inclination angle � studied. We can see that the hex-
agonal patch shape is the best solution for all cases. The
hexagons are symmetrical with respect to the vertical
and horizontal axes. Note that, the patch shapes are
hexagons but with a small change in the relationship
of sides, in function with the crack inclination angle.
Also, the hexagonal patch shapes have rounded corners
making it more resistant against debonding.

Furthermore, it can be observed, from Figure 7,
that R is higher for the crack inclination of 30� with
the hexagonal patch shape, while in Ramji et al.6

the maximum efficiency is obtained for a crack inclin-
ation of 45�.

Therefore, the hexagonal patch shape made of
CFRP is recommended in cases of the inclined cracked
panel repairs.

The results of simulations show that the proposed
algorithm is able to obtain valid patch shapes for

Figure 6. The shape of the composite patch obtained for different patch sizes. (a) 616 mm2. (b) 706 mm2. (c) 804 mm2.
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Figure 8. The shape of the composite patch obtained for crack inclination angle �. (a) � ¼ 0
�

. (b) � ¼ 30
�

. (c) � ¼ 45
�

. (d) � ¼ 60
�

.

Figure 7. Variation of parameter R with respect to the crack inclination angle �.
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practical cases, where the patches geometries are regu-
lars and it do not have holes inside.

Conclusions

In this work, a topological algorithm applied to the
design of shape of composite patch is developed. The
algorithm is programmed in MatLab, and the FEA is
solved with the commercial software Abaqus/Standard.

The performance of the algorithm is assessed by ana-
lysing the problem of a cracked aluminium plate
repaired with double-sided composite patches. The
obtained results are compared with the study presented
by Ramji et al.6

The results of the simulations show that the octag-
onal patch shape made of CFRP with the maximum
permissible area is recommended in cases of inclined
cracked panel repairs, it is in agreement with the results
presented in Ramji et al.6 However, the hexagonal
patch shape made of CFRP is recommended in cases
of repairs with smaller patch sizes. We can conclude
that the shapes of the patches obtained with our
model are able to be applied to practical cases.

The simple and reliable implemented optimization
procedure seems to be suitable to tackle several prob-
lems related to the design of the best topology for patch
repairs in order to achieve any given mechanical per-
formance of the cracked structures.
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