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ABSTRACT. In this paper, the simultaneous effect of corrosion and cracking 
on the performance of the bonded composite patch repair in aluminum alloy 
A5083 marine structure was investigated using three-dimensional finite 
element methods. To this end, two patches made of carbon/epoxy and 
boron/epoxy, bonded on corroded plates with and without crack, were tested 
under different applied loads. The effect of both corroded and cracked 
materials on the damage of the adhesive FM73 was also highlighted. The 
obtained results show that the corrosion has a significant effect on the quality 
of the repair performance. Indeed, it is proved that, the rate of damage 
increases with the increase of the applied load and is more significant in the 
case of plates cracked and repaired by carbon/epoxy patch compared to that 
of boron/epoxy patches. 
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INTRODUCTION  
 

he 5000 family aluminum alloys, and, especially the A5083 alloys, are known for their high resistance to corrosion 
salinity and ideal alloy for their weldability, making their use a better choice in the marine shipbuilding industry 
and offshore structures [1]. The elements Mg, Zn or Cu alloyed with aluminum consolidate and reinforce the 

matrix. The aluminum has an excellent strength-to-weight ratio, which makes it an ideal material when specifications 
require high strength and minimum weight. This alloy composition makes it enable to be used for the construction of 
ships and boats [2]. 
Otherwise, the corrosion process in the marine environment is favored by the presence of a lower rte of oxygen and 
higher salinity, also the presence of manufacturing defect at the microscopic scale, under repeated cyclic loadings and the 
salinity of the water, cause the fatigue of the material which is called fatigue corrosion under stress. Most of the structural 
fractures in service are about 90% due to this corrosion cracking phenomena. Three main stages of a material failure have 
been observed: (i) initiation of the crack, (ii) propagation of the crack, and (iii) finally sudden rupture [3-5]. To remedy this 
kind of phenomenon and the crack propagation by corrosion, a new technique has been applied for several years based on 
a composite bonded to the damaged part. This technology has proven to be effective in aerospace and marine applications 
[6]. 
More recently, this technique of repairing cracked structures  has been considered particularly effective in aeronautics and 
follows rigorous control procedures, the composite patch is applied in situ on the damaged part. Several parameters affect 
the integrity of composite patch repair. Among these parameters, (i) the geometric shape, the thickness, the length and the 
nature of the patch, (ii) the medium, (iii) the type and thickness of the adhesive, etc. [7].  
In a previous work, Sadek et al. [8] analyzed by finite element, the performance of repair with patch composite using 
different shapes in the case of marine structures.The evolution of the damaged zone under the crack effect only has been 
also studied [9]. However, rare are the studies on the performance of bonded composite patch repair in corroded 
aluminum structures [10]. In this paper, the effect of corrosion on the quality of repair of the aluminum alloy 5083 H11 by 
bonded composite is analyzed using a three-dimensional finite element method. A comparison between the obtained 
results using two types of patches has been presented and discussed. 

 
 

BACKGROUND FORMULATION 
 
J integral 

he SIF calculation tool is currently chosen for computing the three-dimensional virtual crack closure technique 
(3DVCCT) of the asymptotic value [11]. The proposed Irwin VCCT is based on the energy balance. From this 
equation, stress intensity factors are given for the three fracture modes 
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where Gi is the energy release rate for mode i, Ki the stress intensity factor for mode i, E the elastic modulus. 
The idea presented by Rybicki and Kanninen [12], is based on the calculation of the energy release rate, using Irwin 
assumption that the energy released in the process of crack expansion is equal to work required to close the crack to its 
original state, as the crack extends by a small amount Δa. Irwin computed this work as: 
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where u  is the relative displacement,   is the stress, r is the distance from the crack tip, and a  is the change in virtual 
crack length. Therefore, the energy release rate is given by: 
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The work W can be expressed as: 
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where F  is the force needed to close the crack virtually,  u  is the crack opening displacement. 
Eq (3) allows the calculation of the energy release rate for 2D FE models (modes I and II). The application of the VCCT 
in 3D FE models is commonly called the 3D VCCT. The extension of the method from 2D to 3D requires replacing Eq. 
(3) by the following expression: 
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where s is the distance from the crack tip in the third direction, and h is the element size in the third direction. 
To apply Eq. (5) to FE models comprising 8-node brick elements, the integrals in (5) are replaced with the sum as follows: 
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where index i controls direction, and index k controls the node b number. 
The shear stresses in the adhesive are given by the following relationship: 
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Where 1 u  and 2  u  are displacements in layers 1 and 2 (the plate and the patch) respectively. 
Experimental design was used for the determination of the optimum patch dimensions [13-15]. Indeed, the patch 
dimensions process is described by a quadratic model as follows: 
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where y is the response of the process (i.e., the J integral at the crack front in the plate) and, ix   is the normalized 

centered value for each factor iu : 
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The quadratic model of J integral is expressed as following [16]: 
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where *L  is the length, *W  is the width, and *t  is the thickness of the patch.  
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Damage zone theory 
The joint adhesive used in this study is made of a ductile material, that has been toughened and, which is supposed to be 
exposed to a yielding failure. Therefore, in this case of failure study and for characterizing the damage zone, we will apply 
the equivalent strain of von Mises criterion given by the following expression [17]: 
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where eq  is the equivalent strain, pi  are the plastic strains in the different directions and   is the Poisson’s ratio. 

The von Mises equivalent strain criterion is satisfied for the ultimate principal strain value of the material. The damage 
zone size at failure is determined when the ultimate strain of each failure criterion is defined. We use either the strain or 
the stress criterion to define the damage zone, but when the adhesive undergoes a significant nonlinearity the application 
of the strain criterion will be more appropriate [18]. 
It should be noted that there are two modes of failure associated with adhesive joints: (i) interfacial and (ii) cohesive 
failure. In the first mode, the failure load of the adhesive joint depends on the interfacial stress near the interfaces between 
the adhesive and the adherent [18]. The second mode will happen when cohesive failure occurs in the adhesive joint. Since 
cohesive failures certainly occurred in the adhesive joint, we recommend using the adhesive failure criterion for the 
damage zone. The failure criterion, for isotropic materials, such as the von Mises and Tresca criteria, can be used to model 
the adhesive failures [19]. In order to define and quantify the rate of damage, the following damage zone ratio formula can 
be used: 
 

.
i

r
a

A
D

L W


                                                                                 (14)

 
 
where rD is the damage zone ratio, iA  the area over which the equivalent strain exceeds 7.87% [17], L the adhesive 

length and aW  is the adhesive width. 
 
 
NUMERICAL MODELING 
 

he corroded and cracked structure is shown in Fig. 1. To study the effect of corrosion on the quality of repairs, 
two types of patches have been numerically tested. The first one is made of boron/epoxy and the second one of 
carbon/epoxy. Both are glued on two corroded aluminum plates A5083 with and without crack. The adhesive is 

of type FM73 with a thickness ea=0.15 mm (longitudinal Young modulus E=4.2 GPa and longitudinal Poisson ratio 
ν=0.32). Different uniform uniaxial loadings σ=220, 250, 300 and 350 MPa were applied to the structure  (Fig. 1). The 
damage ratio rD  of the adhesive has been evaluated. The mechanical properties of both patches are selected according to 
several references [9,19,20] and are given in Tab. 1. The aluminum alloy plate 5083H 11 has dimensions 254 × 254 × 5 
mm3 (Fig. 1) H=254 mm, W=254 mm and ep=5 mm, with a crack length a=1.5 mm. The mechanical properties of the 
plate are as follows: Young’s modulus E=69 GPa, Poisson’s ratio ν=0.35, the yield stress σy=243 MPa, the ultimate stress 
σu=347 MPa and the elongation ξel=21.85%. The composite patch has the following dimensions: 130×75×1.5. The plies 
in the patch had unidirectional lay-up where the fibers were oriented along the specimen length direction (parallel to the 
load direction). Both patches are bonded on the damaged structure by 0.15mm thick film of adhesive epoxy. The 
geometric shape of the corroded area was taken in 3D randomly with a thickness of 0.5 mm. Noting that, the effect of the 
variation in thickness of the corroded area is under an advanced investigation and will be published later.  
The physical interactions at aluminium/adhesive and composite/adhesive interfaces during loading are taken into account 
through bonded surface-to-surface contact features of Abaqus. A surface-to-surface contact definition can be used as an 
alternative to general contact to model contact interactions between specific surfaces in a model. In this work, at the 
interfaces, each mesh node is common between the adjacent structures to ensure continuity of strains and stresses. Noting 
that the adhesive is homogeneous elastic and isotropic, the deformation of the adhesive is under the effect of shearing and 
peeling. The boundary conditions used in this analysis are as follows: one end of the plate was fully fixed while the other 
end was subjected to a tensile stress in an increasing way using the option "STEP" general static of ABAQUS code [21]. A 
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maximum increment value up to 10000 was used for the automatic increment. The minimum and maximum increment 
sizes are 10-5 and 1 respectively. 

 
Figure 1: Geometrical model. 

 

Elastic properties Boron/epoxy Carbon/epoxy 

Longitudinal Young modulus E1 (GPa)  200 134 

Transversal Young modulus E2 (GPa)  19.6 10.3 

Transversal Young modulus E3 (GPa)  19.6 10.3 

Longitudinal Poisson ratio v12    0.3 0.33 

Transversal Poisson ratio v13    0.28 0.33 

Transversal Poisson ratio v23  0.28 0.33 

Longitudinal Shear modulus G12 (GPa)  7.2 5.5 

Transversal Shear modulus G13 (GPa)  5.5 5.5 

Transversal Shear modulus G23 (GPa)  5.5 3.2 

 
Table 1:  Elastic properties of both patches [9,19,20]. 

 
The finite element model (Fig. 2) is composed of different substructures to model the cracked and corroded plate, the 
adhesive and the composite patch. The plate has four layers of elements in the direction of thickness, the adhesive has a 
single layer in the thickness and the patch has four layers of elements in the thickness. The commercial finite elements 
code ABAQUS was used for computations. The number of elements is 54517 with 77551 nodes. The element type used is 
C3D8R: an 8-node linear brick, reduced integration, hourglass control. The second generated model is a plate with 
corrosion and crack using three subsections models (plate-patch-adhesive). The number of elements is 92928 with 411791 
nodes. The element type used is C3D20RH: a 20-node quadratic brick, hybrid, linear pressure, reduced integration. 
 

 
Figure 2: Finite element meshed parts of the studied model. 
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VALIDATION OF THE MODEL 
 

o validate the numerical model developed in this work, an elastic aluminium plate with and without composite 
patches under uniform uniaxial load with a centre crack was analysed. In order to make a comparison, the same 
dimensions and material properties as those used by Ayatollahi and Hashemi [22] were considered. Noting that for 

a central crack subjected to opening mode, the relationship between the stress intensity factor (SIF) and the far applied 

load () is given by: IK Y a  , where Y is a geometric factor, depends on the plate geometry and the crack shape. Y 
= 1.12 (for a finished plate containing a central crack "2a") [23].    
The obtained results of the SIF were compared firstly with that of analytical solution (in the case without patch) (Fig. 2.a) 
and then with that of Ayatollahi and Hashemi [22] in the case with patches made in carbon/epoxy and boron/epoxy (Fig. 
2.b). It can be seen that good agreement was found between the results of the present model and that of analytical and 
numerical results as shown in Figs. 2.a and 2.b respectively. Indeed, the maximum relative error is 4% for the case without 
patch, 1.96% for the case with a patch in boron/epoxy and 1.48%  for the case with a patch in carbon/epoxy. 
Furthermore, it should be noted that the best repair performance under these conditions is obtained by using 
boron/epoxy patch compared to carbon/epoxy patch. 
 

         
(a)                                                                                                          (b) 

Figure 3: Variation of KI versus the crack length for (a) unpatched and (b) patched centre cracked specimen. 
 

 
RESULTS AND DISCUSSION 
 
Distribution of von Mises stresses in the plates 

igs. 4 and 5 respectively illustrate the distribution of von Mises stresses under different loadings using rectangular 
patches in boron/epoxy and carbon/epoxy in the case of a corroded plate without crack and a corroded and 
cracked plate. It can be noticed that in both cases the stresses increase with the increase of the applied load. A 

slight difference was found between the values obtained using boron/epoxy and carbon/epoxy patches. 
For a loading less than 250 MPa, we noted a weak distribution of stresses at the level of the corroded surface in the case 
of an uncracked plate (Fig. 4.a-d). Exceeding a loading of 250 MPa, the effect of the patch becomes negligible and an 
almost homogeneous stresses distribution has been noted (Fig. 4.e-f). 
In the case of a corroded and cracked plate (Fig. 5), it can be seen that there is more stress concentration at the right crack 
tip containing the corroded area compared to the crack tip area left. A non-homogeneous distribution of stresses is noted 
for the three loading cases under the effect of the crack and the corroded area for both patches. In addition, it can be 
observed that the maximum stresses obtained in the case of cracked and corroded plates are lower than those of the 
corroded plates without crack. This can be attributed to the presence of crack, which can play the role of stress 
deconcentration and reduction of the maximum stress value in the plate. 
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(a) Boron/epoxy patch with =220MPa 

 
(c) Boron/epoxy patch with =250MPa 

 
(e) Boron/epoxy patch with =300MPa 

 
(b) Carbon/epoxy patch with =220MPa 

 
(d) Carbon/epoxy patch with =250MPa (f) Carbon/epoxy patch with =300MPa 

 
Figure 4: Von Mises stresses distribution in the case of a corroded plate without crack under different loadings using rectangular 
boron/epoxy and carbon/epoxy patches. 
 
 
 
 

 
(a) Boron/epoxy patch with =220MPa 

 
(c) Boron/epoxy patch with =250MPa 

 
(e) Boron/epoxy patch with =300MPa 

 
(b) Carbon/epoxy patch with =220MPa 

 
(d) Carbon/epoxy patch with =250MPa 

 
(f) Carbon/epoxy patch with =300MPa 

 
Figure 5: Von Mises stresses distribution in the case of a corroded and cracked plate under different loadings using rectangular 
boron/epoxy and carbon/epoxy patches. 
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Distribution of von Mises stresses in the patches 
Figs. 6 and 7 show the von Mises stresses distributions in the boron/epoxy and carbon/epoxy patches for corroded plate 
without crack and corroded-cracked plate under different loadings. For both cases, it can be noticed that the stresses 
increase as  the applied load increases. The stress concentration is localized on the edges of the patches for the corroded 
and uncracked plate (Fig. 6), whereas for the corroded-cracked plate (Fig. 7), we found more stress concentration at the 
vicinity of the corroded crack tip. 
 
 

 

 
(a) Boron/epoxy patch with =220MPa 

 
(b) Carbon/epoxy patch with =220MPa 

 

 
(c) Boron/epoxy patch with =250MPa 

 
(d) Carbon/epoxy patch with =250MPa  

  
(e) Boron/epoxy patch with =300MPa 

  
(f) Carbon/epoxy patch with =300MPa 

 

Figure 6: Von Mises stresses distribution in the patches made in boron/epoxy and carbon/epoxy in the case of corroded and 
uncracked plate under different loadings. 
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(a) Boron/epoxy patch with =220MPa 

 
(b) Carbon/epoxy patch with =220MPa 

 
(c) Boron/epoxy patch with =250MPa 

 
(d) Carbon/epoxy patch with =250MPa  

  
(e) Boron/epoxy patch with =300MPa 

 
(f) Carbon/epoxy patch with =300MPa 

 
Figure 7: Von Mises stresses distribution in patches made with boron/epoxy and carbon/epoxy in the case of corroded and cracked 
plate under different loadings. 

 
 

EVOLUTIONS OF THE DAMAGED ZONE 
 
Case of the corroded and uncracked plate 

ig. 8 illustrates the evolutions of the damaged areas (gray surfaces) of the adhesive used for the repair of the 
corroded plate with carbon/epoxy and boron/epoxy patches under different loadings σ=220, 250, 300 and 350 
MPa. It can be seen that the damaged area increases with the increase of the load for both patches, until it reaches 

a critical value (Dr=0.2474) for the high loads (especially when σ=350 MPa), where the adhesive loses its rigidity and the 
adherence between the composite and the metal becomes very weakened as demonstrated by several authors [9,24,25]. In 
this case, we can note that corrosion plays an important role on the repair quality, however when the applied loads are 
below 300 MPa, a good repair performance has been noticed. 
Fig. 9 presents the evolution of damage ratio as a function of the applied load in the case of corroded plate without crack. 
We can note that as long as the load is less than σ=320 MPa both types of patches maintain their integrity and the 
adhesive rigidity is better. That can be explain by the value of Dr which does not exceed its critical estimated value 
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Dr=0.2474. However, the adhesive of boron/epoxy patch presents a higher integrity than that of carbon/epoxy patch as 
it can be seen on the blue curve (Fig. 9), where the values of Dr are more reduced.   
When the applied load exceeds 320 MPa, it can be observed that the repair by carbon/epoxy patch is not effective, 
because the adhesive loses its rigidity and the damage ratio exceeds its critical value. On the other hand, it seems that the 
adhesive of boron/epoxy patch retains its rigidity up to a value close to 350 MPa. 

 
 

 
(a) Boron/epoxy patch with =220 MPa 

 

 
(b) Carbon/epoxy patch with =220 MPa 

 
 

 
(c) Boron/epoxy patch with =250 MPa 

 

 
(d) Carbon/epoxy patch with =250 MPa  

 
(e) Boron/epoxy patch with =300 MPa 

 

 
(f) Carbon/epoxy patch with =300 MPa 

 

 
(g) Boron/epoxy patch with =350 MPa

 
(h) Carbon/epoxy patch with =350 MPa 

 
Figure 8: Evolution of the damaged area of the adhesive used to repair the corroded and uncracked plate by boron/epoxy and 
carbon/epoxy patches under different loadings. 
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Figure 9: Evolution of damage ratio versus the applied load in the case of a corroded plate without crack. 

 
 
 

Case of the corroded and cracked plate 
Fig. 10 shows the evolutions of the damaged area of the adhesive used to repair the cracked and corroded plate by 
boron/epoxy and carbon/epoxy patches under different loadings. It can be seen that for the load σ=220 MPa, the plate 
repaired by boron/epoxy patch has less damage than that made of carbon/epoxy. The damage of repair adhesive FM73 is 
localized at the upper and lower edges for the plate repaired by boron/epoxy patch, while for the plate repaired by 
carbon/epoxy patch, the adhesive damage is localized at the edges and at the vicinity of the crack tip (corroded area).  
For the case of an applied load σ=250 MPa, the damage of the adhesive is located at the vicinity of the corroded and 
cracked zone for both types of patches with less risk of disintegration. 
When the applied load is σ=300 MPa, it is clearly seen that the adhesive of boron/epoxy patch has less damage than that 
of carbon/epoxy patch,  the latter  being much damaged at the level of the corroded and cracked zone. This can be 
explained by the presence of a crack which can propagate more and more as the load increases. 
For the applied load σ=350 MPa, the adhesive damage is very significant and represents a risk of disintegration between 
the patch and the repaired plate. Indeed, in the case of high loads, repair by both types of patches does not have an 
effective impact and especially in the presence of crack with a corrosion defect on the repair plate. 
The repair adhesive made with boron/epoxy patch has less damage compared to that of carbon/epoxy patch, in particular 
for very high loads. Therefore, it is recommended to use a boron/epoxy patch since it is relatively safer in the presence of 
an aggressive medium, such as seawater with very high degree of corrosion.  
Figure 11 shows the evolution of damage ratio as a function of the applied load in the case of a corroded and cracked 
plate. It can be seen that the damage ratio in the adhesive of the carbon/epoxy patch is always higher than that of 
boron/epoxy, except in the case of an applied load of 245 MPa where both patches present the same damage ratio. 
In addition, it can be noted that the maximum loads for which the damage ratio reaches its critical value are about 292 
MPa for the carbon/epoxy patch and 332 MPa for the boron/epoxy patch. 
 
Evolution of J-integral  
Fig. 12 presents a comparison of the J-integral evolutions as a function of the applied load for the two cracked and 
corroded plates repaired by both patches with that of the cracked and corroded plate not repaired. According to this 
figure, it can be observed that for loads less or equal to 300 MPa, both patches give almost the same results for the repair 
of the corroded and cracked aluminum alloy A5083. However, for loads greater than 300 MPa the patch made in 
boron/epoxy gives a better repair in terms of efficiency compared to that of carbon/epoxy.   
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(a) Boron/epoxy patch with =220 MPa 

 

 
(b) Patch in carbon/epoxy with =220 MPa 

 

 
(c) Boron/epoxy patch with =250 MPa 

 

 
(d) Patch in carbon/epoxy with =250 MPa  

 

 
(e Boron/epoxy patch with =300 MPa 

 

 
(f) Patch in carbon/epoxy with =300 MPa 

 

 
(g) Boron/epoxy patch with =350 MPa 

 
(h) Patch in carbon/epoxy with =350 MPa

 
Figure 10: Evolution of the damaged area of the adhesive used for the repair of the cracked and corroded plate by boron/epoxy and 
carbon/epoxy patches under different loadings. 

 
In addition, it can be seen that the effectiveness of patch repair increases with the increase of the applied load. Indeed, the 
difference between the J-integral values for the plate repaired by boron/epoxy patch (the best) and not repaired varies 
between 40.75% and 215.90% for loads varying between 220 and 400Mpa respectively. 
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Figure 11: Evolution of damage ratio versus the applied loads in the case of a corroded and cracked plate. 

 
 

 
 

Figure 12: Evolution of the J-integral as a function of the applied load for the cracked and corroded plate repaired by both patches 
compared to that of the cracked and corroded plate not repaired. 
 
 
CONCLUSION 
 

luminum alloys, especially the A5083 H11 has a good resistance to corrosion pitting, in the marine environment, 
making it the best choice for marine industry manufacturing, over time. This aluminum alloy tends to lose these 
mechanical and chemical characteristics in contact with an aggressive medium such as seawater which is qualified 

as a saline and saturated medium and which will cause or accelerate the oxidation reaction. The major problem in marine 
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industries is corrosion, which plays an important role in the propagation of micro cracks under the effect of stress 
corrosion or metallurgical defect such as endogenous or exogenous inclusions during the development of this latter. 
The different forms and mechanisms of corrosion presented by a previous work and described in this paper have allowed 
us to understand the phenomenon in order to act better in repairing the corroded and cracked zone. 
Based on the results obtained in this study of the corrosion effect on the repair performance of the cracked plates with 
composite patches, the following conclusions can be drawn: 
 Increasing the applied load implies an increase in the damage ratio Dr of the adhesive. 
 The repair with both types of patches (boron/epoxy and carbon/epoxy) gives an acceptable repair performance 

for cases of loads lower than 300 MPa without risk of adhesive disband. 
 For severe loads and higher than 300MPa and the case of the repair of corroded and cracked 5083 aluminum 

alloy structures, it is recommended to use a boron/epoxy patch  since it provides a better performance and, 
therefore, longer service life compared to a carbon/epoxy patch. 
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