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Abstract.  In this study, the three-dimensional finite element method is used to determine the stress 
intensity factor in Mode I and Mixed mode of a centered crack in an aluminum specimen repaired by a 
composite patch using contour integral. Various mesh densities were used to achieve convergence of the 
results. The effect of adhesive joint thickness, patch thickness, patch-specimen interface and layer sequence 
on the SIF was highlighted. The results obtained show that the patch-specimen contact surface is the best 
indicator of the deceleration of crack propagation, and hence of SIF reduction. Thus, the reduction in rigidity 
of the patch especially at adhesive layer-patch interface, allows the lowering of shear and normal stresses in 
the adhesive joint. The choice of the orientation of the adhesive layer-patch contact is important in the 
evolution of the shear and peel stresses. The patch will be more beneficial and effective while using the 
cross-layer on the contact surface. 
 

Keywords:  composite bonded patch; sequence of ply; adjacent cross-layer; contact surface of repair; stress 
intensity factor (SIF); finite element analysis 

 
 
1. Introduction 
 

The composite patches are used in the aeronautics industry for the repair of damaged metallic 
structures or restoration of weakened structures capacity. Repairing cracks by single or double 
sided bonding with composite material patch, has proved efficient in reducing the stress intensity 
factor (SIF) at the crack tip with several advantages including improved fatigue behavior, 
enhanced resistance to corrosion and wear, ease of fabrication and good performance. That 
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ultimately leads to longer life time of the damaged structure (Baker et al. 1988, Atluri 1997, Rose 
1982, Chow et al. 1997, Lena et al. 1998, Ouinas et al. 2003). Baker addressed the problem of 
maintenance of military aircraft by proposing the alternative of using composite patches to repair 
damaged parts (Baker 1997, Baker et al. 1993). In this case, the composite patch will help to 
tightly bridge the cracked area. The use of numerical methods, especially the finite element 
method, has significantly contributed to the understanding of the mechanical behavior of the 
damaged structures after repair with a composite patch. The finite element calculation method is 
known to give a sufficiently accurate estimation of SIF at crack-tips. It was used to determine the 
SIF of a crack repaired with a single and double patch (Bachir Bouiadjra et al. 2010a, b, Albedah 
et al. 2011, Mhamdia et al. 2011, Bachir Bouiadjra et al. 2002). 

Ouinas et al. (2007, 2009) have shown the effect of the composite material of the patch on the 
amplification of the stress concentration at notch root extremities, and also on the SIF at the crack-
tips. Chung et al. (2000) evaluated the safety of cracked aluminum plate repaired with 
boron/epoxy patch while optimizing the geometrical configuration of the patch. Ratwani (1978) 
observed experimentally that there is a big difference from the crack propagation rates between 
thin and thick repaired panels. Denney et al. (1997) conducted a series of experiments to study the 
effect of the location and geometry of the bonding area on the fatigue behavior of thin aluminum 
panels cracked and repaired with a composite patch. The influence of the fiber orientation of the 
composite material of the semi-circular patch on the SIF of a specimen subjected to tensile stress 
and containing a through crack in the edge, in the presence of Full Width Disbond (FWD) at the 
crack-tip was highlighted by Ouinas et al. (2010a, b). 

They showed that the reduction of the SIF increases with increasing the thickness of the patch 
for disbond height greater than crack size. An opposite behavior occurs when the crack length 
exceeds the height of FW-disbond. Moreover, when the height of FW-disbond exceeds the length 
of the crack, the SIF reduction exceeds 50% for patch with greater than 1 mm (Ouinas et al. 2012, 
Bachir Bouiadjra et al. 2012) analyzed the effect of the separation on the performance of the 
composite patch repair in aircraft structures. They showed that the presence of the adhesive 
disbond increases the stress intensity at the crack tips reducing the effectiveness of the repair. 

The optimization of the shape of the patch has been investigated by Mhamdia et al. (2012). 
They showed that the arrow patch reduces both the SIF at the crack-tip and the adhesive stresses, 
which consequently improves the efficiency of the repair and its durability. Gu et al. (2011) 
studied the mechanical behavior of Al7075-T6 plate containing a V-notch repaired with a patch 
composite. They found that the SIF of the notched plate is reduced by a factor of 1/6 to1/20 upon a 
repair by using a bonded composite patch. Albedah et al. (2010) estimated the SIF by FEM of a 
repaired crack using single and double circular patch by comparing the weight gain. Srilakshmi et 
al. (2014) have experimentally studied the behavior of an aluminum plate containing an inclined 
crack repaired with a single and double-sided composite patch using digital image correlation 
technique. They estimated the shear strain distribution in the adhesive layer. Ramji et al. (2013) 
compared five different forms of patch including circular, rectangular, square, elliptical and 
octagonal for repairing an inclined crack. They suggested that a patch having an octagonal shape 
and extended to a maximum area is recommended for the repair of a panel containing an inclined 
crack. The genetic algorithm in conjunction with the finite element method has been used 
successfully by Kashfuddoja et al. (2012) for the optimization of patch geometry and adhesive 
layer thickness in order to increase repair performance. The repair patch considered for the present 
investigation is made of boron/epoxy. It is frequently used with great success by many researchers 
(Bachir Bouiadjra et al. 2008, Chalkley et al. 2003, Tay et al. 1996, Baker 1997, Ramji et al.  
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Table 1 Mechanical properties of materials 

Properties Aluminium Boron/epoxy FM-73 

E1 (GPa) 72 208  

E2 (GPa)  25.4  

ν12 0.33 0.1677 0.32 

G12 (GPa)  7.2 0.965 

 
 

2012). 
The objective of this study is to analyze the behavior of a centered crack with and without the 

reinforcement by a composite patch of aluminum specimen in mode I and mixed mode using 3D 
finite element method. The method of contour integral was used to evaluate SIF at the crack-tips as 
repaired by a composite patch. The effects of adhesive layer thickness FM73 and the composite 
patch on the variation of SIF of the repaired structure are examined. The effects of the orientation 
of the sequences of the stacking plies, of the specimen-patch contact surface, the peel stresses in 
the adhesive layer and the shear stresses in the patch are studied. The constitution of the sequence 
plies of the composite patch in contact with the crack makes the originality of this work. 

 
 
2. Finite element model 
 

In this modeling, a thin aluminum specimen having the following dimensions: length H=200 
mm, width W=20 mm and thickness ep=1 mm is considered. We assume the existence of a crack in 
the middle of the specimen and perpendicular to the loading plan. The aluminum specimen is 
subjected to a uniaxial uniform tension in the vertical direction under the applied stress amplitude 
σ=100 MPa, in one end, while the other end is clamped (0 degrees of freedom). This is to simulate 
the specimens in the experimental conditions. The crack is repaired with a composite patch of 
boron/epoxy whose dimensions are: a variable height h, a fixed width w=20 mm, and a variable 
thickness eR. The thickness of the layers constituting the patch is the same and equal to 0.125 mm. 

Note that a good adhesion is obtained only when the thickness is within the range of 0.125-0.25 
mm (Chukwujekwu et al. 2005). For this study the adhesive thickness is selected as 0.127 mm, 
which is sufficient to transfer the load from the metallic specimen to the composite patch. The 
properties of the adhesive layer FM73 are: a shear modulus Ga=965 MPa and a thickness ea=0.127 
mm. The mechanical properties of the assembly of materials are given in Table 1. Fig. 1 shows the 
geometrical model of the repaired structure. To perform the analysis, we used the code of 
nonlinear finite element ABAQUS/CAE 6.14-2 (2014), developed by SIMULIA commercial Inc. 
The contour integral method was used to determine SIF at the crack-tips. Various mesh densities 
were used until convergence of the results was achieved. The specimen was meshed using 8924 
hexahedral-dominated quadrilateral elements with reduced integration in three dimensions and 
59636 nodes of type C3D20R. In the presence of the central crack, the number of quadrilateral 
elements increases by increasing the size of the crack. A refined meshing in the vicinity of the 
crack was carried out to simulate high stress gradients (Fig. 1). The finite element used for the 
adhesive is identical to that of the specimen. The results of SIF are compared by a patch of 
identical size in hexahedral-dominated solid elements with reduced integration. 
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Fig. 2 Effect of number of solid elements (C3D20R) on the mesh convergence 
 

Table 2 Comparison of SIF for unrepaired crack (a=8 mm) 

 Feddersen (1996) MEF-C3D20R 

a (mm) KI (MPa√m) KI (MPa√m) 

2 5.59 5.23 
3 6.86 6.79 

4 7.90 7.89 

5 8.86 8.93 
6 9.70 9.84 

7 10.48 10.84 

8 11.20 11.89 
9 11.88 12.54 

10 12.53 13.68 

11 13.14 14.25 
12 13.72 15.64 

13 14.28 18.18 

14 14.82 20.27 
15 15.34 22.92 

16 15.85 26.43 

 
 

considered. The calculation revealed that for short crack lengths the convergence is reached at 
9000 elements. The increase in crack length requires a larger number of elements. For this 
purpose, the convergence is reached at 12000 elements, whatever the number of plies of the 
composite patch. The results of the finite elements are compared with the mathematical model of  

1500 3000 4500 6000 7500 9000
4,7

6,3

7,9

9,5

11,1

12,7

14,2

Number of elements

K
I (

M
P

a 
vm

)

AL-Plate with element C3D20R
 a=2mm

800 1600 2400 3200 4000 4800 5600

13,0

14,0

15,0

16,0

17,0

18,0

19,0

20,0

Number of elements

K
I (

M
P

a 
vm

)

AL-Plate with element C3D20R
 a=8mm

1000 2000 3000 4000 5000 6000 7000 8000
20,1

20,2

20,4

20,6

20,7

20,9

21,0

21,2

Number of elements

K
I (

M
P

a 
vm

)

AL-Plate with element C3D20R
 a=13mm

3000 4500 6000 7500 9000 10500 12000 13500 15000

1,9

2,8

3,8

4,7

5,7

6,6

7,6

Number of elements

K
I (

M
P

a 
vm

)

AL-Plate with element C3D20R
Patch for 6 plies
Orientation of plies 90?

 a=2mm

K
I (

M
P

a 
vm

)

5000 10000 15000 20000 25000 30000
3,2

4,0

4,7

5,5

6,3

7,1

7,9

8,7

9,5

10,3

11,1

Number of elements

AL-Plate with element C3D20R
Patch for 6 plies
Orientation of plies 90?

 a=8mm

4000 8000 12000 16000 20000 24000 28000 32000

4,4

5,1

5,7

6,3

7,0

7,6

8,2

8,9

9,5

Number of elements

K
I (

M
P

a 
vm

)

AL-Plate with element C3D20R
Patch for 6 plies
Orientation of plies 90?

 a=13mm



 
 
 
 
 
 

Hadja Imane Beloufa, Djamel Ouinas, Mostapha Tarfaoui and Noureddine Benderdouche 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Variation of SIF vs. crack length in mode I. 
 

 

 

 

 

 

 

 

 
 

Fig. 4 Variation of SIF vs. crack length in mixed mode 
 
 
the infinite plate (see Table 2). Fig. 3 compares the evolution of the SIF as a function of length of 
the centered crack. The SIF of a central crack in an infinite plate subjected to an axial load is given 
by (Feddersen 1996) 

          







b

a
aK I 2

sec
                           (1)  

Where σ is the applied stress, a is half the central crack length and b is half the width of the 
plate. It is noteworthy that the SIF increases exponentially with the increase in the size of the 
crack. When the crack length is less than 8 mm no difference was noticed between the results of 
the finite elements and those of the analytical model. When a=8 mm, the error reaches 5.2% 
compared with the solid elements (C3D20R). This is due to the analytical model that defines an 
infinite plate with a crack/width ratio away from one. For a larger crack size, the divergence of 
results becomes more and more important and reaches 40%.  

In regard to mixed mode, we performed a comparison between the values obtained by the finite 
element method and the analytical model given by Smith (1988) 

 2sinaKI                                 (2) 
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Table 3 Comparison of SIF for unrepaired inclined crack (a=8 mm) 

θ° 
Smith (1988) FEM-C3D20R 

KI (MPa√m) KII (MPa√m) KI (MPa√m) KII (MPa√m) 

0 11.2 0 11.8 0 
10 10.86 1.86 11.31 2.05 
20 9.85 3.51 10.19 3.91 
30 8.39 4.81 8.75 5.12 
40 6.49 5.44 6.91 5.9 
45 5.59 5.59 5.98 6.15 
50 4.59 5.44 4.90 6.02 
60 2.79 4.81 2.98 5.22 
70 1.32 3.51 1.39 3.85 
80 0.33 1.86 0.35 2.01 
90 0 0 0 0 

 
 

  cossinaKII                               (3) 

Fig. 4 and Table 3 illustrate the comparison of the SIF of an unrepaired inclined crack (a=8 
mm). Figs. 4 (a), (b) show the variation of the SIF in mode I as a function of the inclination of the 
crack. The SIF decreases with the increase of the inclination angle of the crack until the angle 90°. 
The maximum values are recorded for the orientation of the crack perpendicular to the applied 
load. Passing from mode I at 0° to mode II at 45° results in halving SIF values. 

The maximum values of SIF KII mode II are obtained when the crack is inclined at 45°, 
producing a maximum shear. In both cases (mode I and mode II), the values obtained by the 
analytical model are low compared to the values of the finite element method. The maximum error 
between the analytical model and the FEM at α=0° is in the order of 5% and 0% by modes I and II, 
respectively, for a fixed crack length a=8 mm. 

 
 
4. Effect of the patch height versus layer orientation 
 

The parameters of the fracture are influenced by the patch rigidity, the area of the specimen-
patch contact area and the adhesive strength (Ouinas et al. 2007, 2009). To highlight the process of 
repair of a centered crack, the aluminum specimen was repaired with a composite patch. The 
analysis consists in varying the length of the repaired crack while maintaining the same 
mechanical characteristics of both the specimen and the patch. 
We show in Fig. 5 the variation of SIF as a function of crack length as reinforced by a patch of 40 
mm in height. Different orientations of the patch layers (θ=0°, 45° and 90°) are considered. The 
effect of the number of plies is evidenced by considering four combinations of layers 6, 12, 24 and 
32. The SIF was found to increase with increasing the length of the unrepaired crack. The SIF 
value of a crack having a size of 16 mm is 80% higher compared to that of a 2 mm crack. 
Furthermore, when the number of plies is considered, the SIF of the repaired crack is continuously 
reduced with the increased number of plies in the patch. The greatest reduction is obtained by a 
patch in which the plies are oriented at 90°. 
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Fig. 5 Evolution of SIF vs. crack size (case h=40 mm)

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Evolution of KRI vs. crack size (case h=40 mm) 
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Effect of stacking sequence of the bonded composite patch on repair performance 

For a better visualization of the SIF data of a repaired crack, we introduced the evolution of the 
reduction of SIF with respect to the crack length for different sequences of patch plies (Fig. 6). 
This reduction is defined by the following parameter (Ouinas et al. 2012) 

nrep

rep
RI K

K
K 1                                (4)  

Where Krep 
and Knrep are the SIF of the crack with and without patch, respectively. 

The reduction of the SIF of the crack of 2 mm size repaired by a patch having 6 plies and a 
height of 40 mm, attained the order of 25% and 32% when the orientation angles are fixed at 0° 
and 45°, respectively. It evolves from single to double for an orientation of the plies of 90°. 

Note also that the reduction of the SIF increases linearly with increasing the crack length. 
Whatever the number of plies, the maximum reduction of SIF reached 65% when the size of the 
crack is eight times more. This reduction will be greater with the importance of the geometric 
width/crack ratio (W/a). The significant stiffness of the composite patch, the folds of which are 
oriented parallel to the applied load, reduced maximally and proportionally the SIF. The reduction 
is almost stable with the increasing number of plies when the orientation angle is 90°. 

The 6-ply patch reduces the SIF by 70% when fiber orientation is perpendicular to propagating 
crack direction. The largest reduction is greater than 90% when using a unidirectional patch of 32 
plies whatever the size of the repaired crack. Increasing the ply number in the patch significantly 
reduces the SIF and also increases the cost. It is thus necessary to take into account the feasibility 
of applying a thick patch and also its cost. 
 
 
5. Influence of adhesive thickness 
 

The adhesive often represents the weak part of the reinforcement when high levels of stress are 
applied. This may result in premature failures of the reinforced or the repaired structures (Ouinas 
et al. 2012). Indeed, the fracture or debonding of the adhesive causes the detachment of the 
reinforcement. 

Furthermore, the effect of the thickness of the adhesive plays also an important role in the 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Effect of adhesive thickness layer on the KRI 
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Fig. 8 Effect of composite patch thickness layer on KRI 
 
 

transmission of stresses from the cracked specimen to the composite patch. Comparing the 
reduction of SIF as a function of the crack length having different patch thicknesses with respect to 
the adhesive joint used is shown in Fig. 7. The figure reveals that decreasing the thickness of the 
adhesive decreases the value of the SIF. That clearly suggests that a thin adhesive layer is 
appropriate to repair damaged structures. Thicker layers increase the adhesion but substantially 
reduce the absorptive capacity of the stress field by the patch. For example, a height of patch of 40 
mm with plies oriented perpendicular to the crack propagation direction causes a SIF reduction of 
the order of 30% when the thickness of the adhesive layer is increased from 0.127 mm to 1 mm 
whatever the plies number (crack size a=8 mm). The KRI factor of a 6- ply unidirectional patch 
oriented at 90°, bonded on a crack size a of 8 mm with an adhesive layer thickness ea of 0.127 
mm; reached 80% with a patch height of 40 mm. 

 
 

6. Effect of patch thickness 
 

Fig. 8 illustrates the effect of the patch thickness on the reduction of the stress intensities with 
respect to crack length. The thickness of the adhesive layer is kept as 0.127 mm. It is evident that 
thickening the patch proportionally reduces the SIF values at the crack tips. The most significant 
reduction is visible below a thickness of 3 mm. Beyond that, the KRI is negligible. The 
unidirectional patch having plies oriented at 90°, exhibits the best absorption of the stresses 
transferred by the adhesive layer over the plastically deformed zone of the crack.  

It is noteworthy that the maximum reduction of a patch having a height of 40 mm and an 
orientation of the plies at 90°, attains 80% for a crack size of 8 mm. This reduction increases with 
increasing the height of the patch. When the plies are oriented at 90° the maximum reduction 
achieved is about 35% and 48%, with respect to those oriented at 0° and 45°. This confirms that 
the choice of thick patch improves the performance of the structure. The reduction rate of SIF 
depends not only on the patch thickness but also on its nature (Ouinas et al. 2007). Finally, it is 
preferable to use a composite patch that contains multiple plies to repair damaged structures. The 
sequence of the plies must be carefully optimized. 
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Effect of stacking sequence of the bonded composite patch on repair performance 

  

 

 

 

 

 

 
 
 
 

Fig. 9 Evolution of KRI vs. patch-specimen contact surface 
 

 
7. Effect of patch-specimen contact surface  
 

We show in Fig. 9 the variation of the reduction of the SIF as a function of the patch-specimen 
contact surface for three different ply orientations. The repaired crack length was fixed at 16 mm 
but two different patch thicknesses were used (6 and 24-plies). The reduction has almost saturated 
beyond a contact surface S of 400 mm² (h=20 mm). Therefore, the increase of the contact surface 
has no significant effect on the SIF reduction in contrast to the effect of the number of plies. The 
maximum reduction of 90% and 95% is obtained for a laminate patch of, respectively, 6-ply and 
24-ply oriented at 90°. The SIF reduction between the two cases is rather small (5%) whereas the 
loss of the material is 4 times larger, which requires a cost optimization. 
 
 
8. Variation of stress in the adhesive layer 
 

The composite bonded assemblies are increasingly used in the automotive and aerospace 
industries. The mechanical behavior of the patched structure is rather limited compared to that of 
the adhesive. The latter plays a crucial role in bonding a patch to the structure and enhances the 
load transfer to the patch. The efficiency of the bonding depends largely of the extent of the 
adhesive shear modulus. But larger shear moduli also cause higher shear stresses in the bonded 
assembly which results in premature failure of adhesion (delamination or fracture) (Ouinas et al. 
2007). One major problem associated to their use is the heterogeneity of the stress distribution in 
the adhesive layer. It is thus judicious to determine the distribution of shear stresses τyz in the 
adhesive layer along the vertical line. In Fig. 10 we illustrate the influence of both the thickness 
and orientation of the plies of the composite patch as a function of the shear stress distribution on 
the adhesive layer. Note that the shear stresses are antisymetrical with respect to either side of the 
repaired crack. Thus, τyz stresses reach significant peaks in the vicinity of the crack reinforced by a 
composite patch having 6 plies. By increasing the number of patch plies by 4 times, the maximum 
shear stresses are transferred from the crack toward the ends of the adhesive layer. The increased 
number of patch layers causes increased shear stress at the overlap of the patch. 
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Fig. 10 Effect of patch thickness on the peel stress in the adhesive layer for different ply orientation 
 

 

 

 

 

 
 
 
 
 
 

Fig. 11 Comparison of the SIF mode I of an inclined, repaired and unrepaired, crack for different 
composite patch thickness values (a=8 mm)
 
 
Therefore, the rigidity of the patch is directly related to the localization of the damage initiation 

in the structure to be repaired. Indeed, in the case of a reinforcement by a thin patch the stress 
concentration at the crack cannot be relieved by bonding and the most loaded area remains around 
the crack. In contrast when using a sufficiently thick patch the stress concentration zone occurs at 
the ends. Indeed, the maximum stresses are precisely located at the patch overlap edges. Therefore, 
the stress distribution in the adhesive governs the rupture of the peel-reinforced structure at the 
contour of the crack or at the overlap patch edges. The shear stresses are minimal for the lowest 
orientation of the patch plies independent of their thickness or the size of the repaired crack 
considered. It is thus preferable to use low orientation of plies in contact with the bond as long as 
shear stresses are not affected by such orientations. 

 
 

9. Stress intensity factor in mixed mode 
 

Figs. 11 and 12 represent the variation of KI and KII as a function of the inclination of the 
repaired and unrepaired crack for four different thicknesses of composite patch having the same  
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Effect of stacking sequence of the bonded composite patch on repair performance 

  

 

 

 

 

 

 

 
 

Fig. 12 Comparison of the SIF mode II of an inclined, repaired and unrepaired, crack for different 
composite patch thickness values (a=8 mm) 

 

 

 

 
 
 

 

 

 

 
 

Fig. 13 Evolution of KRI vs. crack inclination 
 
 

height of 40 mm. KI decreases with increasing the angle of inclination whatever the patch 
thickness (Fig. 11). It reaches its maximum value when the crack is oriented perpendicular to the 
loading. For a crack of 8 mm repaired with 6-ply patch, values of 7.9 MPa and 3.2 MPa are found 
when the orientation angles are 0° and 90°, respectively (Fig. 11). The increase in the crack 
orientation angle causes a gradual decrease of KI. It reaches zero when the crack is oriented parallel 
to the loading axis.  

In contrast, KII reaches its maximum when the crack is oriented at 45° relative to the axis of 
loading, and it is zero when the crack is directed to 0° or 90°. To better clarify the behavior of the 
inclined crack, we plotted the reduction of KI and KII as a function of the inclination for a crack of 
8 mm (Figs. 13, 14). Alternatively, we observed that the presence of the composite patch reduces 
the SIF in mode I and mode II when the number of plies was increased and their orientation angles 
relative to the crack widened. For example, maximum reduction of the SIF is about 58%, 60% and 
74% for the orientation angles of 0°, 45° and 90°, respectively, when a crack is repaired by using a 
patch of 6 plies. This reduction increases to 85% when the thickness of the repair patch is 
increased. Note that the reduction of the SIF remains stable when the crack is reinforced by a patch  
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Fig. 14 Evolution of KRII vs. crack inclination 
 
 

oriented at 45° or 90°. The best reduction is obtained for a patch layup oriented 90° regardless of 
its thickness.  

A strong reduction factor KRI is observed when the crack is oriented between 60°-80° and the 
repair patch layup is oriented at 0°. This phenomenon exists because of the presence of bending 
deformation which causes a non-linear response of the material. Therefore, it is recommended to 
avoid the unidirectional patches whose layups are completely oriented at 0° for repairing cracks 
occurring at large angles. Ouinas et al. (2009) observed a SIF reduction drop in mode I when the 
crack is inclined at 85%. The authors studied a crack reinforced by an octagonal composite patch. 
For a patch of 6 plies oriented at 90°, the reduction of SIF KI exceeds 70% regardless of the crack 
orientation angle. This reduction is more significant when the number of layups is increased. For 
example, it exceeds 80% for a patch having 24 plies. The curves of KRII factor as a function of the 
inclination of the crack are almost stable independent of the orientation of the plies or the 
thickness of the composite patch. The maximum reduction of the KII SIF is about 80% for a 
reinforced crack using a patch of 24 unidirectional plies oriented at 90°. 
 
 
10. Effect of ply sequence on the shear stress in the adhesive layer and on the SIF 
 

In an assembly, the adhesive joint is the critical element of the structure. The shear stress in the 
adhesive is the crucial mechanical parameters to consider. As indicated above, the rigidity of the 
patch is directly related to the localization of the initiation of the damage in the structure to be 
repaired. Fig. 15 shows the variation of the SIF as a function of the orientation angle ϴ for 
different sequences of the patch plies having a height of 40 mm. The influence of the sequence of 
the 6-ply composite patch on reducing the SIF of the repaired crack is investigated. The position of 
the cross-folds in contact with the crack is highlighted. We see that, whatever the sequence 
stacking patch plies and the orientation ϴ, the SIF is almost stable when θ<45°. 

In this case, the patch is saturated and orientation of the plies is not significant. Furthermore, a 
neat reduction is observed for the orientations of the plies that are greater than 45° (θ≥45°). For a 
specimen repaired with a patch [45/-45/(ϴ/-ϴ)2], the SIF is stable when θ<45°and the curve is 
similar to that of the patch with orientations [ϴ/-ϴ]3. The SIF of the unrepaired cracks is equal to  

.14 mMPa  The reduction of the SIF reached 46 % and 50 % for sequences patches [ϴ/-ϴ]3 and  
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Effect of stacking sequence of the bonded composite patch on repair performance 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15 Effect of the sequence of the patch plies on the SIF KI 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 16 Effect of the sequence of plies patch on the shear stresses τxy and τxz in the adhesive joint 
 
 

[45/-45/(ϴ/-ϴ)2], whereas it is around 70 % for composite patches [90/0/(ϴ/-ϴ)2] and [(90/0)2/(ϴ/-
ϴ)]. The shear stresses τxy and τxz developed in the adhesive layer are shown in Fig. 16 (a), (b). The 
shape of the curves of the stress in the adhesive joint is similar to the SIF KI curves. The shear 
stresses τxy 

are small in comparison with stresses τyz 
and τxz. 

It is shown that the use of increased number of cross-layers (0/90) in contact with the adhesive 
joint for the repair of the crack leads to a good SIF reduction when θ≤45°. Beyond this angle, the 
best SIF reduction is obtained with a unidirectional patch whose layers are oriented at 90°. It is 
about 22 % compared with a [(0/90)2/(ϴ/-ϴ)] and [(90/0)2/(ϴ/-ϴ)]. 

Fig. 17 illustrates the effect of the stacking sequence of the plies of the patch on the variation of 
the shear stress τyz in the adhesive layer. The smallest shear stresses τyz in the adhesive layer were 
obtained by the sequences of patches [(90/0)2/(ϴ/-ϴ)] and [(0/90)2/(ϴ/-ϴ)] where θ<45°. The 
minimum shear stress was obtained for the sequences [(0/90)/(45/-45)2] and [(90/0)/(45/-45)2]. On 
the other hand, the latter sequences lead to a SIF which is 16% greater than for [(0/90)2/(45/-45)] 
and [(0/90)2/(45/-45)] sequences. In addition, the plies of the composite patch [(0/90)2/(ϴ/-ϴ)] and 
[(0/90)2/(ϴ/-ϴ)] for θ≤45° lead to a shear stress τyz 

which is 18 % smaller with respect to the same 
unidirectional patches oriented at 90° (Fig. 16(c)). 
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Fig. 17 Effect of the sequence of plies patch on the shear stress τxz in the adhesive joint 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 18 Effect of the sequence of plies patch on the normal stresses in the adhesive joint 
 
 

11. Effect of ply sequence on the normal stress in the adhesive layer 
 
In order to show the effect of the patch layers adjacent to the adhesive layer, and to compare the 

efficacy of repair, we plotted in Fig. 18, the normal stresses in different axes of the structure. 
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Effect of stacking sequence of the bonded composite patch on repair performance 

Different sequences of the composite patch plies were considered. It should be noted that the 
normal stresses curve shapes in the three directions are identical. The largest stresses were 
obtained in the longitudinal direction of the specimen (σyy) due to the applied load. The smallest 
stresses were obtained in the direction normal to the applied load. When θ=0°, the respective 
reduction of the normal stresses σxx, σyy, and σzz obtained by the sequence of patch [(0/90)2/(ϴ/-ϴ)], 
is in the order of 58%, 60% and 64% compared with the sequence of patch [(ϴ/-ϴ)3]. It is 
interesting to show that the value of the normal stresses in the adhesive layer repaired with a patch 
of the type [(0/90)2/(ϴ/-ϴ)] is too small compared with other sequences. Therefore, increasing the 
cross layers (0/90) in contact with the adhesive layer, results in the normal and tangential stresses 
reduction in the adhesive layer and in the reduction of the SIF of the repaired crack, when θ<45°. 

 
 

12. Conclusions 
 

The aim of this study is the use of 3D finite element method to show the technical performance 
of repaired structures with a boron/epoxy composite patch bonded to a specimen loaded in tension 
and containing a central crack. The investigation revealed that: 

• When using a thin patch, the stress concentration at the crack cannot be relaxed and the most 
loaded zone remains around it. In contrast, a sufficiently thick patch, transfers the stress 
concentration area towards the patch overlap edge. Therefore, the rigidity of the patch is 
directly related to the localization of the damage initiation in the structure to be repaired. 
• The stress distribution in the adhesive governs the fracture of the reinforced structure by 
disbond, either on the contour of the crack or at the overlap edges of the patch. 
• The shear stresses τyz 

are lowest for the lowest orientation of the plies in the patch 
independently of its thickness or the size of the repaired crack. Thus ply of low orientation in 
contact with the adhesive increases the service life of the structure. 
• The contact area of patch-repaired structure is the best indicator of the deceleration of the 
propagation of the crack and consequently on the reduction of the SIF. The latter is almost-
steady beyond the area S=400 mm² corresponding to a height h=20 mm whatever the crack 
length is considered. 
• The lowest shear stresses τyz 

in the adhesive joint are obtained by the sequences of patches 
[(90/0)2/(ϴ/-ϴ)] and [(0/90)2/(ϴ/-ϴ)] when θ<40°. The sequences patches [(0/90)/(45/-45)2] 
and [(90/0)/(45/-45)2] lead to the minimum shear stress τyz but to a SIF which is 16% greater 
than the sequence [(0/90)2/(45/-45)] et [(0/90)2/(45/-45)]. 
• The patches of the following stacking sequences [(0/90)2/(ϴ/-ϴ)] and [(0/90)2/(ϴ/-ϴ)] for 
θ≤45° lead to a shear stress

 
τyz 18 % smaller compared to the unidirectional patches oriented at 

90°. 
• The reduction in the rigidity of the patch and particularly that of the plies in contact with the 
interface of the adhesive, allows to decrease the shear and peel stresses in the bonded joint and 
ultimately prevent debonding of the composite patch. The patch will be profitable and more 
efficient when using cross-ply (0/90) in contact with the adhesive joint. 
• Critical areas of stresses occurring in the specimen, in the bonded joint and in the patch are 
highly dependent on ply stacking sequence of the composite patch and the patch layup in 
contact with the repaired structure. 
• When θ=0°, the respective reduction of the normal stresses σxx, 

σyy and σzz obtained by the 
patch sequence [(0/90)2/(ϴ/-ϴ)] is in the order of 58%, 60% and 64% compared with the [(ϴ/-
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ϴ)3] patch sequence. 
• The best optimized reduction of the stresses in the adhesive layer and the SIF of the repaired 
crack is obtained by a patch sequence [(0/90)2/(ϴ/-ϴ)] for 40≤θ≤60°. 
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