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ABSTRACT: Corrosion as well as cracks can lead to sudden and unexpected failure of 

materials, especially in pipelines used to transport gas under severe pressure and different 

temperatures. This article studies the effect of cracks and corrosion using the finite element 

method. Several sizes of cracks and corrosion have been studied. The damaged area theory was 

also applied and from the results obtained it was found that the damaged area ratio DR 

adhesive and the J integral increases with increasing corrosion and crack size (a / t). We can 

also conclude that the diamond shape is the best because it offers the smallest DR value 

compared to the other two (rectangular and circular 

KEYWORDS: Composite; J integral; Damaged Zone Ratio DR; Finite Element Method 

(FEM); mechanical Loading. 

 

1 INTRODUCTION  

For many years, the use of composite materials 

has spread widely in several fields, particularly in 

the field of repairing pipes used for transporting gas 

and fuels. The main use of composite materials in 

the field of corrosion repair of steel pipes under the 

risk of this phenomenon and resulting in serious 

material losses. Due to the severe pressure and 

temperature conditions to which the pipe is 

subjected negatively affecting it in addition to its 

sensitivity to corrosion. Paint should be used to 

reduce this phenomenon and reduce its negative 

effects, but it did not fulfill the objective, it was 

necessary to intervene using composite materials to 

treat the corrosion problem. The presence of 

corrosion can lead to internal or external cracking of 

the pipe, which causes adverse effects that affect its 

ability to withstand pressure and perform its tasks 

optimally [1-5]. 

1. The use of the composite patch as an alternative 

to cracked pipe replacement often saves 

economic resources by directly paying repair 

costs [6-10]. After 2 to 65 composite patch 

repairs have been carried out on pipelines, more 

than 300 mm outside diameter can save 15,000 to 

780,000 m3 of natural gas per year. By choosing 

the composite bandage, they saved 4,106 m3 of 

gas for 5 years [11]. 

2. The use of composite materials is widely known 

in the field of repairing cracks and damages that 

may affect the structures. This technique is 

considered one of the alternatives that have 

proven effective in repairing damage and also 

strengthening structures preventively in order to 

delay the emergence and spread of cracks and 

rust [12-15]. Recently, several papers describing 

the damage zone theory were publishing. we note 

work of (16-19)  which work on effect of the 

corrosion on the  damage of the adhesive (FM73) 

on the repair efficiency and we noted fari and 

benyahia  has estimated of the adhesive damage 

and failure in bonded composite repair of aircraft 

structures using modified damage zone theory . 

Ramji et al analyzed four different shapes 

(rectangular, trapezoidal, circular and elliptical.  

Fari Bouanani evaluated the effect of water 

absorption on the adhesive damage in bonded 

composite repair of aircraft structures .There are 

several researches conducted in the laboratory of 

university Sidi Bel Abbes on identifying the 

behavior of the adhesive and predicting its 

damage and its prediction, including what was 

done by Mr. Berrahou Mohamed [20-26] 

analyzed the effect of the simple patch repair of a 

corroded plate with a single crack and a structure 

having two cracks located to the right and left of 

the corrosion.  He concluded that the repair of the 

structure with double cracking is more balanced 

as it gives a homogeneous stress distribution at 

the surface of the repaired part, which leads to 

the crack growth in regular and predictable.  In 

the study of the damaged area, the circular shape 

is considered the best shape because it gives us 

low values of DR. 
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In this study, the finite element method is used 

to analyze the repair performance of a composite 

patch bonded to a cracked and corroded steel 

pipeline. A parametric analysis was performed in 

order to highlight the effects of geometric properties 

on the efficiency of the repair. The experimental 

design method is used to explore the effects of 

crack size and corrosion in order to optimize the 

repair process, using the ABAQUS software [27]. 

We have presented the most dominant geometric 

parameters on the J integral at the crack front to 

determine the most important parameters on the 

efficiency of the repair. This optimization can help 

the designers of the composite patch improve repair 

and rehabilitation performance. 

2 GEOMETRICAL AND FE MODELS 

2.1 Description of the model 

The model of the structure is a pipeline with a 

cylindrical geometry (Figure 1) whose standard 

dimensions are: the external diameter Dex = 864 

mm, the internal diameter Din = 847.44mm, the pipe 

thickness t = 8.28 mm and its length L = 9000  

 

Fig. 1 Dimensions of the structure 

 

Corrosion of an ellipsoidal shape is modeled in 

the longitudinal plane of the pipeline. It is 

characterized by its depth (small semi-axis) (a), 

length (large semi-axis) (c) and its width (r=a). The 

repair is carried out by a fiber reinforced polymer 

composite FRPC of length (Lw) and thickness (tw). 

The bonding is ensured by an adhesive of a 

thickness (ta) (Figure2). In order to analyze the 

effect of the patch shape, three geometries were 

proposed in this study: rectangular, diamond and 

circular. The geometric characteristics for the same 

overlap surface of these patches are shown in 

figure3. 

Fig. 2 Patch repair of ellipsoidal corrosion in a 

pipeline 

 

Fig. 3 Dimensions of the patches: (a) rectangular, (b) 

circular, (c) diamond 

 

For the calculation of the different corrosion 

dimensions, for example for:  

        a/t =0.1 et a/c =0.1. 

        a/t =0.1   ; a/c =0.1; t=8.28mm (pipeline 

thickness) 

        a =0.1*t=8.28*0.1 

                   = 0.828 mm 

        c = a/0.1= 0.82/0.1=8.2mm 

The physical properties of the model (patch, 

adhesive and pipe) are shown in table1.  

Table 1: Material properties of pipeline repair [28, 

29] 

 Patch Adhesive Pipeline 

Type FRPC FM73 XC65 

E1[GPa] 159 2.55 209 

E2[GPa] 25.4   

E3[GPa] 25.4   

ν12 0.28 0.3 0.3 

ν13 0.28   

ν23 0.15   

G12[GPa] 7.19   

G23[GPa] 5.43   

G13[GPa] 5.43   

 

According to the experimental studies by 

Gamboa et al [30] for the behavior of the different 

geometries of longitudinal cracks of a semi-

elliptical shape characterized by its small semi-axis 

(a) and its large semi-axis (C) (Figure.4 ). We have 

numerically modeled the same characteristics 

geometries of cracks summarized in the table 

According to the experimental studies of Gamboa et 

al [30] for the behavior of the various geometries of 

longitudinal cracks of a semi-elliptical shape 

characterized by its small semi-axis (a) and its large 

semi-axis (C) (Figure 4). We modeled numerically 

the same characteristics geometries of the cracks 

summarized in the table. 
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Fig. 4 A longitudinal semi-elliptical crack in a 

pressurized cylinder and the geometric parameters of 

cracks [30] 

 

2.2 Numerical modeling 

 

In view of the geometry of the structure, we 

chose a three-dimensional simulation and therefore 

volumetric elements. Initially to analyze the 

mechanical behavior of the pipeline under internal 

pressure, we used solid elements with higher order 

version of the hexahedral linear type C3D8, while 

the element used in the mesh of the corroded part of 

the cylinder is of the linear tetrahedral type C3D4. 

Because, this element tolerates irregular shapes 

without loss of precision. The total number of 

elements generated for this structure is 300888 

(Figure 5). 

Therefore, the type of element used for the patch 

and the adhesive is quadratic tetrahedral C3D10, 

because it is well suited for modeling curved 

boundaries. So, we kept the same type of element to 

maintain the precision of the numerical calculation 

between the three shapes of the patch. 

Figure 5 shows the mesh refinement in the 

region of the crack tip and corrosion. The stress 

intensity factor (FIC) at the crack head was 

extracted using the virtual crack closure technique 

(VCCT). The VCCT criterion uses the principles of 

Linear Elastic Fracture Mechanics (LEFM) and, 

therefore, it is suitable for problems in which the 

propagation of brittle cracks occurs along 

predefined surfaces. 

The VCCT is based on the assumption that the 

strain energy released when a crack extends a 

certain length, the energy developed is the same as 

that required to close the crack of the same length. 

In this technique, the stress intensity factors are 

obtained for the three opening modes from the 

fracture equation: 

     (1)                                                       

 

 

 

Where Gi is the energy restitution rate for mode 

i, Ki the stress intensity factor for mode i, E the 

modulus of elasticity. When the stress intensity 

factor increases, the energy at the crack tip also 

increases and consequently the crack growth 

becomes greater which leads to a reduction in the 

residual life of the structure. The residual life of the 

pipeline is defined from the crack initiation to the 

critical crack length that requires the damaged 

pipeline to be replaced. 

The mesh generation of the rectangular, circular 

and diamond patch is presented in figure6. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Mesh of the structure and in the vicinity of the 

corrosion zone 

 

2.3 Boundary conditions 

Due to the geometric symmetry of the repaired 

pipeline, loading (internal pressure) and boundary 

conditions; the model can be effectively simplified 

to one-eighth (1/8) of the symmetry structure (the 

longitudinal half, the circumferential half and the 

transverse half). The conditions of reflective 

symmetry are applied in the longitudinal direction 

(UX = θY = θZ= 0), in the circumferential direction 

(UY = θX = θZ =0) et dans transverse direction (UZ = 

θX = θY = 0) 1/8 of the structure (Figure7). 

 
 

Fig.8 Pipeline under internal pressure 

 

The internal surface of the pipeline is subjected 

to mechanical loading of the gases transferred under 

pressure with different amplitudes Pi = (2; 4; 6; 7.5 

et 10.5) MPa (Figure 8). 
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3 DAMAGED AREA THEORY 

The adhesive is the weak point of composite 

reinforcement; it is a material with very low 

mechanical shear characteristics. Therefore, 

knowledge of the nature of the stresses in this 

material, their distribution and their intensity is of 

great importance for understanding the service life 

conditions of structures repaired by composite 

patch. The adhesive is therefore a fundamental 

element; its main role is to ensure good adhesion 

and minimize the transfer of stresses from the 

structure to the composite patch. Knowledge of the 

stress intensities and their distribution in the 

adhesive layer is of great importance in predicting 

the life of the repaired structure. for these reasons, 

that we digitally analyze the distribution of stresses 

in the adhesive layer using the three-dimensional 

finite element method. 

 The failure criterion is determined for each 

stress exerted when it reaches the maximum stress 

allowed in the material, the damage zone will be 

determined, as the zone where the stress of the 

adhesive FM-73 exceeds 7.87 % of the damage 

area. Shang Bang after carrying out studies on FM-

73 that it no longer performs adequate function of 

binder when the value of the ratio DR exceeds 0.24 

which considers it to be critical [31]. The damaged 

area ratio value is calculated DR is equal to the 

quotient of the sum of the areas of the damaged area 

of the adhesive over its total area which has the 

same geometric shape of the patch used. 

This is exemplified in this page by adding a 6 pt 

spacing before a white line located at this column 

(the line is flagged in red color). 

4 RESULTS AND DISCUSSIONS 

In this article, the application of the global two-

parameter approach is presented: The adhesive 

damaged area ratio and the J integral allowing the 

prediction of the service life of pipelines repaired by 

the technique of bonding of patch FRPC. 

For this, a numerical calculation is performed by 

considering a pipeline with a longitudinal external 

crack (axial) of a semi-elliptical shape and 

corrosion. subjected to an internal pressure Pi. The 

geometric parameters of the pipeline and the 

various cracks numerically simulated are obtained, 

experimentally by the work of Gamboa et al [30]. 

The numerical modeling of the cracked structure 

allows on the one hand characterizing the 

singularity of the stress field at the crack front. On 

the other hand, this parameter governs cracking and 

corrosion also making it possible to predict the 

evolution of the crack until the ruin of the structure 

and the evolution of the adhesive damaged area. 

4.1 Behavior of an unrepaired structure 

4.1.1 Effect of crack depth and length 

Figure 9 shows the variation of the integral (J) at 

the crack point (θ = 0 °) as a function of the depth 

characterized by the ratio (a / t) for different size 

orders a / c. According to figure 9, for a longitudinal 

crack (axial), one can globally observe that the size 

of the crack (a / c), the J integral gradually increases 

with the depth of the crack (a / t) and finally reaches 

the maximum value at the ratio (a / t) equal to 0.9. 

However, one notices that when the crack shape 

ratio (a / c) decreases, i.e. when the configuration of 

the crack tends towards an elliptical shape; it 

(a) (b) (c) 

   

Fig.6 Patch mesh, (a) circular, (b) rectangular, (c) diamond 

 

Fig.7 Conditions of reflective symmetry, (a) longitudinal direction, (b) circumferential direction, (c) transverse 

direction 
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strongly increases the J integral. Whereas, this J 

integral increases slowly with the increase of the 

depth of the crack (a / t) if the crack size (a / c) 

tends towards a circular shape in the plane crack (x, 

y), i.e. the ratio a / c = 0.9. This behavior is noted in 

several studies [32-34]. 
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Fig.9 Variation of the J integral with respect to the 

depth of the cracks for different sizes of the cracks 

 

4.1.2 Effect of corrosion size on change in 

damaged area of pipe 

This part was carried out in order to determine 

the evolution of the damaged area in the pipeline 

due to corrosion. The damaged area theory was 

used to achieve the objectives of the analysis. The 

surface of the pipeline damaged area with corrosion 

was calculated for the effect of corrosion size, with 

different patch shapes (rectangular, circular and 

diamond). The damaged area theory was used to 

assess the progress of damage during analysis. The 

surface of the damaged zones is shown in gray see 

figure 10. 

 

Fig.10 Stress distribution (a) before; (b) after 

applying the damaged area theory 

 

Figure 11 shows the images that allowed the 

evolution of the damaged area to be followed as a 

function of the depth and length of the corrosion. In 

general, we find that the more the corrosion size 

increases the more the damaged area increases. In 

the case of a / t = 0.1mm we note the presence of a 

very small damaged area surrounding the corrosion 

but increases with increasing depth and length of 

corrosion. 

 

 

4.1.3 Variation of the damaged area ratio as a 

function of the corrosion size 

Figure 12 shows the variation of the DR as a 

function of the variation of the corrosion size. All 

curves have the same tendency, as the DR increases 

with increasing corrosion size (a / t). Same applies 

to (a / c), when the latter increases, the values of the 

damaged area ratio of the adhesive also increase. 
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Fig.12 Variation of the damaged area ratio DR as a 

function of the cracks depth for different sizes of the 

cracks 

4.2 Behavior of an repaired by patch 

4.2.1 Effect of patch length on the J integral 

Figure 13 shows the variation of the J integral as 

a function of the internal pressure for different 

lengths of the patch bandage. From these figures, it 

can be noted that the presence of a composite patch 

reduces the of the J integral at the crack point, 

which may improve the life of the pipeline. This 

reduction in the J integral is due to the transfer of 

stress between the pipe and the composite patch 

through the adhesive layer. The J integral increases 

as the working pressure increases. Regarding the 

effects of patch length, it can be noted that longer 

composite patches give low J integral and therefore 

better repair efficiency. Indeed, with a longer 

composite patch, the bonded surface increases. The 

stress transfer from the pipe to the composite patch 

will be greater. 
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Fig.13 Variation of the J integral with respect to the 

internal pressure for different lengths of the patch 
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4.2.2 Comparison between the different DR load 

for the different patch shapes 

Figure 14 shows the evolution of the damaged 

area of the adhesive compared to the different 

shapes of the patch (rectangular, circular and 

diamond). We have chosen the largest size of the 

corrosion to clarify the damaged area of the 

adhesive. In all three cases, the area of the damaged 

zone appears at the sides of the adhesive and at the 

level of corrosion. 

The damaged area ratio relative to the three 

shapes of adhesive used is shown in Figure 15. The 

results obtained show that the diamond shape is the 

best because it offers the smallest value DR 

compared to the other two. 

 

Fig.15 Damage ratio vs loads for different patch 

shapes 

 

4.3 Probabilistic analysis of mechanical 

failure 

The safety of structures through probabilistic 

analysis techniques. υ, α. The geometric parameters, 

H, a, W, and the mechanical properties of the 

material, E, of these variables can be modeled as 

random variables. Therefore, any relevant response 

to the failure, such as the (X), must be evaluated by 

the probability. The density function is evaluated 

using the Monte-Carlo method. The basic idea is to 

take random samples for the input parameters, then 

calculate the response for each sample by the Monte 

Carlo method, which represents a statistical analysis 

of the sets of responses, is provided to achieve a 

high precision of the results, we carried out 105 

simulations. 

The probability density function (pdf) obtained 

in figure 16 by fitting the histogram with the 

theoretical models, two distribution laws are 

studied: Polynomial and Gauss functions. It can be 

seen clearly that the two distributions give a good 

approximation. By comparing these two 

distributions, we can conclude that the Gaussian law 

offers a better approximation than the polynomial 

function for the mean estimate of the probability 

density function. 

(a) (b) (c) 

a/c=0.1mm 

   
a/c=0.5mm 

   
a/c=0.9mm 

   
Fig.11 Damage zones of plate for different size of corrosion. (A)a/t=0.1mm; (B) a/t=0.5mm; (C) a/t=0.9mm 

(a) (b) (c) 

   

Fig.14 Damage zones for different patch Shape. (a) Rectangular; (b) Circular; (c) Diamond 
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Fig.16 Representation of the Histogram and the 

distribution function of J 

Under the uncertainties of the plate, the random 

variables have a probability density. In the 

reliability-based design, the uncertainties are taken 

into account by considering the safety margin J (xi) 

described in terms of the random variables xi which 

defines the uncertainties. The safety margin J (xi) is 

the probabilistic design rule, which defines the 

safety of the beam by the state J (xi)> 0 and the 

failure of the beam by J (xi) ≤ 0. We see that the 

margin increases significantly with the uncertainties 

related to the stress applied to the shape of the patch 

(we note that the diamond shape more efficient 

compared to the other shapes see figure 17) 

 

Fig.17 Density of probabilities of J for three different 

shapes of the patch 

 

5 CONCLUSION 

This article was carried out with the aim of 

investigating the application of a composite patch of 

fiber-reinforced polymers on a pressurized pipeline 

intended for the gas transport. It is with this in mind 

that we modeled the corroded and cracked structure 

and repaired by bonding a composite patch, in order 

to transfer the loads from the damaged area to the 

patch. This type of repair is an advantageous 

alternative to more conventional repair techniques, 

as bonding reduces the transmission of stress and 

limit the areas of concentration of the stresses. 

Three-dimensional finite element calculations were 

then carried out with the Abaqus calculation code. 

This study analyzes the behavior of a corroded and 

cracked pipeline repaired by composite patch. It 

consists of highlighting the influence of the 

geometric parameters of a corrosion having an 

ellipsoidal shape and of knowing the effect of the 

patch shape (rectangular, circular and diamond) on 

the reinforcement of the structure. Then, a 

comparison of the shear stress intensities and the 

damaged area ratio in the adhesive layer as a 

function of the crack and corrosion configurations. 

The results allowed to deduce the following 

conclusions: 

• The J integral gradually increases with 

increasing crack depth (a / t). 

• It is observed that the more the size of the 

corrosion increases, the more the surface of the 

damaged zone increases. 

• DR increases with increasing corrosion size (a / 

t). 

• The presence of a composite patch reduces the 

J integral at the crack point. 

• Longer composite patches give low J integral 

and therefore better repair efficiency. 

• The diamond shape is the best because it offers 

the lowest value DR compared to the other two 

(rectangular and circular). 
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