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1 internal pressure. Although environmental effects such as temperature, 

moisture, and chemical exposure were not modeled, they are 
acknowledged as key factors influencing the long-term durability of 
composite repairs. 
Methods: A three-dimensional finite element model was developed for a 
welded pipeline (outer diameter = 1016 mm, thickness = 12.8 mm) 
containing an external semi-elliptical crack (2c = 10.24 mm, a = 2.56 mm). 
The Virtual Crack Closure Technique (VCCT) was applied to compute 
Mode I Stress Intensity Factors (SIFs) under internal pressures of 2–12 
MPa. A parametric study assessed the influence of patch length (100–400 
mm), thickness (6–12 mm), and circumferential coverage angle (30°–360°), 
as well as adhesive shear modulus, thickness, and debonding effects. 
Results: Increasing patch length, thickness, and coverage angle reduced 
SIFs, improving crack-tip stress attenuation. A higher adhesive shear 
modulus enhanced interfacial load transfer, while excessive adhesive 
thickness impaired efficiency. Localized adhesive debonding significantly 
increased SIFs under pressure, highlighting the sensitivity of repair 
performance to bonding quality. 
Conclusions: This study provides design insights for optimizing composite 
reinforcement in welded pipeline repairs. Although a rectangular patch was 
analyzed, future work should investigate alternative geometries to mitigate 
edge stress concentrations and incorporate fatigue and environmental 
effects to better predict long-term service performance. 

Key words: pipeline weld repair, composite wrap reinforcement, stress 
intensity factor (SIF), crack propagation, finite element eethod (FEM). 

Introduction  
Pipelines are a critical component of modern infrastructure, providing 

a safe, efficient, and cost-effective means of transporting liquids, gases, 
and solids over long distances (Klass et al., 2014). They are widely used 
across various sectors such as oil and gas, water supply, chemical 
processing, and power generation, ensuring continuous flow and reducing 
dependence on traditional transportation methods like trucking and 
railways (Baghban et al., 2022). Pipelines are typically categorized based 
on their function: those transporting crude oil and refined petroleum 
products, natural gas distribution lines, water and wastewater conveyance 
systems, as well as industrial pipelines used for the transfer of chemicals 
and slurry mixtures (Sontti et al., 2023). Their significance lies in their 
ability to support economic growth, reduce transportation costs, minimize 
environmental impacts, and ensure the safe handling of hazardous 
materials (Qu et al., 2022). Stainless steel pipelines are particularly valued 
for their corrosion resistance, mechanical strength, and long-term 
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5 durability, making them ideal for applications requiring high-performance 

materials (Berkache, 2021). 
However, welding defects such as cracks remain a major challenge 

in pipeline construction and maintenance, posing threats to structural 
integrity and operational safety (León-Henao et al., 2024). Understanding 
the causes, types, and prevention methods of weld cracking is therefore 
crucial to ensuring the long-term reliability of these industrial systems (Guo 
et al., 2024; Pengchao, 2025). 

Welding is a critical process in pipeline fabrication, but it can introduce 
various defects that compromise system integrity (Chen et al., 2022). Weld 
cracks may result from excessive heat input, insufficient cooling, or 
residual stresses, potentially leading to failure under pressure (Guo et al., 
2024). Porosity, caused by trapped gas, weakens the weld bead structure 
(Feng et al., 2016). Incomplete fusion and lack of penetration - typically 
due to insufficient heat or poor technique - lead to weak joints that are 
prone to failure (Lai et al., 2022). Slag inclusions and contamination from 
impurities also compromise weld strength. Additionally, distortion and 
warping from uneven heat distribution can disrupt pipeline alignment and 
structural integrity. Addressing these defects through stringent 
procedures, robust quality control, and advanced repair methods is 
essential to maintaining pipeline reliability (Mandal et al., 2024; Cui et al., 
2024; Djendara et al., 2025; Al Shabibi, 2024). 

Pipeline repair offers numerous advantages, ensuring longevity, 
efficiency, and safety while minimizing service interruptions (Mohammadi 
et al., 2021; Zhou et al., 2021) It is also cost-effective, as repairs are 
significantly less expensive than full pipeline replacements (Patrick, 2004; 
Chan et al., 2015). Modern repair technologies - such as composite wraps 
and mechanical clamps - enable operational continuity with minimal 
downtime (Feng et al., 2016; Ma et al., 2021). Repairs also help protect 
the environment by preventing leaks that could contaminate soil and water 
resources. These interventions enhance structural integrity and reduce the 
risk of catastrophic failures (Mandal et al., 2024; Cui et al., 2024). Recent 
technologies, including epoxy-based composite reinforcements, offer 
improved crack resistance and significantly extend pipeline service life 
(Mohammadi et al., 2021; Saeedi et al., 2024). Implementing effective 
repair strategies thus optimizes resource use, ensures regulatory 
compliance, and reinforces the sustainability of critical infrastructure 
(Patrick, 2004). 

In real-world applications, pipeline repair performance may also be 
affected by environmental factors such as temperature fluctuations, 
moisture ingress, and chemical exposure, which can alter the mechanical 
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1 properties of composite materials and weaken adhesive bonding over time 

(Banea et al., 2009; Ngabonziza et al., 2010). Although not addressed in 
the present study, these effects are critical to consider when evaluating 
the long-term durability of repair systems. 

Several experimental studies have explored the repair of cracked 
pipelines using composite materials, combining both experimental and 
numerical approaches. Zarrinzadeh et al. (2017) investigated fatigue crack 
growth in aluminum tubes repaired with glass/epoxy patches using both 
testing and XFEM modeling. Li et al. (2020) conducted tests on externally 
cracked API 5L X65 pipes reinforced with various composite systems, 
revealing that the number of layers had a greater impact on performance 
than bond length. Lim et al. (2019) performed full-scale burst tests on 
repaired pipelines, demonstrating a 23% increase in burst pressure. 
Abduljabbar et al. (2022) studied pipelines repaired with carbon-fiber-
reinforced polymers under internal pressure, finding lower burst pressures 
than standard predictions. Shafaee et al. (2023) evaluated the strength of 
pipes repaired with glass-fiber patches under pressure, highlighting the 
influence of layer count and fiber orientation. These findings confirm the 
effectiveness of composite repair systems as modern and economical 
alternatives to conventional methods. 

Numerical studies have also been conducted to evaluate the 
performance of composite repairs. Chen et al. (2022) used finite element 
modeling to study the mechanical behavior of pipelines repaired with 
CFRP, showing that thicker layers and higher-stiffness interface materials 
enhance performance. Dumetriscu et al. (2021) compared different 
composite patch design methods based on defect orientation and width. 
Cao et al. (2022) applied the GTN model to simulate fracture behavior in 
circumferential welded joints, identifying the heat-affected zone (HAZ) as 
a common crack initiation site. Lim et al. (2019) also demonstrated a 23% 
increase in burst pressure through simulations, emphasizing the 
importance of material properties. These studies underscore the critical 
role of numerical modeling in optimizing composite repair designs.  

While many studies assume a perfect bond between the composite 
wrap and the pipeline surface, real-world repairs often suffer from 
adhesive imperfections due to improper surface preparation, aging, or 
operational fatigue. These imperfections, particularly debonding zones, 
can significantly degrade the effectiveness of the reinforcement by limiting 
stress transfer across the interface. The presence of even small debonded 
regions can lead to localized stress concentrations and reduce the energy 
absorption capability of the bonded joint, thus increasing the risk of crack 
propagation or premature failure. Therefore, the consideration of adhesive 
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5 debonding as a parametric factor in numerical models is crucial to more 

accurately reflect the actual performance and durability of composite repair 
systems under realistic service conditions (Benkheira et al., 2022; Banea 
et al., 2009). 

Building upon the earlier work by Majdoub et al. (2018), which 
investigated the effectiveness of composite wrap repair for longitudinal 
surface cracks in pressurized pipelines using finite element analysis, the 
present study aims to extend this analysis to welded pipeline regions. 
Specifically, it addresses the additional complexities introduced by weld 
zones, such as heterogeneous mechanical properties and stress 
concentrations.  

The objective of this work is to propose and evaluate a composite 
wrapping technique for reinforcing cracked pipeline welds. A finite element 
analysis was conducted to assess the behavior of cracks located in the 
weld metal (WM) after repair, focusing on calculating stress intensity 
factors under elastic conditions. The influence of the composite wrap's 
geometric properties on reducing crack tip stress intensity was also 
examined. This study specifically focuses on how varying the composite 
reinforcement geometry affects the mechanical response of cracks located 
in the weld zone, providing novel insights into the optimization of repair 
strategies for welded pipeline systems. 

Model description and mechanical properties 
A pipeline model featuring a circumferential welded joint was 

developed, with a diameter of D = 1016 mm, a wall thickness of t = 12.8 
mm, and an overall length of L = 40 m. The weld geometry is illustrated in 
Figure 1. Although the presence of residual weld reinforcement typically 
increases the local wall thickness, thereby enhancing the load, bearing 
capacity of the weld region (Chen et al., 2016; Guo et al., 2019; 
Mohammed et al., 2025) this effect was neglected in the present study to 
maintain a conservative approach in the numerical analysis. 

An external longitudinal semi-elliptical surface crack was introduced 
in the weld zone, with a total surface length of 2c = 10.24 mm and a crack 
depth of a = 2.56 mm. To repair the damaged area, a composite overwrap 
system consisting of unidirectional glass fibers embedded in an epoxy 
matrix was applied. The fibers were aligned in the axial direction (0° 
orientation) and wrapped circumferentially around the pipeline at the weld 
location. 
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Figure 1 - Schematic representation of the circumferential welded joint geometry 

 
Tables 1 and 2 provide a summary of the geometric dimensions and 

mechanical properties associated with the various regions of the model, 
including the base metal (BM), weld metal (WM), heat-affected zone 
(HAZ), composite overwrap, and adhesive interface. 

 
Table 1 - Geometric properties of the pipeline and repair components 

 

L (mm) D (mm) T (mm) c1 (mm) c2 (mm) p (mm) α֯ 

4000 1016 12.8 2 2 2 55 

 
To realistically simulate the repair system, a debonded region was 

introduced at the interface between the composite wrap and the adhesive 
layer. This debonded zone was modeled as an unbonded surface segment 
of 10 mm length, centered axially along the composite patch. 
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18
5 Table 2 - Material properties and mechanical characteristics of the base metal (BM), weld 

bead (WB), heat-affected zone (HAZ), composite wrap (Glass/Epoxy), and adhesive 
(Medjdoub et al., 2018; Chang et al., 2023; Fan et al., 2024) 

 

Property 
Materials 

Description 
BM WB HAZ Glass/Epoxy Adhesive 

E1 200000 200000 200000 160000 2400 

Young’s 
modulus in X 
direction 
(MPa) 

E2    25400  

Young’s 
modulus in Y 
direction 
(MPa) 

E3    25400  

Young’s 
modulus in Z 
direction 
(MPa) 

𝜈𝜈12 0.3 0.3 0.3 0.21 0.3 
Poisson’s 
Ratio in X-Y 
plan 

𝜈𝜈13    0.21  
Poisson’s 
Ratio in X-Z 
plan 

𝜈𝜈23    0.15  
Poisson’s 
Ratio in Y-Z 
plan 

G12    7200  
Shear 
modulus in X-
Y plan (MPa) 

G13    5500  
Shear 
modulus in X-
Z plan (MPa) 

G23    5500  
Shear 
modulus in Y-
Z plan (MPa) 

Ga 1120 1900 2250 3500 

 
[1200-
1900-2250-
3500-4200] 
 

Shear 
modulus of 
adhesive 
(MPa) 

σ0 555.0 610.5 499.5   Yield stress 
(MPa) 
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1 Numerical modeling 

The mechanical behavior of a pressurized pipeline featuring a 
surface-breaking crack and repaired with a composite overwrap was 
investigated through finite element analysis using Abaqus 2017. The 
model was discretized employing three-dimensional, 8-node linear brick 
elements with reduced integration (C3D8R), which offer an optimal 
compromise between computational accuracy and efficiency (Chen et al., 
2021; Meniconi et al., 2002). 

A structured global mesh was generated to accurately represent the 
geometry of the pipe and the repair system. Local mesh refinement was 
introduced in critical regions-most notably at the crack front and interfacial 
zones-where steep stress gradients are expected. The crack front was 
meshed with small, regular elements to resolve the stress singularity and 
allow accurate computation of fracture parameters, such as mode I stress 
intensity factors (Hirose et al., 2013). This resolution is essential for 
evaluating the crack-driving forces under loading conditions representative 
of service environments. 

The composite wrap and adhesive layer, which are both relatively thin 
and mechanically dissimilar to the steel substrate, were modeled with 
finely layered elements to prevent artificial stiffness mismatches and 
ensure reliable simulation of stress transfer through the bonded interfaces. 
This is particularly important for capturing the interaction between the 
repair system and the host structure, as it governs the effectiveness of the 
load redistribution mechanism and the durability of the repair (Aabid et al., 
2025; Thankur et al., 2024). 

In order to assess the influence of interfacial imperfections on the 
repair efficiency, a debonded region was introduced at the interface 
between the composite wrap and the adhesive layer. This region was 
modeled as an unbonded surface of 10 mm in axial length, centered at the 
middle of the composite patch.  

A frictionless contact interaction was defined in this zone to prevent 
artificial stress transfer, simulating a loss of adhesion due to manufacturing 
defects, surface contamination, or in-service degradation. The rest of the 
interface remained perfectly bonded using a tie constraint. 

This approach enables a more realistic evaluation of the stress 
redistribution capacity of the repair system, particularly under thermal and 
mechanical loading. The introduction of such local debonding defects 
provides critical insight into the limits of adhesive performance and the 
need for strict quality control during repair application. 
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18
5 The final mesh consisted of 197,182 elements. Mesh quality, 

convergence behavior, and stability were rigorously assessed to validate 
the nonlinear solution, with special attention given to the crack tip and the 
material interfaces. All boundary conditions, material definitions, and 
contact interactions were thoroughly verified to preserve physical realism 
in the simulation (Madenci et al., 2020). 

Figure 1 presents the overall finite element mesh, highlighting the 
region around the surface crack where mesh refinement was applied. 
Figure 2 focuses on the composite repair zone, showing detailed meshing 
of the overwrap and adhesive interface, which are critical to the accurate 
representation of interfacial stress transmission. 

 
Figure 2 - Global view of the finite element mesh of the cracked pipeline, with a zoom on 

the surface crack region. Local mesh refinement enables accurate capture of stress 
singularities at the crack front 

 

 
Figure 3 - Mesh representation of the repair zone, including the composite overwrap and 

adhesive layer. Refined meshing in these areas ensures accurate stress transfer between 
materials with differing stiffnesses 
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1 Boundary conditions 

Leveraging the geometric and loading symmetries inherent to the 
repaired pipeline, the computational model was simplified to a quarter-
cylinder segment (representing half the length and half the circumference), 
thereby significantly reducing computational demands while preserving the 
accuracy of stress predictions. The internal surface of the pipe was 
subjected to pressures ranging from 2 to 12 MPa, applied in 2 MPa 
increments, as depicted in Figure 4. These pressure levels correspond to 
standard operational and overpressure scenarios typical of oil and gas 
transmission pipelines (Chen et al., 2021). The internal pressure 
generates hoop and axial stresses within the pipe wall, which interact with 
both the crack and the bonded composite repair, thereby affecting local 
stress concentrations and the potential for damage progression. 

Symmetry boundary conditions were imposed to replicate the full 
geometry: along the longitudinal symmetry plane, displacements and 
rotations were restricted UY = θX = θZ = 0; on the circumferential symmetry 
plane, the constraints UZ = θX = θY = 0 were applied, as shown in Figure 
5. These conditions effectively eliminate rigid body motion while 
maintaining mechanical equilibrium. 

The contact interactions between the steel pipe, adhesive layer, and 
composite wrap were defined using surface-to-surface contact pairs in 
Abaqus/Standard. A hard contact formulation was applied in the normal 
direction to prevent penetration, while a frictionless model was assumed 
in the tangential direction to simulate ideal bonding. This approach 
captures the stress transfer mechanism between the host pipe and the 
repair system under internal pressure, which is essential for accurate 
damage assessment (Lim et al., 2019; Medjdoub et al., 2018). 

In the finite element model, boundary conditions were applied to 
replicate the operational environment of the pipeline under internal 
pressure and symmetry constraints. 

To accurately capture the effect of adhesive debonding, a localized 
debonded zone at the composite-adhesive interface was modeled using 
surface-to-surface contact interactions with frictionless behavior. This 
contact allowed separation without shear transfer, representing the loss of 
adhesion in that region. 

The rest of the composite wrap interface was constrained with tie 
conditions to simulate perfect bonding. These boundary and contact 
conditions ensured realistic simulation of load transfer and stress 
redistribution in the presence of bonding imperfections (Zarrinzadeh et al., 
2017). 
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Figure 4 - Application of internal pressure on the internal surface of the quarter-cylinder 

pipe model 

 
Figure 5 - Boundary conditions applied to the repaired pipeline model – (A) Longitudinal 

symmetry plane (UY = θX = θZ = 0); (B) Circumferential symmetry plane (UZ = θX = θY = 
0) 
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1 Results and discussion 

The stress intensity factors (SIFs) at the crack front were determined 
using the Virtual Crack Closure Technique (VCCT). This approach, based 
on the energy balance principle originally proposed by Irwin (Irwin, 2007), 
facilitates the calculation of energy release rates corresponding to various 
fracture modes. Specifically, for Mode I loading, the energy release rate Gi 
is related to the stress intensity factor Ki and the elastic modulus E through 
the following relationship (Leski, 2007): 

𝐺𝐺𝑖𝑖 =
𝑘𝑘𝑖𝑖2

𝐸𝐸
 

 

 
(1) 

VCCT is particularly effective for linear elastic materials and supports 
various material behaviors, including isotropic, orthotropic, and anisotropic 
elasticity (Kruger, 2004; Hartquist, 2025). Physically, this technique 
assumes that the energy required to close a crack is equivalent to the 
energy released during its propagation, making it well-suited for evaluating 
fracture toughness in composite materials. 

The precision of the VCCT is highly contingent upon the quality of the 
finite element mesh. To reduce numerical errors and enhance solution 
reliability, it is advisable to employ elements of uniform size both ahead of 
and behind the crack tip (Leski, 2007; Durmus et al., 2025). Mesh 
refinement near the crack front is crucial, as stress gradients are highest 
in this region. Therefore, a mesh convergence study was conducted to 
balance accuracy with computational efficiency. As demonstrated in recent 
studies (Guessab et al., 2025; Stapley, 2025; Karmakov et al., 2020), 
convergence testing is essential to ensure that the computed SIFs are not 
sensitive to further refinement. 

This study examined two configurations. The first focused on 
assessing the effects of geometric parameters - namely, the length, 
thickness, and wrap coverage angle of a composite patch- applied to a 
longitudinal semi-elliptical surface crack. These variables play a crucial 
role in the load transfer process and stress distribution around the crack 
tip, thereby impacting the effectiveness of the patch in impeding crack 
propagation. 

In the second configuration, we examined the influence of the 
adhesive layer’s shear modulus and thickness on the variation of the SIF. 
Adhesive properties directly affect the stress transfer between the 
composite patch and the substrate, and hence the effectiveness of the 
repair. A stiffer adhesive can improve load transfer but may induce higher 
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5 peel stresses, whereas a more compliant adhesive distributes stresses 

more evenly (Goland et al., 1944; Aderdiran et al., 2025; Kumar et al., 
2025).  

For comparison purposes, an unrepaired pipe configuration was also 
analyzed and presented as a baseline reference. This approach enables 
quantification of the repair’s effectiveness in reducing the SIF and 
improving the structural integrity of the damaged component. 

Effect of composite patch length on mode i stress 
intensity factor in repaired cracked pipes under internal 
pressure 

Figure 6 depicts the relationship between the Mode I Stress Intensity 
Factor (KI) and internal pressure for various composite patch lengths Lp 
ranging from 100 mm to 400 mm. The purpose of this analysis is to assess 
how patch length influences the mechanical behavior of a cracked pipeline 
reinforced with a composite overwrap. To isolate this variable, other 
geometric parameters were kept constant, including a patch thickness of 
tp = 6 mm, an adhesive layer thickness of ta = 0.1 mm, and a full 
circumferential wrap angle of θ = 360°, representing complete 
encirclement of the pipe circumference. 

The selection of these values is based on both mechanical and 
practical considerations. The patch thickness was chosen to ensure 
adequate stiffness without introducing excessive structural weight, while 
the thin adhesive layer configuration promotes efficient shear transfer and 
minimizes stress concentrations. A 360° wrap provides uniform load 
distribution and reinforcement symmetry around the pipe's circumference, 
which reduces local imbalances induced by internal pressure. These 
simulation conditions are representative of real-world repair scenarios 
used in industry. 

Numerical analysis reveals that increasing the patch length leads to a 
progressive reduction in the KI values. This trend is attributed to the 
enlarged bonded area between the composite patch and the metallic 
substrate, which enhances load transfer through the adhesive layer. A 
longer patch enables more effective redistribution of stress around the 
crack, thereby lowering the stress concentration at its tip. This behavior 
aligns with recent findings demonstrating that increasing patch length 
improves the system’s capacity to divert mechanical loads away from the 
damaged zone (Abdulla et al., 2024; Ali  et al., 2013). 

As expected, increasing the internal pressure results in higher KI 
values due to the intensification of hoop stresses induced by service 
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1 loading. However, this rise is mitigated by the presence of the composite 

patch, especially when longer patches are employed. The composite 
reinforcement functions as a mechanical shield that limits the amplification 
of local stresses at the crack front. This stress-mitigating effect becomes 
more pronounced as the reinforced area is extended. Previous studies 
have shown that this load-sharing mechanism is more effective when the 
bonded surface is optimized (Karmakov et al., 2020; Tian et al., 2025; Yu 
et al., 2021). 

 
Figure 6 - Variation of SIF with Internal Pressure for Various Wrap Lengths 

The observed decrease in SIF with increasing patch length aligns with 
experimental findings by (Lim et al., 2019), who conducted full-scale burst 
pressure tests on repaired steel pipelines. Their results showed a 23% 
improvement in burst pressure when using longer composite wraps, 
confirming that an increased bonded surface enhances stress 
redistribution around the crack. These outcomes corroborate our 
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5 simulation, where longer patches resulted in lower KI values under internal 

pressure. 

Effect of composite wrap recovery angle on stress 
intensity factor 

Figure 7 illustrates the changes in the stress intensity factor (SIF) at 
the crack front as a function of internal pressure for composite wrap 
thicknesses varying between 6 mm and 12 mm. All simulations were 
performed with a fixed wrap length of Lp = 400 mm, adhesive thickness of 
ta = 0.1 mm, and full circumferential coverage (θ = 360°). 

The results reveal a strong inverse correlation between wrap 
thickness and SIF values. In the unpatched configuration, the SIF 
increases nearly linearly with internal pressure, reaching up to 48 
MPa.m1/2 at 12 MPa. In contrast, specimens reinforced with composite 
wraps exhibit significantly lower SIFs. Notably, a 12 mm wrap results in a 
reduction exceeding 60% compared to the unreinforced case under 
identical pressure conditions. 

This behavior can be explained by the enhanced stiffness and stress 
redistribution provided by thicker composite layers. The bonded wrap 
mitigates the concentration of mechanical energy at the crack tip, thereby 
reducing the local driving force for crack propagation. These findings are 
consistent with the literature, where increased wrap thickness has been 
shown to lower fracture parameters in repaired pressure pipelines (Savani, 
2022; Liu et al., 2017; Said et al., 2025). 

Moreover, even though the adhesive layer is thin, it plays a key role 
in transferring loads between the steel substrate and the composite 
material. A well-bonded interface ensures effective mechanical synergy, 
which becomes more pronounced as the wrap thickness increases (Zhou 
et al., 2021; Aabid et al., 2025). 

Although few studies have isolated the wrap recovery angle, the 
trends observed here are in line with the work of (Zarrinzadeh et al., 2017), 
who noted improved fatigue performance when using optimized patch 
dimensions and orientation. Their results suggest that increasing the 
effective engagement angle improves crack containment, supporting our 
findings that wider wrap angles reduce SIF values more effectively under 
pressure. 
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Figure 7 - Variation of SIF with Internal Pressure for Different Wrap Thicknesses 

Influence of the composite wrap coverage angle on the 
stress intensity factor 

Figure 8 illustrates the effect of the composite wrap coverage angle 
on the variation of the stress intensity factor (SIF) at the crack front, under 
different levels of internal pressure. The simulations were performed using 
a wrap length of Lp = 400 mm, a composite thickness of tp = 12 mm, and 
an adhesive thickness of ta = 0.1 mm. The wrap coverage angle θ\theta 
was varied from 30° to 360°. 

The results clearly show that increasing the wrap angle leads to a 
reduction in the SIF for a given internal pressure. This reduction becomes 
especially significant beyond 180°, reaching its lowest value at full 360° 
coverage, where the crack is entirely encased by the composite material. 
This behavior can be attributed to the enhanced redistribution of 
mechanical stresses around the crack zone offered by a more extensive 
coverage. 

The composite wrap acts as a mechanical barrier, absorbing a portion 
of the internal loads and limiting localized deformation near the defect. The 
broader the wrap coverage, the more effectively it redistributes these 
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18
5 stresses, reducing the concentration at the crack tip. Recent studies have 

confirmed this trend, highlighting that full wrap coverage (θ = 360°) 
significantly improves the durability and safety of pressure pipelines 
(Srilakshmi, 2014; Davaripour et al., 2022; Mousa et al., 2023). 

Therefore, the selection of the wrap angle plays a critical role in the 
design of an effective repair. While partial coverage can enhance 
performance, full circumferential wrapping ensures optimal stress 
mitigation and crack containment. 

 
Figure 8 - Variation of SIF with Internal Pressure for Different Wrap Coverage Angles 

Effect of adhesive shear modulus on repair performance 
We analyzed how adhesive shear modulus and thickness affect the 

efficiency of composite repairs. Figure 9 displays changes in the Mode I 
stress intensity factor (SIF, KI)  under varying internal pressures. 
Simulations were performed for adhesive shear moduli ranging from 1120 
MPa to 4200 MPa. The adhesive layer thickness remained constant at 0.1 
mm. The overwrap was 400 mm long and 12 mm thick. A full 360° wrap 
was applied to provide complete circumferential reinforcement. 
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to a progressive reduction in the KI value at the crack front. This behavior 
can be explained by the fact that a stiffer adhesive (with higher shear 
modulus) facilitates a more efficient load transfer and promotes a more 
uniform stress distribution across the bonded joint. This redistribution 
decreases the stress concentration at the crack tip, thereby reducing the 
likelihood of crack propagation (Abdull et al., 2024; Alexander, 2007) . 

 
Figure 9 - Variation of Stress Intensity Factor (SIF) with Internal Pressure for Various 

Adhesive Shear Moduli 
 

This mechanism is consistent with established findings in the 
mechanics of bonded materials, where increased joint stiffness minimizes 
local deformation and improves the load-sharing capability between the 
composite patch and the metallic substrate (Banea et al., 2009; Wei et al., 
2024). At elevated internal pressures, this effect becomes more 
pronounced due to the amplification of circumferential (hoop) stresses, 
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5 making the adhesive interface stiffness even more critical to repair 

durability (Deng et al., 2017). 
In summary, this analysis demonstrates that optimizing the adhesive 

shear modulus is a key factor in enhancing the performance of composite 
repairs, especially in environments subjected to high internal pressures. 
Recent studies emphasize that for a repair to be both durable and reliable, 
the selection of the adhesive should not be based solely on strength, but 
must also consider stiffness, toughness, and substrate compatibility 
(Mohammadi et al., 2021). 

Experimental results from (Shafaee et al., 2023) showed that 
increasing fiber coverage (layer count and orientation) in glass/epoxy 
patches significantly improved the load-bearing capacity of repaired 
pipelines. Their findings validate our numerical conclusion that full 
circumferential coverage (360°) yields the lowest SIF values by fully 
encasing the defect zone and promoting uniform stress redistribution. 

Influence of adhesive thickness on the stress intensity 
factor 

Figure 10 presents the influence of the adhesive thickness ta on the 
Mode I Stress Intensity Factor (KI), under a configuration where the 
adhesive shear modulus is fixed at Ga = 4200 MPa, with a composite wrap 
length of Lp = 400 mm, wrap thickness tp = 12 mm, and a full wrap angle 
of θ = 360° ensuring complete confinement of the pipe. 

The numerical results clearly demonstrate that increasing the 
adhesive thickness leads to a significant rise in KI at the crack front. In 
other words, the thicker the adhesive layer, the less effective the repair 
becomes in reducing the stress concentration. This behavior is directly 
related to the overall stiffness of the bonded joint: a thinner adhesive layer 
allows for more efficient load transfer to the composite wrap, enhancing 
stress confinement around the crack (Shafaee et al., 2023). 

In contrast, a thicker adhesive layer becomes more deformable, which 
introduces a local damping effect that reduces load transfer. This 
excessive deformation may result in internal stress accumulation within the 
adhesive, increasing the risk of debonding or adhesive failure (Benkheira 
et al., 2022; Banea et al., 2022). Consequently, a thicker layer diminishes 
the patch’s ability to contain the stresses effectively, leading to an 
increased KI with higher internal pressures. 

These results highlight the need for an optimal balance: while a 
minimum adhesive thickness is required to ensure proper wetting and 
surface adhesion, excessive thickness can be detrimental to the 
mechanical performance of the repair. Recent studies generally 
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subjected to high internal pressures (Soutis et al., 1997). 
The negative impact of increased adhesive thickness on repair 

efficiency matches the observations by Benkheira et al. (2022) and 
Jawwad et al. (2024), who experimentally showed that thicker adhesive 
layers increase local compliance and reduce stress transfer efficiency. 
They also reported a higher risk of debonding and crack growth in 
specimens with excessive adhesive thickness, which is in line with our 
numerical results showing elevated SIF values for thicker adhesive 
interfaces. 

 
Figure 10 - SIF vs. internal pressure for different thickness of adhesive 

 

 



 

175 

H
ac

he
m

i, 
N

. e
t a

l, 
Fi

ni
te

 e
le

m
en

t-b
as

ed
 o

pt
im

iz
at

io
n 

of
 c

om
po

si
te

 w
ra

p 
re

pa
ir 

fo
r w

el
de

d 
pi

pe
lin

es
 w

ith
 s

ur
fa

ce
 c

ra
ck

s:
 in

flu
en

ce
 

of
 g

eo
m

et
ry

, a
dh

es
iv

e 
pr

op
er

tie
s,

 a
nd

 in
te

rn
al

 p
re

ss
ur

e 
on

 m
od

e 
I f

ra
ct

ur
e 

be
ha

vi
or

, p
p.

15
5-

18
5 Impact of adhesive debonding on stress intensity factor in 

composite-patched pipelines 
The graph in Figure 11 illustrates the variation of the Mode I Stress 

Intensity Factor (SIF) as a function of internal pressure for three different 
conditions: an unrepaired cracked pipeline, a pipeline repaired with a 
perfectly bonded composite wrap, and a pipeline repaired with a composite 
wrap exhibiting a localized adhesive debonding defect. The SIF quantifies 
the intensity of the stress field near the crack tip and is directly related to 
the likelihood of crack propagation and eventual failure. The unrepaired 
pipeline exhibits the highest SIF values, increasing linearly with internal 
pressure, indicating a high risk of crack growth under operational loading. 
The application of a composite wrap significantly reduces the SIF by 
providing a mechanical reinforcement that redistributes and lowers the 
stress concentration at the crack tip. However, the presence of adhesive 
debonding compromises this load transfer mechanism. The debonded 
interface acts as a localized stress concentrator, disrupting the shear load 
path between the composite and the pipe substrate, thereby increasing 
the SIF compared to the ideal bonded case. This effect intensifies with 
increasing pressure, highlighting the susceptibility of the repair to failure 
when adhesive integrity is lost.  

These findings underscore the critical importance of ensuring strong 
adhesive bonds during repair application and monitoring their condition 
during service to prevent premature failure. Similar conclusions have been 
reached in recent experimental and numerical studies demonstrating that 
even small debonding defects can significantly degrade repair 
performance (Lai et al., 2022; Benkheira et al., 2022). 

Our simulation results indicating increased SIF due to adhesive 
debonding are strongly supported by the work of Zarrinzadeh et al. (2023), 
who experimentally studied composite-patched aluminum pipes and found 
that even small debonding zones significantly compromised fatigue 
performance. Benkheira et al. (2022) and Deng et al. (2025) also 
confirmed through tests that interfacial defects cause stress concentration 
and reduced load transfer, validating the critical role of bond integrity in 
ensuring repair efficiency. 



  

176 

 V
O

JN
O

TE
H

N
IČ

KI
 G

LA
SN

IK
 / 

M
IL

IT
AR

Y 
TE

C
H

N
IC

AL
 C

O
U

R
IE

R
, 2

02
6,

 V
ol

. 7
4,

 Is
su

e 
1 

 
Figure 11 - Impact of Adhesive Debonding on Stress Intensity Factor 

Conclusion 
This study has provided a comprehensive numerical evaluation of 

composite wrap reinforcements applied to pipelines containing longitudinal 
semi-elliptical surface cracks in welded regions. Using advanced finite 
element modeling and the Virtual Crack Closure Technique (VCCT), the 
influence of key geometric and interfacial parameters on the Mode I Stress 
Intensity Factor (SIF) was systematically investigated. 

The results confirm that increasing the composite wrap length and 
thickness significantly enhances the repair’s ability to redistribute stresses 
and attenuate crack tip driving forces. A full wrap angle of 360° was found 
to be particularly effective, as it ensures complete circumferential 
confinement, resulting in the greatest reduction of the SIF under internal 
pressure. In addition to geometric parameters, the adhesive layer’s 
mechanical properties were shown to play a pivotal role in repair 
performance. A higher adhesive shear modulus facilitates improved load 
transfer across the interface, while excessive adhesive thickness reduces 
structural stiffness, leading to elevated SIF values. These findings 
underscore the importance of simultaneously optimizing both the stiffness 
and thickness of the adhesive layer to ensure effective stress transfer and 
prevent failure modes such as debonding. 
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5-

18
5 The simulation results further demonstrate that localized adhesive 

debonding significantly compromises the stress redistribution capability of 
the composite repair system. The loss of bonding integrity increases the 
SIF and raises the risk of premature crack propagation. These findings 
highlight the critical need for strict quality control during repair application 
and suggest that in-service inspections should prioritize early detection of 
bonding defects. Future studies should incorporate detailed Finite Element 
Analyses of interfacial stress and traction distributions to provide deeper 
insights into local load transfer mechanisms and better characterize failure 
initiation zones. 

Moreover, although this study employed a rectangular patch 
geometry consistent with industrial practice, it is recognized that 
alternative patch profiles-such as tapered or elliptical shapes-may offer 
improved stress distribution by mitigating edge stress concentrations. 
Investigating these geometries could enhance repair robustness and 
reduce failure risk, particularly at patch boundaries where high local 
stresses typically arise. 

In real-world operating conditions, the long-term behavior of 
composite repairs may also be influenced by environmental factors, 
including thermal cycling, moisture ingress, and chemical exposure. These 
effects can degrade adhesive and composite material properties over time, 
thereby reducing repair effectiveness. Future research should therefore 
address environmental degradation within the modeling framework to 
improve durability predictions and expand applicability. 
Finally, while this investigation focuses on static loading conditions, fatigue 
crack growth remains a primary concern in pressurized pipelines. 
Incorporating fatigue analysis into future simulations would enable 
evaluation of the long-term performance of composite-reinforced weld 
zones under cyclic pressure variations. This extension would provide 
essential insights into the service life of repaired structures and strengthen 
the practical relevance of the proposed repair approach. 
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Sažetak: 
Uvod/cilj: Strukturni integritet cevovoda pod pritiskom često je ugrožen 
pojavom površinskih pukotina, naročito u zavarenim zonama. Ovaj rad 
ispituje efikasnost ojačanja kompozitnim omotom pri sanaciji dužinskih 
polueliptičnih pukotina u zavarenim čeličnim cevovodima izloženim 
unutrašnjem pritisku. Iako uticaji okoline poput temperature, vlage i 
hemijskog dejstva nisu modelovani, isti su prepoznati kao ključni faktori koji 
utiču na dugoročnu izdržljivost kompozitnih popravki. 
Metode: Razvijen je trodimenzionalni model konačnih elemenata za 
zavareni cevovod (spoljašnji prečnik = 1016 mm, debljina = 12,8 mm) sa 
spoljašnjom polueliptičnom pukotinom (2c = 10,24 mm, a = 2,56 mm). 
Tehnika virtuelnog zatvaranja pukotine primenjena je za proračun faktora 
intenziteta napona u modu I pod dejstvom unutrašnjih pritisaka u opsegu 
od 2 do 12 MPa. Parametarskom analizom ispitan je uticaj dužine omota 
(100–400 mm), njegove debljine (6–12 mm) i obuhvatnog ugla oko cevi 
(30°–360°), kao i modula smicanja adheziva, njegove debljine i efekata 
odlepljivanja. 
Rezultati: Povećanje dužine, debljine i obuhvatnog ugla omota dovelo je do 
smanjenja faktora intenziteta napona, čime je poboljšano ublažavanje 
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18
5 oterećenja u vrhu pukotine. Veći modul smicanja adheziva poboljšao je 

prenos opterećenja na interfejsu, dok je prevelika debljina adhezivnog sloja 
smanjila efikasnost popravke. Lokalizovano odlepljivanje adheziva 
značajno je povećalo faktore intenziteta napona pod pritiskom, ukazujući 
na veliku osetljivost učinka popravke na kvalitet vezivanja lepka. 
Zaključak: Rad pruža smernice za projektovanje i optimizaciju kompozitnih 
ojačanja pri sanaciji zavarenih cevovoda. Iako je u radu analiziran 
pravougaoni omot, buduća istraživanja bi trebalo da obuhvate alternativne 
geometrijske oblike u cilju smanjenja koncentracije opterećenja na ivicama, 
kao i da uzmu u obzir uticaje okoline i zamora materijala radi pouzdanije 
dugoročne procene. 

Ključne reči: popravka cevovoda zavarivanjem, ojačanje kompozitnim 
omotom, faktor intenziteta napona (FIN), širenje pukotine, metoda 
konačnih elemenata (MKE). 
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