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Abstract – Steel pipelines affected by corrosion defects may experience a significant reduction in burst 

resistance, even after composite repair. This study investigates the effect of three-dimensional defect 

geometry on the burst pressure and repair performance of API 5L Grade B steel pipelines reinforced with 

a glass/epoxy composite patch and epoxy putty. A three-dimensional finite element model was developed 

in Abaqus/Standard and validated against analytical, numerical, and experimental results reported in the 

literature. Five defect geometries were considered, namely reference, axial, circumferential, mixed, and 

superficial. The results demonstrate that defect geometry strongly influences the residual strength of 

unrepaired pipelines. Compared to an intact pipe, the maximum reduction in burst pressure reaches 41.02% 

for defect D3, highlighting the critical role of defect morphology even at comparable defect depths. For 

repaired pipelines, the influence of geometry remains significant, with the highest performance observed 

for D5 and the lowest for D3. These findings indicate that reliable assessment of composite repairs cannot 

rely solely on defect depth, but must also account for axial extent, circumferential width, and overall defect 

morphology. 
 

Keywords – Steel pipeline; three-dimensional defect geometry; composite repair; burst pressure; finite element analysis; 

structural integrity. 

I. INTRODUCTION 

Steel pipelines are widely used systems for the transportation of oil, gas, and other fluids over long 

distances. Despite their technical and economic advantages, these structures remain vulnerable throughout 

their service life to various degradation mechanisms, including internal and external corrosion, localized 

wall-thickness loss, and other forms of mechanical damage. Such deterioration progressively reduces the 

load-carrying capacity of the pipe and may ultimately lead to leakage or burst, with serious safety, 

environmental, and economic consequences. In this context, the assessment of residual structural integrity 

and the development of reliable repair techniques have become critical concerns in the oil and gas industry 

[1]. Among the rehabilitation methods reported in the literature, composite repair systems have gained 

increasing attention in recent years. Compared with conventional techniques, such as metallic sleeves or 
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pipe section replacement, composite repairs offer several advantages, including low weight, high corrosion 

resistance, ease of installation, and the possibility of in-service application with minimal operational 

interruption [1, 2]. Previous experimental and numerical studies have demonstrated that properly designed 

composite repair systems can effectively restore the mechanical strength of corroded pipelines and improve 

their burst pressure. For example, Lim et al. [3] reported an increase of about 23% in burst pressure, 

accompanied by a significant reduction in strain in the damaged region. Despite these advances, several 

aspects of the mechanical behaviour of composite-repaired pipelines remain insufficiently understood. In 

current engineering practice, repair design is still largely based on defect depth or residual wall thickness. 

However, recent studies have shown that the full three-dimensional defect geometry plays a key role in the 

structural response. Duell et al. [4] demonstrated that variations in circumferential defect width significantly 

affect the stress distribution in the steel substrate, although their influence on ultimate burst pressure was 

limited for the cases considered. More recently, Leong et al. [5] showed that increasing defect width leads 

to a reduction in burst capacity, with a variation of 12.51% between configurations. Similarly, Deng et al. 

[6] reported that the combined increase in defect length and width results in a marked decrease in burst 

pressure, reaching up to 31.09% between extreme cases. These findings clearly indicate that defect depth 

alone is insufficient to characterize defect severity [4, 5, 6]. Furthermore, the overall performance of a 

composite repair system depends not only on the external reinforcement, but also on the behaviour of the 

putty material used to restore the damaged profile. Commonly referred to as putty or grout, this material 

ensures geometric continuity in the corroded region, limits local outward deformation, and promotes load 

transfer between the steel substrate and the composite reinforcement. Shamsuddoha et al. [7] highlighted 

that the mechanical and thermal properties of epoxy grouts are critical for their effectiveness as infill 

materials. Their study demonstrated that the grout does not merely fill the damaged area but also provides 

continuous support and actively contributes to load transfer within the repaired system. Therefore, the 

efficiency of a composite repair cannot be dissociated from defect morphology, putty behaviour, and the 

interaction between the different constituents of the structure [3, 7]. 

In light of these considerations, the present work investigates the influence of three-dimensional defect 

geometry on the burst pressure and repair performance of steel pipelines reinforced with composite patches. 

The main goal is to analyse, through three-dimensional finite element modelling, the effect of different 

defect morphologies on stress distribution, critical zone localization, and load-carrying capacity, both 

before and after repair. This study intends to provide a deeper understanding of the role of defect geometry 

and to contribute to the improvement of current design approaches, which are often considered conservative 

in industrial practice. 

II.  MATERIALS AND METHODS 

A - Materials and repair configuration 

Figure 1 shows the three-dimensional model of the repaired steel pipeline, while Table 1 summarizes the 

mechanical properties of the materials used in the numerical model. It should be noted that this study 

investigates the burst pressure of steel pipelines before and after composite repair. The base material 

considered is API 5L Grade B steel, widely used in the oil and gas industry due to its favourable balance 

of mechanical strength, weldability, availability, and cost. In the numerical model, the steel is represented 

using an isotropic elastoplastic constitutive law, with a yield strength of 293.27 MPa and a Young’s 

modulus of 221.37 GPa. These properties are adopted from reference data reported in the literature on 

composite repair of damaged pipelines.  
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Fig 1. Three-dimensional model of the repaired steel pipeline. 

Table 1. Mechanical properties of the materials used in the numerical model. 

Material Young’s Modulus Ultimate Strength ν Strain at Break 

API 5L Grade B steel 221.37 GPa 557.70 MPa 0.30 22% 

Glass/epoxy composite 

(hoop) 14.3 GPa 241.28 MPa 0.33 1.8% 

(axial) 10.1 GPa 169.43 MPa 0.33 - 

(radial) 5.5 GPa - 0.42 - 

Putty 1.80 GPa 39.70 MPa 0.30 6.20% 

The repair system consists of a bidirectional glass/epoxy composite patch (0°/90°), externally bonded to 

the damaged region, and an epoxy putty used to restore the original external profile of the pipe in the defect 

zone. In contrast to broader optimization-based studies, the present work considers a single putty 

formulation to isolate the effect of defect geometry on the structural response of the repaired pipeline. This 

approach enables a clear assessment of the role of defect morphology under constant repair conditions. The 

composite patch is modelled as an external reinforcement with a length of 300 mm and a total thickness of 

3 mm, corresponding to three layers of 1 mm each. This configuration is consistent with composite repair 

systems commonly reported in the literature.  

B - Pipeline geometry and defect configurations 

The pipeline considered in this study has a length of 1200 mm, an outer diameter of 168.3 mm, and a 

wall thickness of 7.11 mm. To evaluate the influence of defect morphology on burst pressure, five three-

dimensional defect geometries were considered, as shown in Figure 2. These configurations were selected 

to represent different degradation patterns, including localized, axial, circumferential, mixed, and 

superficial defects. Therefore, defect 1 (D1) corresponds to a reference configuration commonly used in 

validation studies. Defect 2 (D2) represents a long and narrow axial defect, whereas defect 3 (D3) 

corresponds to an extended circumferential defect. Defect 4 (D4) combines axial and circumferential 

characteristics, while defect 5 (D5) represents a wider but shallower defect. For D1 to D4, the defect depth 

was set to 50% of the wall thickness, whereas a lower depth of 25%t was considered for D5. Table 2 

presents the geometric characteristics of the five defect configurations considered in this study. 
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Fig 2. Three-dimensional defect geometries considered in the study [8]. 

Table 2. Dimensions of the five defect geometries considered. 

Defect Length (mm) Circumferential width (mm) Depth (mm) Description 

D1 100 100 3.56 Reference defect 

D2 200 50 3.56 Long and narrow axial defect 

D3 100 300 3.56 Extended circumferential defect 

D4 150 150 3.56 Mixed axial-circumferential defect 

D5 250 250 1.78 Wide shallow defect 

 

C - Finite element modelling 

A three-dimensional finite element model was developed in Abaqus/Standard to simulate the behaviour 

of an intact pipeline, a defective unrepaired pipeline, and a composite-repaired pipeline under internal 

pressure. The steel pipe and the epoxy putty were discretised using C3D8R solid elements, whereas the 

composite patch was modelled using S4R shell elements. All interfaces between the steel substrate, epoxy 

putty, and composite patch were assumed to be perfectly bonded, in accordance with the ideal repair 

assumption commonly adopted in numerical studies of composite-repaired pipelines. Internal pressure was 

applied progressively through a linear ramp to reproduce quasi-static loading conditions. Burst pressure 

was defined as the maximum internal pressure reached prior to the onset of critical plastic deformation or 

failure, based on the von Mises criterion. Finally, a mesh convergence study was performed prior to the 

final simulations. The adopted mesh consisted of 231,960 elements, with local refinement in the defect 

region to accurately capture stress gradients while maintaining a reasonable computational cost. 

D - Validation strategy and analysis framework 

The reliability of the numerical model was assessed in two successive steps. First, the burst pressures 

obtained for unrepaired defective pipelines were compared with analytical predictions from well-

established assessment procedures, particularly DNV-RP-F101 [9] and, for complementary comparison, 

ASME B31G [10]. This initial stage made it possible to verify whether the model accurately reproduced 

the structural response of the defective pipe prior to repair. Second, the repaired model was validated against 

numerical and experimental reference data reported in the literature. The selected validation case 

corresponded to a defect of 100×100×3.555 mm, equivalent to a 50% wall thickness loss, which is a widely 

used benchmark configuration in studies on composite-repaired pipelines. This two-step validation 

procedure confirmed the reliability of the model for the three structural conditions considered in this study: 

intact, defective unrepaired, and composite-repaired pipelines. After validation, the analysis was extended 

to the five defect geometries described above, while keeping both the composite patch geometry and epoxy 

putty properties unchanged. This approach enabled isolation of the effect of three-dimensional defect 

geometry on stress distribution, burst pressure of the unrepaired pipe, and the overall performance of the 

composite repair system. 
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III. RESULTS 

A - Validation of the numerical model 

Figure 3 shows the von Mises stress distribution for the reference defective pipeline used in the model 

validation. It should be noted that the numerical model was validated in two successive stages to assess its 

reliability. First, the burst pressures predicted by the finite element model for the unrepaired defective 

pipelines were compared with the analytical values obtained from DNV-RP-F101. The discrepancies 

remained limited, ranging from 1.02% to 6.23%, depending on defect geometry. For the reference defect 

(D1), the predicted burst pressure was 28.69 MPa, compared with 28.40 MPa from the analytical model, 

corresponding to a difference of only 1.02%. These results confirm the consistency of the adopted mesh 

strategy and the suitability of the constitutive assumptions used for API 5L Grade B steel. In the second 

stage, validation was extended to the composite-repaired pipeline. The simulation predicted a burst pressure 

of 34.53 MPa, compared with an experimental value of 33.0 MPa, resulting in a relative difference of 

4.63%. The comparison of circumferential pressure–strain curves also showed good agreement with the 

available numerical and experimental reference data. This confirms that the model accurately captures the 

load-transfer mechanism between the steel substrate, epoxy putty, and composite patch. 

Overall, the model successfully reproduced the three structural conditions considered in this study: intact, 

defective unrepaired, and composite-repaired pipelines. The intact pipe reached a burst pressure of 42.93 

MPa, while the presence of the reference defect reduced this value to 28.69 MPa. After repair, the burst 

pressure increased to 34.53 MPa. This trend confirms that the model provides a reliable basis for analysing 

the influence of defect geometry on burst behaviour. 

 

 
Fig 3. Von Mises stress distribution for the reference defective pipeline used in model validation [8]. 

B - Effect of defect geometry on the unrepaired pipeline 

The results obtained for the unrepaired configurations clearly demonstrate the strong influence of three-

dimensional defect geometry on the residual strength of the pipeline. As shown in Figure 4, and taking the 

intact pipe as a reference (42.93 MPa), the predicted burst pressures for D1 to D5 are 28.69 MPa, 27.47 

MPa, 25.32 MPa, 25.90 MPa, and 37.93 MPa, respectively. These values correspond to reductions in burst 

resistance of 33.17%, 36.00%, 41.02%, 39.66%, and 11.65%. 

These findings indicate that defect depth alone is insufficient to characterize defect severity. Although 

defects D1 to D4 share the same depth (3.56 mm), their burst pressures differ significantly, reflecting the 

combined effect of axial length, circumferential width, and overall defect morphology. Among the 

configurations analysed, defect D3 appears as the most critical case, whereas D5 exhibits the most 

favourable response. This ranking confirms that defect geometry strongly governs local stress concentration 

and the reduction of load-carrying capacity prior to repair. Moreover, from a mechanical perspective, this 

sensitivity can be attributed to the non-uniform redistribution of stresses within the remaining steel 

ligament. More severe geometries, particularly those involving greater circumferential extension or more 

complex shapes, promote higher stress concentrations and accelerate the attainment of the failure limit. In 
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contrast, shallower or more uniformly distributed defects allow the pipeline to retain a larger fraction of its 

original strength. 

 

Fig 4. Comparison of burst pressure predicted by DNV-RP-F101 and  (FEM) for defect geometries D1 to D5. 

C - Effect of defect geometry on the repaired pipeline 

To isolate the specific influence of defect geometry on repair performance, all repaired configurations 

were analysed using the same epoxy putty and identical composite patch geometry. Under these conditions, 

the burst pressures associated with the composite patch (PBP) for defects D1 to D5 were 30.64 MPa, 27.33 

MPa, 28.51 MPa, 29.14 MPa, and 35.14 MPa, respectively. The corresponding burst pressures associated 

with the putty material (PuBP) were 33.31 MPa, 31.82 MPa, 33.21 MPa, 33.62 MPa, and 39.52 MPa. 

Therefore, the results shown in Figure 5 demonstrate that composite repair improves burst resistance in 

all cases, although the magnitude of improvement remains strongly dependent on the initial defect 

morphology. Configuration D5 remains the most favourable after repair, whereas D2 and D3 remain the 

most critical. Therefore, although the composite patch and epoxy putty mitigate the effect of the defect, 

they do not eliminate it entirely, as defect geometry continues to govern the mechanical response of the 

repaired pipeline. This trend also indicates that repair efficiency depends not only on the presence of the 

repair system, but also on the manner in which defect geometry governs load transfer between the steel 

substrate, the epoxy putty, and the composite patch. Less severe geometries promote better mechanical 

continuity and more effective mobilisation of the external reinforcement, whereas more severe defects 

sustain localised high-stress regions within the steel substrate. 

 
Fig 5. Dumbbell plot comparing the burst pressure associated with the composite patch (PBP) and the putty material (PuBP) 

for defect geometries D1 to D5. 
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D - Severe defect cases 

To assess the robustness of the repair under more critical conditions, two representative cases with 80% 

wall-thickness loss were analysed for defects D2 and D3, as shown in Figure 6. For the axial defect (D2), 

the burst pressure associated with the composite patch decreased from 27.33 MPa to 21.64 MPa as the 

defect depth increased from 50% to 80%, while the burst pressure associated with the putty decreased from 

31.82 MPa to 24.00 MPa, corresponding to reductions of 20.81% and 24.57%, respectively. For the 

circumferential defect (D3), the burst pressures decreased from 28.51 MPa to 22.14 MPa for PBP and from 

33.21 MPa to 25.32 MPa for PuBP, corresponding to reductions of 22.34% and 23.75%.  

 
Fig 6. Evolution of hoop stress in the remaining steel ligament for moderate-depth (50%t) and severe-depth (80%t) axial and 

circumferential defects [8]. 

The results clearly demonstrate  that increasing defect depth significantly reduces the performance of the 

repaired system, even when the repair configuration remains unchanged. At failure, the maximum hoop 

stress in the remaining steel ligament reached approximately 470 MPa for the axial defect and 460 MPa for 

the circumferential defect, indicating highly stressed critical regions. Although the repair retains a 

protective role, its effectiveness decreases as the metallic load-bearing section becomes increasingly 

reduced. This additional analysis confirms that defect depth remains a major aggravating factor, however, 

it must always be interpreted in conjunction with the three-dimensional morphology of the defect. The same 

increase in depth does not produce identical effects for axial and circumferential defects, further 

highlighting the importance of overall defect geometry in structural integrity assessment. 

E - Mechanical discussion 

The stress fields obtained from the simulations provide insight into the observed trends. In the unrepaired 

pipeline, a pronounced concentration of von Mises stress develops in the vicinity of the defect, with marked 

localisation near its centre and edges. After repair, the epoxy putty restores the external geometric continuity 

of the pipe, while the composite patch contributes to confining the damaged region and redistributing 

stresses. Nevertheless, the validation results indicate that failure initiation remains primarily located in the 

steel substrate rather than in the composite, indicating that the repair mainly acts as a stress-relief and 

failure-delaying mechanism. 

The differences observed among D1, D2, D3, D4, and D5 demonstrate that the effectiveness of stress 

redistribution remains strongly dependent on defect geometry. For more unfavourable defect shapes, load 

transfer between the steel, the putty, and the composite patch becomes less uniform, promoting the 

persistence of local stress concentrations and limiting the overall effectiveness of the repair. In contrast, 

less severe geometries enable a more progressive mobilisation of the repair system and a greater recovery 

of load-carrying capacity. As a result, defect geometry remains the key parameter governing the mechanical 

response of composite-repaired pipelines. 

Accordingly, structural integrity assessment should not rely solely on defect depth, but must also account 

for axial length, circumferential extent, and the overall morphology of the metal-loss region. Such an 
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approach is essential for designing more realistic repair strategies and improving the prediction of burst 

pressure in damaged steel pipelines. 

IV. CONCLUSIONS 

This study investigated the influence of three-dimensional defect geometry on the burst pressure of 

unrepaired and composite-repaired steel pipelines by means of validated finite element modelling. The 

numerical model showed good agreement with analytical, numerical, and experimental reference results, 

with limited discrepancies for the unrepaired cases and a predicted burst pressure of 34.53 MPa for the 

repaired reference case, compared with 33.0 MPa experimentally. This confirms the reliability of the 

adopted modelling strategy for assessing burst behaviour in damaged and repaired steel pipelines.  

The results clearly show that three-dimensional defect geometry has a major influence on the structural 

integrity of the pipeline. For the unrepaired configurations, the burst pressure ranged from 25.32 MPa to 

37.93 MPa, whereas the intact pipeline reached 42.93 MPa. Defect D3 was identified as the most critical 

case, with a maximum reduction of 41.02%, while D5 showed the most favourable behaviour. After repair, 

burst resistance improved significantly in all cases, but the level of improvement remained strongly 

dependent on the initial defect morphology. These observations demonstrate that defect depth alone is not 

sufficient to describe defect severity, and that axial length, circumferential width, and overall defect shape 

must also be considered.  

In summary, the study confirms that defect geometry is a governing parameter in both residual strength 

assessment and composite repair performance. Incorporating three-dimensional defect morphology into 

repair design and burst pressure prediction is therefore essential for developing more realistic and 

mechanically reliable rehabilitation strategies for damaged steel pipelines.  
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