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Abstract 

One of the main causes of pipeline failures is corrosion, which leads to a localized loss of the 

pipe wall thickness and hence compromises the capacity of the pipeline. Composite repair is a 

method to rehabilitate corroded pipelines. Design codes such as ASME PCC-2 are commonly 

used to design the repair thickness. As the predictive accuracy to determine the burst capacity 

of a composite repaired pipeline with existing models is generally poor, the main objective of 

the present thesis is to provide insights on the parameters that affect the burst capacity and 

propose improvements to the prediction of burst capacity of composite repaired corroded 

pipelines. 

The first study investigates the influence of defect width on the burst capacity of corroded 

pipelines repaired with composite materials. Parametric finite element analysis is conducted to 

assess the burst capacities of composite-repaired corroded pipelines containing localized and 

full-circumferential corrosion defects. The analysis reveals that composite-repaired pipes with 

localized defects exhibit considerably lower burst capacities compared to those with full-

circumferential defects. Furthermore, the burst capacity model derived from the ASME PCC-

2 code´s design equation is deemed non-conservative for composite-repaired pipes with 

localized defects based on the parametric finite element analyses. To address this issue, an 

empirical equation for the defect width correction factor is developed, demonstrating its high 

effectiveness in enhancing the predictive accuracy of the PCC-2 burst capacity model. 

The second study addresses the limitations of existing prediction models that fail to account 

for the complexities of composite materials and the impact of defect dimensions on the burst 

capacity of composite-repaired corroded pipelines. An improved equation is proposed to 

enhance the ASME PCC-2 design code's ability to predict the burst capacity of such pipelines 

by incorporating a correction term into the model. To determine the correction term, a machine 

learning model called Gaussian process regression (GPR) is employed, utilizing seven input 

variables. The finite element parametric analysis data is divided into a training set (70%) and 

a test set (30%) using a stratified random approach to ensure equal representation of failure 

modes in both sets. The GPR model is constructed using a squared exponential kernel and a 

zero-mean function based on the training set data. The performance of the model is then 
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evaluated using the test set. Results indicate that the proposed model accurately predicts the 

burst pressure of the validation set with a mean absolute error of 4.0%. In comparison, the 

mean absolute error for the ASME PCC-2 model was 48%, demonstrating a significant 

improvement in accuracy. 

Keywords 

Corroded pipeline; Burst Capacity; Composite repair; Finite element analysis; Gaussian 

Process Regression 
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Summary for Lay Audience 

Pipeline failures often occur due to corrosion, which weakens the pipe and reduces its capacity. 

Composite repair is a method used to fix corroded pipelines. However, current models for 

predicting the strength of repaired pipelines are not very accurate. This thesis aims to improve 

the prediction of burst capacity (maximum pressure it can withstand) for composite-repaired 

corroded pipelines. 

The first study focuses on the width of the corrosion defect. It is found that pipes with localized 

defects repaired using composites have lower burst capacities compared to those with full-

circumferential defects. The existing design equation from the ASME PCC-2 code is found to 

be unreliable for localized defects. To address this, a new equation is developed, correcting for 

the defect width and significantly improving the accuracy of burst capacity prediction. 

The second study addresses the limitations of existing prediction models that don't consider 

the complexities of composite materials and the impact of defect dimensions. An improved 

equation is proposed by incorporating a correction term into the ASME PCC-2 model. To 

determine this correction term, a machine learning model called Gaussian process regression 

(GPR) is used. The GPR model is trained using data from finite element analysis and seven 

input variables. The model's performance is evaluated, and the results show that it accurately 

predicts the burst pressure of the pipeline with a small error of 4.0%. In contrast, the ASME 

PCC-2 model has a much larger error of 48%, indicating a significant improvement in accuracy 

with the proposed model. 
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Chapter 1  

1 Introduction 

1.1 Background 

Buried steel oil and gas pipelines are vital components of the critical infrastructure systems 

in modern societies, spanning thousands of kilometers. However, many pipelines 

worldwide, including those in Canada, are aging and experiencing degradation over time. 

One significant degradation mechanism is corrosion, which causes localized thinning of 

the pipe wall and compromises the pipeline's ability to withstand high operating pressures. 

To address the damage and degradations in pipelines, composite repair is a widely used 

method. It involves applying a composite material to the affected section of the pipe. The 

composite material bonds with the pipe surface, creating a strong protective layer that 

reinforces the pipe and restores its structural integrity. This repair process typically 

involves laying pre-impregnated sheets of glass or carbon fiber on the pipe's exterior and 

curing them on-site. Composite repair is cost-effective, efficient, and durable, as the 

composite material is resistant to corrosion, abrasion, and other forms of wear and tear [1]. 

Composite repairs consist of three basic components: the substrate, putty and fibre 

reinforced polymer (FRP). The substrate is the surface to which the composite repair will 

be applied (i.e. the corroded steel pipeline section); the putty is a filler material used to 

create a smooth surface on top of the substrate, and FRP is the composite material used to 

repair the damaged pipe. The basic design approach of composite-repaired corroded (CRC) 

pipelines is that the hoop stress in the defect area is mechanically transferred from the 

substrate to the FRP sleeve. Results from [2,3] indicate that up to substrate yielding, the 

substrate carries most of the hoop stress due to the steel high elastic’s modulus. After 

yielding, the composite reinforcements starts to carry a more substantial part of the hoop 

stress. 

However, widely used design codes for composite repair, such as ASME PCC-2 [4] and 

ISO 24817 [5], often result in conservative designs. These codes assume full-
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circumferential and infinitely long corrosion defects, underestimating the required 

thickness of the composite repair in certain cases. Finite element analysis (FEA) has proven 

to be an effective tool for predicting the burst capacity of composite-repaired corroded 

pipelines. Various studies have utilized FEA to investigate factors such as temperature 

effects, bonding conditions, and repair dimensions [6, 7, 8, 9]. 

Full-scale tests have also been conducted to examine the burst capacity of CRC pipelines, 

considering different pipe dimensions and defect geometries [6, 7]. These tests have shown 

variations in burst capacity based on the defect type, width, and material properties.  

Existing models for predicting the burst capacity of corroded pipelines, such as the ASME 

B31G and B31G Modified models, consider defect depth and length but ignore defect 

width.  

Since the composite material has reinforcement in a specific direction, it is considered an 

orthotropic elastic material with the plane stress condition. This is defined in Abaqus as 

Lamina. The corresponding stress-strain relationship is given by Eq. (1.1) [7], where εij and 

σij denote the strains and stresses in the local coordinate system of the composite (i, j = 1, 

2); E1 and E2 are Young’s moduli in 1 and 2 directions, respectively; v12 is Poisson’s ratio, 

and G12 = is the shear moduli of the composite material. 

{

𝜀11

𝜀22

𝜀12

} = [

1 𝐸1⁄ −𝜈12 𝐸1⁄ 0

−𝜈12 𝐸1⁄ 1 𝐸2⁄ 0

0 0 1 (𝐺12)⁄
] {

𝜎11

𝜎22

𝜎12

}              (1.1) 

For composite materials, the Tsai-Wu [4] and Hashin [10] damage criteria are the most 

commonly used. The Hashin criterion is considered in this study because it is more 

advantageous than the Tsai-Wu criterion since the former is based on a system of equations 

and considers the failure in both the matrix and the fibre, whereas the latter is based on a 

single failure mode.  Four damage indices are included in the Hashin criterion, i.e. FTCRT, 

FCCRT, MTCRT and MCCRT, corresponding to the fibre tension, fibre compression, 

matrix tension and matrix compression failures, respectively. For CRC pipelines, only 

FTCRT and MTCRT, i.e. fibre and matrix tension failures, are relevant. 
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The design equations consider one failure mode that is in the composite repair and in the 

circumferential direction. Investigations [11] have shown that, depending on the properties 

of the materials and the shape of the defect, three failure modes can occur on composite-

repaired corroded pipelines. These complexities are currently not being considered on the 

existing models and leads to inaccuracies in certain cases. 

1.2 Objective 

The main objectives of this thesis are summarized as follows: 

1) Validate the FEA model assumptions, material characterization and failure modes using 

the results of the full-scale tests in literature. 

2) Investigate the effect that the defect width has on the burst capacity, and the correlation 

between this parameter and the other defect dimensions (defect length and depth) 

3) Quantify the defect width effect and the relation with a CRC pipeline with a full-

circumferential defect 

4) Propose a correction factor to account for the defect width effect on this case 

5) Perform an extensive parametric analysis using the FEA validated model 

6) Developed a machine learning model to predict the burst capacity of CRC pipelines, 

using Gaussian process regression (GPR) and the FEA cases of the parametric analysis 

7) Evaluate the parameters that affect the burst capacity that are currently not considered 

on the prediction model 

 

1.3 Scope 

Given the limitations and inaccuracies in current prediction models, this thesis aims to 

provide insights into the parameters affecting burst capacity and propose improvements to 

predict the burst capacity of composite-repaired corroded pipelines. The main topics are 
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presented in chapters 2 and 3. Chapter 2 presents the validation of the FEA model using 11 

cases of the existing literature, the parametric analysis of 60 cases with different defect 

geometries, and the investigation of the defect width effect on the burst capacities. Based 

on the results, a correction factor is proposed for this scenario. Chapter 3 presents a wider 

parametric analysis (864 FEA cases) where different material properties are considered. 

Then, these cases are divided into a regression set to train the GPR model and a test set for 

validation. Finally, the importance of each input parameter in the calculation of the burst 

capacity is evaluated as well. 

1.4 Thesis format 

This thesis is prepared in an Integrated-Article Format as specified by the School of 

Graduate and Postdoctoral Studies at Western University. Chapter 1 presents a background 

on composite pipeline repair and the existing models limitations. Chapters 2 and 3 are the 

main chapters of the thesis and focus on the investigation of the prediction of the burst 

capacity of CRC pipelines using two different methods. Finally, chapter 4 presents the 

conclusions and recommendations for future studies. 
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Chapter 2  

2 Investigation of the Defect Depth on the Burst 
Composite-Repaired Pipelines with Corrosion Defects 
Using Finite Element Analysis 

2.1 Introduction 

There are thousands of kilometres of buried steel oil and gas pipelines that form a key part 

of the critical infrastructure systems for modern societies.  Many pipelines in Canada and 

around the world have had long service lives and are degrading over time.  A main 

degradation mechanism for steel pipelines is corrosion, which leads to localized loss of the 

pipe wall thickness and hence compromises the capacity of the pipeline to contain the high 

operating pressure.  

Composite repair is a method to rehabilitate pipelines that have suffered damages or 

degradations.  It involves the application of a composite material to the affected pipe 

segment. The composite material is applied to the exterior of the substrate and  is designed 

to bond with the pipe surface, creating a strong, protective layer that can reinforce the pipe 

and restore its structural integrity.  The composite material is usually applied using a hand 

lay-up process of pre-impregnated sheets of glass or carbon fibre and cured on site.  

Composite repair is a cost-effective and efficient method for repairing damaged pipes, as 

it can be applied quickly and with minimal disruption to operations.  It is also a durable 

and long-lasting solution, as the composite material is resistant to corrosion, abrasion and 

other forms of wear and tear [1]. 

According to studies reported in [2, 3], widely used design codes for the composite repair 

such as ASME PCC-2 [4] and ISO 24817 [5] result in conservative designs.  The 

approaches recommended in the ASME code assume that no defect dimension is known 

other than the remaining wall thickness of the substrate.  Therefore, it is assumed in the 

code that the corrosion defect is full-circumferential and infinitely long such that the 

remaining strength of the corroded pipeline is computed as a thin-walled pipe with a 

thickness equal to that of the remaining ligament.  The required strength of the composite 

repair to restore the pipe capacity can then be determined.  However, test results reported 
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by Da Mattos et al. [6] demonstrated that both ASME and ISO codes can lead to the 

required thickness of composite being underestimated in certain cases.  

The finite element analysis (FEA) has been shown in the literature to be an effective tool 

to predict the burst capacity of composite-repaired corroded (CRC) pipelines.  Da Mattos 

et al. [6] used FEA to investigate the temperature effect on the ultimate hoop resistance of 

fibre-reinforced polymer (FRP).  Chan et al. [7] carried out FEA of subsea pipelines 

repaired using carbon fibres. Ali et al. [8] performed full-scale tests and FEA analyses of 

CRC pipe specimens and found a good agreement between the test and FEA results. Chen 

et al. [9] carried out FEA to study the effect of limiting the repair dimension in the hoop 

direction (i.e. using a patch repair instead of a wrap repair) and the bonding conditions.  

Full-scale tests have been conducted to investigate the burst capacity of CRC pipelines 

under internal pressure for different pipe dimensions and defect geometry [2,3,6,7,8,10].  

Duell et al. [3] conducted two full-scale burst tests of CRC pipe specimens with an outside 

diameter of 168 mm, one with a full-circumferential defect and the other with a localized 

defect.  All the other dimensions of both the pipe specimen and composite repair were kept 

the same on the two tests.  The results showed that the burst capacity of the specimen with 

the full circumferential defect is 2% greater than that of the specimen with the localized 

defect.  On the other hand, Kong et al. [10] reported that the burst capacity of a specimen 

with a full-circumferential defect was 23.6% lower than that of the specimen with a 10 mm 

wide defect (all else being the same).  The main difference between the two experiments 

mentioned earlier is the use of a high hoop resistant and high elastic modulus composite 

material in [10], which results in very thin composites that failed due to the transverse 

tension in the matrix rather than the hoop stress in the fibre. 

A corrosion defect on the pipeline is quantified by three dimensions: length in the pipe 

longitudinal direction, width in the pipe circumferential direction and depth in the through 

wall thickness direction.  Well known models to predict the burst capacity of corroded 

pipelines such as the ASME B31G and B31G Modified models [11] take into account the 

defect depth and length but ignore the defect width.  Zhang and Zhou [12] investigated the 
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effect of the defect width on the burst capacity of corroded pipelines and reported that a 

greater defect width leads to a higher burst capacity (all else being the same).  

Previous studies provide insufficient understanding of the defect width effect on the burst 

capacity of CRC pipelines. The objective of this study is to carry out parametric FEA to 

evaluate the impact of the defect width on the burst capacity of CRC pipelines and 

incorporate the defect width effect into the burst capacity model for CRC pipelines to 

improve its accuracy. The study is focused on CRC pipelines that are subjected to internal 

pressure only and contain corrosion defects on the pipe external surface with depths up to 

80% of the pipe wall thickness.  

The rest of the paper is organized as follows.  Section 2.2 presents details of the FEA and 

full-scale burst tests collected from the literature for the validation of the finite element 

model. Section 2.3 presents results of the parametric FEA and the defect width effect on 

the burst capacity of CRC pipelines. Section 2.4 describes the burst capacity model recast 

from the design equation specified in ASME PCC-2 [4] and evaluates the predictive 

accuracy of the model based on results of the parametric FEA. A defect width correction 

factor is proposed to be incorporated in the burst capacity model.  The proposed correction 

factor is also discussed in the context of its practical application in the design and analysis 

of FRP repair of corroded pipelines. Finally, concluding remarks are given in Section 2.5.  

2.2 FEA model 

2.2.1 General 

Composite repairs consist of three basic components: the substrate, putty and FRP. The 

substrate is the surface to which the composite repair will be applied (i.e. the corroded steel 

pipeline section); the putty is a filler material used to create a smooth surface on top of the 

substrate, and FRP is the composite material used to repair the damaged pipe.   
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Figure 2.1: Schematics of CRC pipelines with a localized defects 

Figure 2.1 illustrates the basic components of a CRC pipe section.  In this figure, D is the 

pipe outside diameter; t is the pipe wall thickness; L, w and d denote the defect length, 

width and depth, respectively, and Lrepair and threpair are the length and thickness of the 

composite repair, respectively. 

The basic design approach of CRC pipelines is that the hoop stress in the defect area is 

mechanically transferred from the substrate to the composite sleeve. Results from [13, 14] 

indicate that up to the substrate yielding, the substrate carries most of the hoop stress due 

to the steel’s high elastic modulus. After yielding, the composite reinforcement starts to 

carry a more substantial part of the hoop stress. Fig. 2.2 depicts the change in the von Mises 

stress in the steel in the defect and defect-free areas of a CRC pipe specimen as the internal 

pressure increases. It can be observed that at first (during the elastic response) the steel in 

the defect area is under a higher stress than the steel outside the repair area. Once yielding 

of the steel starts, the composite wrapping the corroded region of the steel adds an external 

pressure to the substrate, which reduces the stress in the steel in this region. 

D
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Figure 2.2 von Mises stress on steel in the defect and outside the repair areas of a 

CRC pipe specimen 

The commercial finite element package Abaqus 2020 is used to carry out FEA in the 

present study. Full-scale tests are collected from the literature and used to validate the finite 

element models including the stress-strain relationships for both steel and FRP, the 

interface boundary conditions between steel and FRP, and the failure criterion adopted to 

determine the burst capacity of the pipeline. To reduce the number of elements and improve 

the computational efficiency, symmetry along the XY plane (i.e. axial direction) is 

considered.  

 

2.2.2 Model Specifics 

The steel is modelled as an isotropic material using the C3D8R solid element (i.e. the 8-

node linear brick element with reduced integration points). The true stress (σ) – true strain 

(ε) relationship of the steel is assumed as follows [12]: 

𝜎 = 𝐸 𝜀    𝜎 <  𝜎𝑦        (2.1) 

𝜎 = 𝐾𝜀𝑛   𝜎 ≥  𝜎𝑦       (2.2) 
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where E is Young’s modulus; σy denotes the yield strength, and K and n are the coefficients 

of the power-law stress-strain relationship in the plastic domain and can be determined 

from the coupon tensile test data. If such test data is unavailable, n can be estimated using 

the following empirical equation proposed in [15]. 

𝑛 = 0.239 (
1

𝜎𝑦 𝜎𝑢𝑡𝑠
′⁄

 −  1)
0.596

        (2.3) 

where σ'uts is the ultimate tensile strength (engineering stress). Eq. (2.4), which is derived 

based on Considere´s criterion [16], can be used to calculate K as, 

𝐾 =
𝑒𝑛

𝑛𝑛 𝜎′𝑢𝑡𝑠           (2.4) 

Fig. 2.3 depicts the finite element model of a CRC pipeline with a representative mesh 

configuration, which has a high mesh density in the defect area and transitions to a low 

mesh density in the defect-free area. The boundary conditions of the model consist of 

translational restrictions in the axial direction at one end of the specimen and symmetry 

boundary conditions on the XY plane. 
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Figure 2.3 Abaqus model of a CRC Pipeline 

Many polymeric materials with high compression strengths are suitable choices for putty. 

In this study, putty is characterized as an isotropic elastic material and modelled using the 

C3D8R element. The properties required for modelling the putty are its elastic modulus 

(Ep) and Poisson’s ratio (vp). A parametric study reported in [9] indicates that the elastic 

modulus of the putty has a minor effect on the burst capacity of the CRC pipeline. 

The composite material or FRP includes a polymer matrix that binds the fibre 

(reinforcement). Mechanical properties of the composite material can be obtained by 

performing mechanical tests on specimens made with the same materials, thickness, 

composition and angle of orientation of the reinforcement. In this study, the composite 

sleeve is modelled using the S4R (4-node curved shell element with reduced integration) 

elements in Abaqus. It is assigned with a composite layup to define the thickness and 

properties of each ply. Fig. 2.4(a) depicts a composite layup for a case with six layers of 

0.52 mm thickness each. Each layer or ply has specific thickness, material, and orientation. 

Fig. 2.4(b) illustrates the axes of the global (i.e. X, Y and Z) and local coordinates (i.e. 1, 
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2 and 3) for the composite layup as a shell element in Abaqus. Note that the local axis 1 is 

in the hoop direction of the pipe (longitudinal direction of the FRP repair), and the local 

axis 2 is in the axial direction of the pipe (transverse direction of the FRP repair).  

 

Figure 2.4 FRP repair model as a composite layup un Abaqus v2020 

Since the composite material has reinforcement in a specific direction, it is considered an 

orthotropic elastic material with the plane stress condition. This is defined in Abaqus as 

Lamina. The corresponding stress-strain relationship is given by Eq. (2.5) [7], where εij and 

σij denote the strains and stresses in the local coordinate system of the composite (i, j = 1, 

2); E1 and E2 are Young’s moduli in 1 and 2 directions, respectively; v12 is Poisson’s ratio, 

and G12 = is the shear moduli of the composite material. 

{

𝜀11

𝜀22

𝜀12

} = [

1 𝐸1⁄ −𝜈12 𝐸1⁄ 0

−𝜈12 𝐸1⁄ 1 𝐸2⁄ 0

0 0 1 (𝐺12)⁄
] {

𝜎11

𝜎22

𝜎12

}              (2.5) 

The material stability for the plane stress condition requires that: 

|𝜈12| < (𝐸1 𝐸2⁄ )
1

2⁄                               (2.6) 

Different criteria have been proposed in the literature to define failure of CRC pipelines in 

FEA. In general, the failure criterion considers failures of the steel substrate and FRP 

(a) Composite layup section (b) Composite layup element 
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repair. For the substrate, [16] has demonstrated the effectiveness of the criterion whereby 

failure is defined as the point at which the maximum nodal von Mises (true) stress within 

the corrosion defect region reaches the true stress corresponding to the ultimate tensile 

strength of the pipe steel. This criterion is adopted in the present study. For FRP, the Tsai-

Wu [13] and Hashin [19] damage criteria are the most commonly used. 

The Hashin criterion is considered in this study because it is more advantageous than the 

Tsai-Wu criterion since the former is based on a system of equations and considers the 

failure in both the matrix and the fibre, whereas the latter is based on a single failure mode.  

Furthermore, the Hashin criterion is a built-in option in Abaqus. Four damage indices are 

included in the Hashin criterion, i.e. FTCRT, FCCRT, MTCRT and MCCRT, 

corresponding to the fibre tension, fibre compression, matrix tension and matrix 

compression failures, respectively. For CRC pipelines, only FTCRT and MTCRT, i.e. fibre 

and matrix tension failures, are relevant. These two indices are calculated as follows:  

FTCRT= (
�̂�11

𝑋𝑇
)

2

+ 𝛼 (
�̂�12

𝑆𝐿
)

2

                         (2.7) 

MTCRT= (
�̂�22

𝑌𝑇
)

2

+ (
𝜎12

𝑆𝐿
)

2

                                 (2.8) 

where �̂�11 (≥ 0),  �̂�22 (≥ 0) and �̂�12 are components of the effective stress tensor;  is a 

coefficient that determines the contribution of the shear stress; XT, YT and SL are the 

longitudinal tensile strength, transverse tensile strength, and longitudinal shear strength of 

FRP, respectively.  If either FTCRT or MTCRT reaches unity, failure of the composite is 

reached. The values of �̂�11,  �̂�22, and �̂�12 are calculated by multiplying the corresponding 

stress tensor components (i.e. 11, 22 and 12) with a damage factor [17]. Prior to any 

damage it can be assumed that �̂�𝑖𝑗 = 𝜎𝑖𝑗 (i, j = 1, 2) [17], which is consistent with the 

analysis carried out in the present study as the analysis ends once damage is initiated. 

Hashin [17] pointed out that Eq. (2.7) can be simplified with an adequate accuracy by 

assuming α = 0, which results in FTCRT being defined by, 

FTCRT= (
�̂�11

𝑋𝑇
)

2

                         (2.9) 
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It follows that failure occurs if �̂�11 equals XT.   

2.2.3 Model validation 

The finite element model described in the previous section is validated based on tests of 

CRC pipe specimens. To this end, a total of eleven specimens are collected from the 

literature.  Table 2.1 summarizes the pipe attributes and sizes of the corrosion defects in 

the specimens.  The properties of the steels and putty materials of the specimens are 

presented in Table 2.2, and properties of the FRP are summarized in Table 2.3. 

Table 2.1 Summary of 11 full-scale tests for validation of the finite element model 

No. Specimen ID 
D 

(mm) 

t 

(mm) 
d/t 

L  

(mm) 

w 

(mm) 

threpair  

(mm) 
Source 

         

1 1 219 12.7 0.5 622 c* 1.8 [7] 

2 1 273 9.3 0.6 152 100 26 [18] 

3 2 324 9.5 0.75 200 150 26 [18] 

4 4 219 6.0 0.6 133 102 6.2 [19] 

5 1 168 7.1 0.5 100 100 3.1 [2] 

6 3 102 2.1 0.5 30 40 5 [20] 

7 C10-LAStress-Tc 168 7.1 0.72 200 10 2.6 [10] 

8 C10-LAStrain-Tc 168 7.1 0.72 200 10 1 [10] 

9 CC-LAStress-Tc 168 7.1 0.72 200 c 2.6 [10] 

10 Axisymmetric 168 7.1 0.5 152 152 3.1 [3] 

11 6x6 168 7.1 0.5 152 c 3.1 [3] 

*: The corrosion defect is full-circumferential (i.e. covers the entire circumference of the pipe) 
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Table 2.2 Properties of steels and putty of the 11 full-scale test specimens 

No. Steel Putty 

σy (MPa) σ’uts (MPa) K (MPa) n Ep (GPa) vp 

1 358 500 711 0.110 8.95 0.24 

2 289 369 526 0.111 3.00 0.28 

3 289 369 526 0.111 3.00 0.28 

4 305 520 700 0.158 3.30 0.37 

5 293 503 786 0.183 18.93 0.28 

6 242 482 860 0.238 1.43 0.15 

7 300 450 693 0.155 1.80 0.28 

8 300 450 693 0.155 1.80 0.28 

9 300 450 693 0.155 1.80 0.28 

10 300 560 995 0.220 1.74 0.45 

11 300 560 995 0.220 1.74 0.45 

 

Table 2.3 Properties of materials used for composite repair on the full-scale tests 

used for validation 

No. Fibre type E1 

(GPa) 

E2 

(GPa) 

v12 G12 

(MPa) 

XT 

(MPa) 

YT 

(MPa) 

SL 

(MPa) 

1 Carbon fibre 141 14.1 0.34 75.46 1128 27 80 

2 Glass fibre 30 6 0.28 3.2 300 35 72 

3 Glass fibre 30 6 0.28 3.2 300 35 72 

4 Glass fibre 48.47 6.8 0.1 3.2 678 34.4 45.8 

5 Glass fibre 14.32 10.1 0.28 3.2 241 35 72 

6 Glass fibre 17 5 0.189 2.72 510 35 72 

7 Carbon fibre 250 7.2 0.362 4500 2800 28 49 

8 Carbon fibre 250 7.2 0.362 4500 2800 28 49 

9 Carbon fibre 250 7.2 0.362 4500 2800 28 49 

10 Carbon fibre 49 23.4 0.43 690 576 27 80 

11 Carbon fibre 49 23.4 0.43 690 576 27 80 
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For the validated model, a comprehensive mesh analysis was conducted to ensure optimal 

mesh sizing across various sections of the model. Mesh adequacy was established by 

considering cases where transitioning to a finer mesh yielded a change of less than 0.5%. 

The initial step involved determining the steel's maximum mesh size, both within the repair 

zone and on the defect area, where a finer mesh was deemed necessary. Utilizing these two 

values, a seamless transition was formulated. Subsequently, an evaluation of the putty's 

mesh size was performed, accounting for its impact on the FRP component. The objective 

was to accurately simulate load transfer to the FRP, necessitating a well-fitted putty mesh. 

Lastly, the mesh size of the composite repair was evaluated.  

The FEA-predicted and actual burst capacities (PFEA and Ptest) for the 11 specimens are 

summarized in Table 4, together with the observed failure modes of the specimens obtained 

from the respective sources.  As show in Table 2.4, the mean and coefficient of variation 

(COV) of Ptest/PFEA for the 11 specimens are 1.01 and 3.5%, respectively. Furthermore, the 

predicted failure modes agree with the observed failure modes for all 11 specimens. These 

results provide a strong validation of the finite element model and failure criteria employed 

in the present study.  As an example, Figs. 2.5(a), 2.5(b) and 2.5(c) depict, respectively, 

the fibre tension (FTCRT), matrix tension (MTCRT) and steel failure modes for specimens 

#7, #8 and #9 predicted by FEA, which agree with the actual failure modes as depicted in 

Fig. 7 of Ref. [10].  

Table 2.4 Validation of FEA model using available full-scale tests 

No. Ptest 

(MPa) 

PFEA 

(MPa) 

Ptest/PFEA Observed failure mode 

1 53.5 53.9 0.99 FTCRT (fibre tension) 

2 30.0 30.3 1.04 Steel (outside repair) 

3 24.4 24.1 1.04 FTCRT  

4 29.1 27.7 1.05 FTCRT  

5 33.0 34.1 0.97 FTCRT  

6 18.0 18.8 0.96 FTCRT 

7 42.5 44.0 0.97 FTCRT 

8 47.8 47.0 1.02 Steel 
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9 36.5 34.4 1.06 MTCRT (matrix tension) 

10 43.8 42.7 1.03 FTCRT  

11 43.1 43.1 1.00 FTCRT 

Mean   1.01  

COV   3.5%  
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Figure 2.5 Three failure modes found on full-scale tests of CRC pipelines 

(a) Fibre tension failure mode (FTCRT) 

(b) Matrix tension failure mode (MTCRT) 

(c) Steel failure outside the FRP repair 
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2.3 Effect of defect width on burst capacity of CRC 
pipelines 

2.3.1 Parametric FEA cases 

The pipe considered in the parametric analysis has D = 457 mm and t = 7.11 mm, and the 

yield and tensile strengths (σ'uts) of the pipe steel are assumed to be 455 and 631 MPa, 

respectively.  The value of E is assumed to be 2.1 × 105 MPa, and coefficients of the stress-

strain relationship in the plastic domain, K and n, are estimated to be 799 MPa and 0.104 

using Eqs. (2.3) and (2.4), respectively.  The normalized defect depth (d’ = d/t) is assumed 

to be 0.3, 0.5 or 0.7; the normalized defect length (L’ = L2/(Dt)) is assumed to be 0.5, 2, 5 

or 20, and the normalized defect width (w’ = w2/(Dt)) is also assumed to be 0.5, 2, 5 or 20.  

This results in a total of 48 localized defects with different combinations of the depth, 

length and width. For each combination of the defect depth and length, a full 

circumferential defect is included for comparison.  This results in a total of 12 cases with 

full circumferential defects.  

The material used for the composite repair is assumed to be an epoxy polymer with 

fibreglass reinforcement. The elastic moduli in the hoop (E1) and axial (E2) directions of 

the composite material are assumed to be 10.5 GPa and 1.05 GPa respectively. The shear 

modulus G12 is 3.2 GPa as commonly reported in literature for fibreglass. The longitudinal 

tensile strength (i.e. in the hoop direction) (XT) is assumed to be 105 MPa, which 

corresponds to a failure strain of 1.0% [3, 10, 13]. The transverse tensile strength and 

longitudinal shear strength (SL and YT) are assumed to be 35 and 72 MPa respectively [21]. 

The putty is assumed to have an elastic modulus (Ep) of 2400 MPa and Poisson’s ratio (vp) 

of 0.28.  The Hashin failure criterion for FRP is adopted. 

2.3.2 Results 

The predicted burst capacity of a pipe with a full circumferential defect (Pcirc) is used as 

the basis to quantify the width effect on the burst capacity of pipes with localized defects 

(Pw). Fig. 2.6 depicts Pw/Pcirc as a function of the normalized width of the localized defect. 

Fig. 2.6 indicates that the burst capacity of a CRC pipe with a localized defect is lower than 

that of the CRC pipe with a full circumferential defect of the same depth and length.  The 
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values of Pw/Pcirc range between 0.52 and 0.92 depending on the depth, length and width 

of the localized defect.  It can be observed from Fig. 2.6 that the reduction in the burst 

capacity due to the width effect is greater for deeper defects. 

 

Figure 2.6 Width effect on the burst capacity of CRC pipelines 

If the defect is short (e.g. L’ = 0.5), Pw/Pcirc corresponding to the same d’ is practically the 

same for different values of w’.  For long and deep defects (e.g. L' = 20 and d’ = 0.7), 

Pw/Pcirc decreases from 0.6 to 0.52, i.e. a decrease of 13% in the burst capacity, as w’ 

decreases from 20 to 0.5. This decrease in the burst capacity is explained using Fig. 2.7. 
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Fig. 2.7 compares the von Mises (VM) stresses in the substrate and hoop strains in the 

composite repair of two CRC pipes, one with a localized defect with w’ = 5 and one with 

a full circumferential defect.  For both pipes, d’ = 0.5, L’ = 5, and the internal pressure is 

13.5 MPa. 

 

 

 

Figure 2.7 Stress and strain distribution on a CRC pipeline with a circumferential 

and a localized defect 

Figs. 2.7(a) and 2.7(b) show that the stress and strain in the substrate of a CRC pipeline 

with a full circumferential defect distributes uniformly without concentrations. On the 

other hand, Figs. 2.7(d) and 2.7(e) show that on a CRC pipeline with a localized defect, the 

stress and strain in the substrate are concentrated at the edges of the defect, which is due to 

bulging and causes high stress and strain in the FRP. 

(a) VM stress on substrate 

for full-circumferential case 

(b) Hoop strain on  substrate 

for full-circumferential case 

(c) Hoop strain on FRP repair 

for full-circumferential case 

(d) VM stress on substrate 

for localized defect case 

(e) Hoop strain on 

substrate for localized 

defect case 

(f) Hoop strain on FRP repair 

for localized defect case 
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Figs. 2.7(b) and 2.7(e) show that at the same internal pressure, the maximum strain in the 

substrate of the specimen with the localized defect is markedly higher than that of the 

specimen with the full circumferential defect as the former specimen undergoes more 

significant bulging than the latter.  As a result of the bulging, the hoop strain and stress of 

the composite repair, which govern its failure, are markedly higher in the pipe with the 

localized defect than those in the pipe with the full circumferential defect.  Figs. 2.7(c) and 

2.7(f) show that at the same internal pressure, the hoop strain in the composite of the CRC 

pipe with a localized defect is more than twice that of the CRC pipe with the full 

circumferential defect.  Fig. 2.8 depicts the maximum hoop stresses in the composite repair 

for four CRC pipes containing localized defects with w’ equal to 0.5, 2, 5 and 20, 

respectively, at the internal pressure of 13.5 MPa, and a CRC pipe containing a full 

circumferential defect at the same internal pressure.  This figure clearly shows that the 

maximum hoop stress in the composite decreases, i.e. due to less severe bulging, as w’ 

increases for the pipes with localized defects.  The maximum hoop stress in the composite 

of the pipe with the full circumferential defect is the lowest of the five pipes considered. 

The results suggest that the composite repair is more effective for pipes with full 

circumferential defects than for those with localized defects.   

 

Figure 2.8 Comparison between the hoop stresses in FRP at the same pressure in 

localized and full-circumferential defects under the same conditions 
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2.4 Incorporation of the width effect on burst capacity 
model 

2.4.1 Burst capacity of ASME PCC-2 designed CRC pipelines 

Part 4 of the ASME PCC-2 code [4] includes two approaches to calculate the minimum 

thickness of FRP repair for CRC pipelines. The first approach assumes that the only defect 

dimension known is the defect depth.  It further assumes that the substrate is elastic-

perfectly plastic and yields when the burst capacity of the CRC pipe is reached.  The second 

approach is based on the well-known ASME B31G model for calculating the burst capacity 

of a corroded pipeline by taking into account the defect depth and length in the calculation.  

The first approach is considered in the present study.  By recasting the design equation to 

predict the burst capacity, the burst capacity based on the ASME PCC-2 code, PPCC-2, is 

written as 

𝑃𝑃𝐶𝐶−2 =
2

𝐷
(𝑡ℎ𝑟𝑒𝑝𝑎𝑖𝑟𝑋𝑇 + 𝜎𝑦𝑡𝑠)        (2.10)  

where ts = t – d is the remaining thickness of the substrate on the defect area.  Eq. (2.10) is 

derived based on the well-known Barlow equation by considering the contributions of the 

composite (i.e. the threpairXT term in Eq. (2.10)) and the substrate (i.e. the yts term in Eq. 

(2.10)) to the burst capacity.  

2.4.2 Accuracy of ASME PCC-2 model based on FEA results 

The parametric FEA results presented in the previous section are used to evaluate the 

accuracy of the burst capacity model, i.e. Eq. (2.10), derived based on the ASME PCC-2 

recommendation.  Figure 2.9 depicts PFEA/PPCC-2 for the 60 FEA cases of localized and full 

circumferential defects described in Section 2.3.1.  The figure clearly shows that Eq. (2.10) 

is accurate for full-circumferential defects but can be markedly non-conservative for 

localized defects. The mean and COV of PFEA/PPCC-2 for the cases with localized defects 

and full-circumferential defects, respectively, are summarized in Table 2.5, which clearly 

indicates the inadequacy of PPCC-2 for cases with localized defects.  
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Figure 2.9 Accuracy of ASME PCC-2 equation to predict burst capacity for 

localized and full-circumferential defects 

Table 2.5 Mean and COV of PFEA/PPCC-2 for the 60 FEA cases 
  

Localized defects  

(48 cases) 

Full circumferential defects 

(12 cases) 

PFEA/PPCC-2 
Mean 1.46 0.97 

COV 0.39 0.04 

Equation (2.10) is further applied to the 9 full-scale tests that are included in Table 2.4 and 

failed on the FRP repair (i.e. excluding those that failed on the substrate). The results are 

shown in Table 6, which clearly indicates that Eq. (2.10) is inadequate for localized defects. 

Table 2.6 Accuracy of the PCC-2 model in comparison with the full-scale tests 
  

Localized defects  

Ptest/PPCC-2 
Mean 1.43 

COV 0.86 
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2.4.3 Defect width correction factor 

Given the results shown in Fig. 2.9 and Table 2.5, a defect width correction factor (fw) is 

proposed for PPCC-2 to improve its predictive accuracy for the localized corrosion defect.  

The results presented in Section 2.3 indicate that Pw/Pcirc depends on the normalized defect 

depth, length and width.  The following empirical equation is developed to compute fw 

based on nonlinear regression analyses of the Pw/Pcirc ratios obtained from the parametric 

FEA cases:  

𝑓𝑤 =  [(1.05 − 0.6 𝑑´) + (0.01(𝑤´𝐿´)0.35)] (
1+0.0005(1−𝑑´)𝐿´2

(𝑤´)0.05 )      (2.11)  

The presented correction factor is applicable to CRC pipelines containing localized defects 

with 0.3 ≤ d’ ≤ 0.7, 0.5 ≤ L’ ≤ 20, and 0.5 ≤ w’ ≤ 20, and repaired with unidirectional glass 

fibre.  Figure 2.10 shows that Eq. (2.11)  fits well the values of Pw/Pcirc for the 48 parametric 

FEA cases with localized defects.  
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Figure 2.10 Predicted and FEA results of width effect on burst capacity of localized 

defects 

A new burst capacity model, PPCC2-w, is then proposed by incorporating the defect width 

correction factor; that is, PPCC2-w = fwPPCC-2, where fw is given by Eq. (2.11).  The mean and 

COV of PFEA/PPCC2-w for the 48 parametric FEA cases are summarized in Table 2.7.  

Furthermore, PFEA are compared with PPCC2-w and PPCC2 for the 60 parametric cases in Fig. 

2.11.  The results in Table 2.7 and Fig. 2.11 show that the predictive accuracy of the PCC2-

w model is markedly higher than that of the PCC-2 model.  
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Table 2.7 Comparison of the predictive accuracy of the PCC-2 and PCC2-w models 

for the 60 parametric FEA cases 

 PFEA /PPCC-2 PFEA /PPCC2-w 

Mean 1.46 0.97 

COV 0.39 0.14 

 

 

Figure 2.11 Comparison of PPCC-2 with PFEA and PPCC2-w with PFEA for the 60 

parametric FEA cases 

2.5 Conclusions 

In this chapter, parametric FEA is carried out to investigate the effect of the corrosion 

defect width on the burst capacity of CRC pipelines. Full-scale burst tests of CRC pipe 

specimens reported in the literature are used to validate the finite element model.  The 

analysis results indicate that the burst capacity of a CRC pipeline with a localized corrosion 

defect is markedly lower than that of a CRC pipeline with a full-circumferential defect of 

the same depth and length.  The reduction in the burst capacity is greater for deeper defects.  

The reduction is due to the significant bulging response under internal pressure for 

pipelines containing localized corrosion defect.   
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The burst capacity model derived from the design equation recommended in the ASME 

PCC-2 code is found to be markedly non-conservative for CRC pipelines containing 

localized corrosion defects based on a comparison with results from the parametric FEA.  

An empirical equation for the defect width correction factor is then developed from non-

linear regression analyses and applied to the prediction by the PCC-2 model.  It is 

demonstrated that the predictive accuracy of the PCC-2 model after the application of the 

width correction factor is markedly improved.   
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Chapter 3  

3 Development of an enhanced model to predict the burst 
capacity of composite repaired corroded pipelines using 
Gaussian process regression 

3.1 Introduction 

Oil and gas pipelines play a crucial role in the transportation of energy resources 

worldwide. Corrosion is a significant threat to the integrity and can lead to leaks and 

ruptures of pipelines. Composite repair systems have been developed to repair and 

reinforce corroded pipelines. However, predicting the burst capacity of composite repaired 

corroded (CRC) pipelines is challenging due to the complexity of composite materials and 

the different defect dimensions, especially when high elastic modulus materials such as 

carbon fibre are incorporated. Existing prediction models and design equations often fail 

to account for these complexities and can result in inaccurate burst capacity predictions [1, 

2, 3]. 

The rehabilitation of corroded pipelines using composite materials consists of placing the 

composite material in layers over the external wall of the corroded section of the pipe. The 

composite material used in this application is fibre reinforced polymer (FRP), which 

consists of fibre reinforcements (i.e. fiberglass or carbon fibre) in a polymer matrix. This 

type of repair provides a durable, corrosion resistant and economical solution to extend the 

service life of pipelines. The required thickness (threpair) and length (Lrepair) of the 

composite can be determined using standards such as ISO 24817 [4] and ASME PCC-2 

[5]. The ASME PCC-2 design code includes an equation to calculate the minimum 

thickness of a composite repair. This equation can be recast to calculate the maximum 

pressure (i.e. burst capacity) that can be resisted for a given repair thickness. According to 

some studies [1, 6], these codes result in conservative designs for certain cases. On the 

other hand, Da Mattos et al [6] showed that they can also lead to over-prediction of the 

burst capacity of the CRC pipeline.  

The objective of this study is to investigate the parameters that affect the accuracy of the 

ASME PCC-2 equation for predicting the burst capacity of CRC pipelines and to develop 



33 

 

a correction factor that accounts for such effects. This is achieved by incorporating a 

correction term estimated using a machine learning model, Gaussian Process Regression 

(GPR), and  burst capacities obtained from extensive parametric finite element analyses 

(FEA).  

FEA has been employed to predict the burst capacity of CRC pipelines and shown to be 

accurate when compared with results of full-scale burst tests [6, 8, 9, 10].  Since there is 

not enough data from full scale tests available in existing literature to use as a training set 

for GPR, the full-scale tests are used to validate the FEA model, and an extensive 

parametric analysis involving a large number of analysis cases is carried out. The results 

of 864 FEA cases are used to train and test the GPR model.  

The rest of the paper is organized as follows.  Section 2 describes the FEA model used in 

this study and its validation using full-scale tests collected from literature. Section 3 

presents the parametric analysis cases and compares the burst capacities of these cases 

predicted using FEA and the burst capacity model derived from the ASME PCC-2 design 

code. The application of GPR is described in Section 4. The GPR model is built using a 

squared exponential kernel and a zero-mean function with seven input variables based on 

the input and the observed results from the parametric analysis. We present the results of 

the model and the improvement achieved on the test set for validation. Section 5 presents 

concluding remarks.  

3.2 FEA model 

3.2.1 General 

The FEA model of a CRC pipeline has three components: the corroded steel pipeline 

section (hereafter called the substrate), the putty that fills the defect void, and the FRP 

repair. The commercial package Abaqus 2020 is used to develop models of CRC pipelines 

and simulate their responses under internal pressure until failure is reached. Figs. 3.1(a) 

and 3.1(b) show the three components of the CRC pipeline modelled in Abaqus. The 

substrate, FRP and putty are shown in red, green, yellow, respectively. Fig. 3.1(c) depicts 

the model on Abaqus of a CRC pipeline with the putty placed on the void of the defect and 

the composite wrapped around the defect. 



34 

 

 

Figure 3.1 Abaqus model of a CRC pipeline 

 The validity of the FEA model has been verified in the previous chapter using 11 cases of 

full-scale tests of CRC pipelines reported in the literature.  

3.2.2 Model Specifics 

The steel is modelled as an isotropic material using the C3D8R solid element (i.e. the 8-

node linear brick element with reduced integration points). The true stress (σ) – true strain 

(ε) relationship of the steel is assumed to be as follows [11]: 

𝜎 = 𝐸 𝜀    𝜎 <  𝜎𝑦        (3.1) 

𝜎 = 𝐾𝜀𝑛   𝜎 ≥  𝜎𝑦       (3.2) 

(a) Substrate

 

  

(b) Composite repair and putty

   

(c) CRC pipeline 
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where E is Young’s modulus; σy denotes the yield strength, and K and n are the coefficients 

of the power-law stress-strain relationship in the plastic domain and can be determined 

from the coupon tensile test data. If such test data are unavailable, n can be estimated using 

the following empirical equation proposed in [12]. 

𝑛 = 0.239 (
1

𝜎𝑦 𝜎𝑢𝑡𝑠
′⁄

 −  1)
0.596

        (3.3) 

where σ'uts is the ultimate tensile strength. Finally, Eq. (3.4), which is derived based on 

Considere´s criterion [13], can be used to calculate K. 

𝐾 =
𝑒𝑛

𝑛𝑛 𝜎′𝑢𝑡𝑠           (3.4) 

Many polymeric materials with high compression strengths are suitable choices for putty. 

In this study, putty is characterized as an isotropic elastic material and modelled using the 

C3D8R element.  The properties required for modelling the putty are its elastic modulus 

(Ep) and Poisson’s ratio (vp). A parametric study reported in [10] indicates that the elastic 

modulus of the putty has a minor effect on the burst capacity of the CRC pipeline. 

The composite material or FRP includes a polymer matrix that binds the fibre 

(reinforcement). Mechanical properties of the composite material can be obtained by 

performing mechanical tests on specimens made with the same materials, thickness layers, 

composition (%) and angle of orientation of the reinforcement. The composite sleeve is 

modelled using the S4R (4-node curved shell element with reduced integration) elements 

in Abaqus. It is assigned with a composite layup to define the thickness and properties of 

each ply. The global axis of the model are defined as X, Y and Z, and the local coordinates 

for the composite layup are defined as 1,2 and 3 on the shell element in Abaqus. Where the 

local axis 1 is in the hoop direction of the pipe (longitudinal direction of the FRP repair), 

the local axis 2 is in the axial direction of the pipe (transverse direction of the FRP repair) 

and local axis is in the direction normal to the shell element. 

Since the composite material has reinforcement in a specific direction (i.e. in axis 1), it is 

considered an orthotropic elastic material with the plane stress condition. This is defined 
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in Abaqus as Lamina. The corresponding stress-strain relationship is given by Eq. (3.5) [8], 

where εij and σij denote the strains and stresses in the local coordinate system of the 

composite (i, j = 1, 2). 

{

𝜀11

𝜀22

𝜀12

} = [

1 𝐸1⁄ −𝜈12 𝐸1⁄ 0

−𝜈12 𝐸1⁄ 1 𝐸2⁄ 0

0 0 1 𝐺12⁄
] {

𝜎11

𝜎22

𝜏12

}              (3.5) 

The material stability for the plane stress condition requires that: 

|𝜈12| < (𝐸1 𝐸2⁄ )
1

2⁄                               (3.6) 

Different criteria have been proposed in the literature to define failure of CRC pipelines in 

FEA. In general, the failure criterion considers failures of the steel substrate and FRP 

repair. For the substrate, failure is defined as the point at which the maximum nodal von 

Mises true stress within the corrosion defect region reaches the true stress corresponding 

to the ultimate tensile strength [11]. For FRP, the Tsai-Wu [14] and Hashin [15] damage 

criteria are the most used in the literature. 

The Hashin criterion is considered in this study because it is more advantageous than the 

Tsai-Wu criterion since the former is based on a system of equations and considers the 

failure on both the matrix and the fibre, while the latter is based on a single failure mode.  

Furthermore, the Hashin criterion is a built-in option in Abaqus.  Four damage indices are 

included in the Hashin criterion, i.e. FTCRT, FCCRT, MTCRT and MCCRT, 

corresponding to the fibre tension, fibre compression, matrix tension and matrix 

compression failures, respectively. For CRC pipelines, only FTCRT and MTCRT, i.e. fibre 

and matrix tension failures, are relevant. These two indices are calculated as follows: using 

the tensile and shear stresses obtained from FEA and the material resistances in three 

directions: XT (longitudinal tensile strength), YT (transverse tensile strength) and SL 

(longitudinal shear strength).  

FTCRT= (
�̂�11

𝑋𝑇
)

2

+ 𝛼 (
�̂�12

𝑆𝐿
)

2

                         (3.7) 
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MTCRT= (
�̂�22

𝑌𝑇
)

2

+ (
�̂�12

𝑆𝐿
)

2

                              (3.8) 

where �̂�11 (≥ 0),  �̂�22, (≥ 0) and �̂�12 are components of the effective stress tensor; 𝛼 is a 

coefficient that determines the contribution of the shear stress; XT, YT and SL are the 

longitudinal tensile strength, transverse tensile strength, and longitudinal shear strength of 

FRP, respectively.  If either FTCRT or MTCRT reaches unity, failure of the composite is 

reached. The values of �̂�11,  �̂�22, and �̂�12 are calculated by multiplying the corresponding 

stress tensor components (i.e. 𝜎11, 𝜎22 and 𝜎12) with a damage factor [15]. Prior to any 

damage it can be assumed that �̂� = 𝜎 [19], which is consistent with the analysis carried out 

in the present study as the analysis ends once damage is initiated.  Hashin pointed out that 

Eq. (3.7) can be simplified with an adequate accuracy by assuming α = 0, which results in 

FTCRT being defined by, 

FTCRT= (
�̂�11

𝑋𝑇
)

2

                         (3.9) 

It follows that failure will occur if �̂�11 equals XT.  Opposed to matrix failure modes that go 

parallel to the direction of the fibre. Fibre failure modes corresponds to failure of the FRP 

on the direction of the reinforcement, these can be identified when the rupture goes through 

the fibre. 

3.3 Burst capacity model and parametric FEA 

3.3.1 ASME PCC-2 model 

In part 4 of the ASME PCC-2 code [5], two approaches are provided to calculate the 

minimum thickness of the FRP repair for CRC pipelines. The first one is provided for 

designs where the substrate is expected to yield, while the second one focuses on cases 

where yielding is not expected. This study focuses on the first approach, which is the most 

common scenario and used equation in the literature. This method considers that the defect 

depth (d) is the only known defect dimension and that the substrate behaves in an elastic-

perfectly plastic manner, yielding when the burst capacity of the CRC pipe is reached. To 
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apply the first approach, the burst capacity prediction equation based on the ASME PCC-

2 code can be recast as follows: 

𝑃𝑃𝐶𝐶−2 =
2

𝐷
(𝑡ℎ𝑟𝑒𝑝𝑎𝑖𝑟𝑋𝑇 + 𝜎𝑦𝑡𝑠´)        (3.10)  

where ts represents the remaining thickness of the substrate material on the defect area, (i.e. 

ts' = t – d). Equation (3.10) is derived based on the well-known Barlow equation, which is 

commonly used to calculate the burst pressure of pipes. However, in this case, the equation 

is extended by considering the contributions of both the composite and the substrate to 

withstand the pressure. The term threpairXT accounts for the contribution of the FRP repair 

to the burst capacity, and the term σyts' accounts for the capacity of the substrate. 

3.3.2 Parametric analysis cases 

The dimensions and properties of the pipelines as well as the repair dimensions and 

material properties of the cases considered in the parametric analysis are summarized in 

this section. These are representative of specimens found in full-scale tests documented in 

the literature, as well as those of in-service oil and gas transmission pipelines. 

For the analysis, a pipe model with an outside diameter (D) of 457 mm, a thickness (t) of 

7.11 mm, and a steel grade of X60 is used. The assumed yield strength (σy) is 455 MPa. 

Two yield to tensile strength ratios (σy/σ’uts) are considered: 0.8 and 0.765. The coefficients 

of the stress-strain relationship in the plastic domain, K and n, were estimated using Eqs. 

(3) and (4) corresponding to the two yield to tensile strength ratios. The composite repair 

material is assumed to be an epoxy polymer with fiberglass reinforcement. The elastic 

modulus in the hoop direction of the composite material (E1) is assumed to be 0.05E, 0.2E, 

and 0.5E (i.e. 10.5, 42, and 105 GPa), and the elastic modulus in the axial direction (E2) is 

1.05, 4.2 and 10.5 GPa, based on information in the literature [3,6,7,8] for unidirectional 

fibre composite repairs. Failure of the composite in the hoop direction is assumed to occur 

at a hoop strain (εhc) of 0.01 [6, 19]. Consequently, the tensile strength in the hoop direction 

(XT = εhcE1) is 105, 420 and 150 MPa, respectively for every corresponding value of the 

elastic modulus. The Hashin resistances of unidirectional fiber-reinforced composite 
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materials for glass-epoxy, as reported in [20], are adopted (i.e. YT and SL are assumed as 35 

and 72 MPa, respectively).  

The repair thickness (threpair) was calculated as 0.5, 1, and 1.5 times the ASME PCC-2 

design calculated repair thickness of the pristine pipe section thpcc2 for a pressure equal to 

the predicted capacity (i.e. PPCC-2 = 20 MPa). The putty used has an elastic modulus (Ep) 

of 2400 MPa and a Poisson's ratio (vp) of 0.28 [19]. Let d, L and w denote the depth (in the 

through wall thickness direction), length (in the pipe longitudinal direction) and width (in 

the pipe circumferential direction) of the corrosion defect, respectively. The normalized 

depths of the defect (d’ = d/t) considered are 0.3, 0.5, and 0.7. The normalized defect 

lengths (L’ = L2/(Dt)) and normalized defect widths (w' = w2/(Dt)) are set to 0.5, 2, 5, and 

20. This results in a total of 48 defect dimensions. With the different properties of the pipe 

steel and composite repair,  there are a total of 864 analysis cases considered in the 

parametric FEA. 

3.3.3 Observations from parametric FEA 

The burst capacities of the 864 parametric analysis cases described in the previous section 

are computed using FEA and used as the benchmark to evaluate the accuracy of Eq. (3.12) 

(referred to as the PCC-2 model hereafter). Figure 3.1 compares the burst capacities 

predicted by the PCC-2 model (PPCC-2) and FEA (PFEA). Figs. 3.1(a), 3.1(b) and 3.1(c) show 

the results for E1 equal to 0.05E, 0.2E and 0.5E, respectively.  The figure indicates that the 

higher E1, the greater is the degree of inaccuracy of the PCC-2 model. 

The mean value of PPCC-2/PFEA for the 864 cases is 1.52, and the coefficient of variation 

(COV) equals 0.48.  This indicates that the PCC-2 model in general markedly 

overestimates the burst capacity of CRC pipelines.  Fig. 3.1(a) suggests that for cases with 

low elastic modulus (and low XT), failure occurs only along the longitudinal direction of 

the repair (i.e. failure mode: HSNFTCRT). For cases with higher elastic modulus, such as 

those shown in Fig. 1(b) and especially Fig. 3.1(c), both failure modes on the composite 

repair occur, including HSNFTCRT and failure due to tension on the matrix (i.e. 

HSNMTCRT). These results suggest that the accurate prediction of the burst capacity of 

CRC pipelines can be a sophisticated process. 
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Figure 3.2 Accuracy of the PCC-2 model for different elastic modulus 

To improve the PCC-2 model accuracy to predict the burst capacity of CRC pipelines, the 

GPR model is set to predict the ratio PPCC-2/PFEA (that represents the error or correction 

needed on the prediction when we take the FEA-predicted burst capacity as benchmark). 

For this purpose, it uses the input variables described on Section 3.4 and the PPCC-2/PFEA 

ratio on each case to predict the correction factor (fGPR) for the regression set. The 

correction factor, which accounts for the seven input variables that correlate to the burst 

capacity of the pipe and are not included on the PCC-2 equation, is incorporated in the 
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existing PCC-2 model to propose a new model based on the results of the GPR (PGPR), 

expressed as: 

 𝑃𝐺𝑃𝑅 = 𝑃𝑃𝐶𝐶−2 (1 𝑓𝐺𝑃𝑅⁄ )        (3.11) 

3.4 Gaussian process regression 

3.4.1 General 

The following section provides an overview of Gaussian process regression (GPR),  

focusing on the squared exponential kernel with a zero-prior mean, and its potential in 

predicting a correction factor to improve the accuracy of the PCC-2 model.  

In GPR, we consider a set of input variables represented by the vector x = {x1, x2, …, xs} 

where s represents the number of input variables (7 in this case). Eq. (3.14) shows the 7 

input variables selected for this analysis; these are normalized to improve the model 

performance avoiding using different units. The scalar output, denoted as Y, is a function 

of the 7-dimensional vector of input variables. [21] 

𝐱𝒊 = {𝑥𝑖1, 𝑥𝑖2, 𝑥𝑖3, 𝑥𝑖4, 𝑥𝑖5, 𝑥𝑖6, 𝑥𝑖7} = {
𝑑

𝑡
,

𝐿2

𝐷𝑡
,

𝑤2

𝐷𝑡
,

𝑡𝑟𝑒𝑝𝑎𝑖𝑟

𝑡𝑝𝑐𝑐
,

𝐸𝑐

𝐸
,

𝑌

𝑇
,

𝑌𝑇

𝑋𝑇
}   (3.12) 

Y = {Y(x1), Y(x2), …, Y(xn)}   (3.13) 

where n represents the number of cases, i and j are used for the different input cases or 

“rows” of data, in this case up to 70% of 864 = 605 different cases randomly selected for 

training). The input variables were selected based on the information that was considered 

to be correlated to the burst capacity of the CRC pipelines and that wasn’t considered on 

the PCC-2 model. On the GPR model, the hyperparameters were estimated to increase the 

maximum likelihood, to give more weight to those input variables who had a bigger effect 

on the correction factor predicted. 

The set of output values Y follows a Gaussian process, with its distribution expressed as Y 

~ N(, ), where  represents the mean vector and  represents the covariance matrix. The 

mean function represents the expected value of Y at each input value, while the covariance 
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function represents the degree of similarity between the response values at different input 

values. A prior mean (μ) of zero is considered as is often assumed in the literature [24]; 

this means that the mean function of the GPR model is set to zero for all input data points 

before updating is carried out based on observations. Therefore, Y can be represented as ~ 

N(, ) [22]. The GPR model then attempts to predict the response values at new input 

values. It achieves this by calculating the conditional distribution of Y given the observed 

data. Importantly, this conditional distribution is also a Gaussian distribution, with a mean 

and covariance that are influenced by the observed data and the kernel function. 

The covariance between Y(xi) and Y(xj), denoted as ij (i, j = 1, 2, …, n), is evaluated as ij 

= k(xi, xj), where k(xi, xj) is a suitably chosen covariance function or kernel of xi and xj 

[23]. Essentially, ij represents the covariance between the output values at two different 

input locations; Y(xi) and Y(xj). To construct the covariance matrix  one utilizes the 

covariance values obtained from applying the kernel to each pair of input points. The 

covariance matrix is then defined as: 

𝚺 =  

[𝑘(𝐱1, 𝐱1), 𝑘(𝐱1, 𝐱2), . . . , 𝑘(𝐱1, 𝐱𝑛)]

[𝑘(𝐱2, 𝐱1), 𝑘(𝐱2, 𝐱2), . . . , 𝑘(𝐱2, 𝐱𝑛)]
…

[𝑘(𝐱𝑛, 𝐱1), 𝑘(𝐱𝑛, 𝐱2), . . . , 𝑘(𝐱𝑛, 𝐱𝑛)]

    (3.14) 

Radial basis function or squared exponential kernel (kSE hereafter) function is often used 

in the literature and also adopted in the present study. This particular kernel measures the 

similarity based on the distance between two data points. If two points are very close 

together, they will have high similarity. In other words, the kernel function is a measure of 

the similarity or correlation between the outputs Y(xi) and Y(xj) based on the similarity 

between the inputs xi and xj [24]. Mathematically, it is defined as: 

𝑘𝑆𝐸(𝐱𝑖, 𝐱𝑗) = 𝜂𝑦
2 exp (−

1

2
∑

(𝑥𝑖𝑞−𝑥𝑗𝑞)
2

𝑙𝑞
2

𝑠
𝑞=1  )     (3.15) 

where xi and xj are the input data points and represent the entire input vectors for two 

different cases i and j, respectively.  𝜂𝑦
2 represents the variance of the GPR and is a 
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hyperparameter that controls the level of fluctuation in the output of the model. It represents 

the uncertainty in the relationship between the input variables and the output variable.  

‖𝒙𝑖 − 𝒙𝑗‖ is the Euclidean distance between the data points, and the length scale 𝑙q (q = 1, 

2, …, s) is a hyperparameter that controls the smoothness of the equation [24]. It 

characterizes the relevance of xq.  The greater is lq, the less relevant is xq in GPR. 

If 𝒙𝑖 and 𝒙𝑗 are “nearby” in the input space, then 𝐘i and Yj have a high covariance.  If 𝒙𝑖 

and 𝒙𝑗 are “far away” in the input space, then Yi and Yj have a low covariance. 

Let Y be then divided into two disjoint subsets: Yt (training) and Yr (regression) of 

dimensions m and (n – m), respectively. If noisy values of Yt, zt, have been observed, it 

follows from the property of the joint Gaussian distribution that the distribution of Yr 

conditional on zt is also Gaussian and expressed as [21], 

Yr|zt ~ N(r|t, r|t)             (3.16) 

𝛍𝑟|𝑡𝑛
= 𝚺𝑟𝑡(𝚺𝑡 + 𝜂𝑛

2𝐈)−1(𝒛𝑡)      (3.17) 

𝚺𝑟|𝑡𝑛
= 𝚺𝑟 − 𝚺𝑟𝑡(𝚺𝑡 + 𝜂𝑛

2𝐈)−1(𝚺𝑟𝑡)T     (3.18) 

where t and r are the (prior) covariance matrices of Yt and Yr, respectively; rt is the (n-

m) × m covariance matrix between the elements of Yr and those of Yt; “T” denotes 

transposition; and r|t and r|t are the mean and covariance of Yr conditional on zt (i.e. the 

posterior mean and covariance); I is the identity matrix with the same size as Σ, and 𝜂𝑛
2  is 

the variance of the noise [21]. It follows from Eqs. (3.16) to (3.18) that the mean and 

covariance of Yr are updated based on observed noisy values of Yt.  In the above 

formulations, it is assumed that the noise included in the observation of Yt is independent, 

identically Gaussian distributed with a zero mean and a variance of 𝜂𝑛
2 .   

In the GPR model, the hyperparameters of the kernel function, such as σ and lq (q = 1, 2, 

…, 7), are optimized through maximum likelihood estimation during the training process. 

The resulting GPR model can then be used to make predictions on new input data by using 
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the covariance matrix between the new data points and the training data points. In the case 

of a squared exponential kernel function and a zero prior mean, the log-likelihood can be 

expressed as shown in Eq. (3.18) [21]. 

ln(𝐿(𝛉|𝐳𝑡)) = −
1

2
(𝐳𝑡)T(𝚺𝑡 + 𝜎𝑛

2𝐈)−𝟏(𝐳𝑡) −
1

2
ln(det(𝚺𝑡 + 𝜎𝑛

2𝐈)) −
m

2
ln(2π)  (3.19) 

where  represents the vector of hyper-parameters in the GPR model. By maximizing the 

log likelihood with respect to the model parameters (such as the length scale parameter lq 

and the variance, we can obtain the optimal parameter values that best fit the observed data 

and capture the underlying patterns. 

Given the training set, i.e. zt and xtk (k = 1, 2, …, m),  can be estimated from the maximum 

likelihood method: [21] 

�̃� = argmax
𝛉

{ln(𝐿(𝛉|𝐳𝑡))}      (3.20) 

where �̃� is the maximum likelihood estimate of .  Given �̃�, zt, xtk and xru (u = 1, 2, …, n-

m), the updated mean and covariance of Yr conditional on zt can be readily obtained from 

Eq. (3.17). The commercial software Matlab R2021a is used to implement the GPR model.  

3.4.2 Results 

The GPR is set to predict the correction factor to be applied to the PCC-2 model. That is, 

the correction factors for different cases are assumed to follow a Gaussian process, i.e. Y(x) 

in Section 3.4.1. Ideally, this factor should be equal to PPCC-2/PFEA. The accuracy of the 

GPR model is depicted on Fig. 3.3. The 95% confidence interval, taken as 𝑓𝐺𝑃𝑅 ± 1.96r 

where r is the posterior standard deviation of the correction term for the regression set. 

The output data from the FEA is depicted in the Figure for comparison. The figure shows 

that the GPR model successfully predicted the necessary correction factor for almost all of 

the 259 cases of the regression set. 
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Figure 3.3 95% Confidence interval for the GPR predicted correction factor of the 

test set 
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As to the burst capacity predicted by the proposed model PGPR, the results show a 

significant improvement over the accuracy of the PCC-2 model when compared with PFEA. 

The mean value and COV of PGPR/PFEA for the testing set are 1.0 and 4.0%, respectively. 

Table 3.1 and Fig. 3.4 compare the accuracy of the PCC-2 model and proposed GPR model.  

Table 3.1 Mean and COV of PCC-2 and the proposed GPR model for the 259 cases 

(regression set) 

 PFEA/PPCC-2 PFEA/PGPR 

Mean 1.56 1.00 

COV 0.46 0.04 

 

 

Figure 3.4 Accuracy of the PCC-2 and GPR model 
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with a higher length scale lq  has less correlation with the output values. Table 3.2 presents 
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two input variables that have marked effects on the magnitude of the correction factor are 

the normalized depth of the defect, and elastic modulus of the composite. All the 
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on the parametric analysis the transversal tension resistance of the composite and the length 

of the defect play a minor role compared to other parameters. 

Table 3.2 Hyperparameters of the GPR model 

Description Symbol Max. likelihood estimate Associated input variable 

Std. dev. of Y y 1.83 N/A 

Std. dev. of noise n 0.05 N/A 

Length scales in 

the SE kernel 

l1 0.40 
𝑑

𝑡
 

l2 5.54 
𝐿2

𝐷𝑡
 

l3 2.65 
𝑤2

𝐷𝑡
 

l4 2.07 
𝑡ℎ𝑟𝑒𝑝𝑎𝑖𝑟

𝑡ℎ𝑝𝑐𝑐2
 

l5 0.76 
𝐸𝑐

𝐸
 

l6 2.14 
𝑌

𝑇
 

l7 8.81 
𝑌𝑇

𝑋𝑇
 

3.5 Conclusions 

The burst capacity of CRC pipelines is investigated in this study. A parametric analysis of 

864 cases was performed to investigate the effect of the defect geometry and the material 

properties on the accuracy of the ASME PCC-2 model, which is shown to be inaccurate to 

predict the burst capacity of CRC pipelines with localized defects. To account for the 

different variables that affect the burst capacity, the Gaussian process regression (GPR) is 

employed to predict a correction factor to improve the accuracy of the model. This 

correction factor is assumed to be a function of seven normalized input variables to 

characterize the defect geometry and the materials properties. 

The 864 cases are divided into a training set (70% of the cases) to develop the GPR model 

and a regression set (30% of the cases) to validate the model accuracy. The correction 
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factor is shown to be effective and consistent. The mean and COV of the FEA-to-predicted 

ratios equal 1.00 and 4.0%. The hyperparameters involved in the GPR model indicate that 

the normalized defect depth and the elastic modulus play a key role in the improvement of 

the burst capacity model. This study offers new insights into the burst capacity of CRC 

pipelines, and a viable alternative to improve the accuracy of the burst capacity model 

derived from the ASME PCC-2 equation. 
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Chapter 4  

4 Conclusions and Recommendations for future study 

4.1 General 

The core contributions of the present thesis are: 

- Demonstrate the defect width effect on the burst capacity of CRC pipelines 

- Explain mechanistically why CRC pipelines with localized defects have lower 

burst capacities than full/circumferential ones 

- Propose an improvement to the existing ASME model to incorporate these two 

effects 

- Evaluate the parameters that play an important role in the burst capacity 

calculation and that are not being currently considered on existing models 

- Propose a model that can be used to rapidly calculate the burst capacity of CRC 

pipelines with adequate accuracy. 

4.2 Investigation of the defect depth on the burst capacity 
of composite-repaired pipelines with corrosion defects 
using finite element analysis 

In chapter 2, an FEA was conducted to investigate the effect of the corrosion defect width 

on the burst capacity of CRC pipelines. The finite element model was validated using full-

scale burst tests of CRC pipe specimens reported in the literature. The analysis results 

indicated that the burst capacity of a CRC pipeline with a localized corrosion defect was 

markedly lower than that of a CRC pipeline with a full-circumferential defect of the same 

depth and length. The reduction in burst capacity was found to be greater for deeper defects. 

This reduction was attributed to the significant bulging response observed under internal 

pressure for pipelines containing localized corrosion defects. 
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Furthermore, it was observed that the burst capacity model derived from the design 

equation recommended in the ASME PCC-2 code was markedly non-conservative for CRC 

pipelines containing localized corrosion defects when compared with the results from the 

parametric FEA. To address this issue, an empirical equation for the defect width correction 

factor was developed through non-linear regression analyses. This correction factor was 

then applied to the prediction made by the PCC-2 model. The application of the width 

correction factor significantly improved the predictive accuracy of the PCC-2 model for 

CRC pipelines with localized corrosion defects. This study emphasizes the importance of 

considering the defect width when evaluating the burst capacity of such pipelines, and the 

corrected PCC-2 model provides a more reliable prediction method in these cases. 

4.3 Development of an enhanced model to predict the burst 
capacity of composite repaired corroded pipelines using 
Gaussian process regression 

Chapter 3 investigates the burst capacity of CRC pipelines by conducting a parametric 

analysis of 864 cases. The analysis focuses on examining the influence of defect geometry 

and material properties on the accuracy of the ASME PCC-2 model, which has been found 

to be inaccurate in predicting the burst capacity of CRC pipelines with localized defects. 

To address the various factors affecting burst capacity, Gaussian process regression (GPR) 

is employed to predict a correction factor that enhances the accuracy of the model. This 

correction factor is assumed to be a function of seven normalized input variables, which 

characterize the defect geometry and material properties. The 864 cases are divided into a 

training set (70% of the cases) used to develop the GPR model and a regression set (30% 

of the cases) employed to validate the model's accuracy. The correction factor is 

demonstrated to be effective and consistent, with a mean FEA-to-predicted ratio of 1.00 

and a coefficient of variation (COV) of 4.0%. 

The hyperparameters associated with the GPR model indicate that the normalized defect 

depth and elastic modulus play a crucial role in improving the burst capacity model. These 

findings offer new insights into the burst capacity of CRC pipelines and provide a viable 
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alternative to enhance the accuracy of the burst capacity model derived from the ASME 

PCC-2 equation. 

4.4 Recommendations for future study 

The recommendations to continue this research topic are summarized as follows: 

1. The magnitude of the effect of the defect width is related to material properties such as 

the elastic modulus of the composite. Further research including modern materials like 

carbon fibre with high elastic modulus should be investigated to assess the effect in such 

cases. 

2. The research focuses on uni-directional fibers only. The failure on the transversal 

direction (i.e. failure mode MTCRT) could be assessed considering a multidirectional fibre 

to establish a power-law and include enough reinforcement in the transverse direction to 

force failure to happen on the circumferential direction. 
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