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ABSTRACT 

Internal replacement pipe (IRP) systems are a new and emerging trenchless technology 

utilised for rehabilitating legacy gas and oil pipes with circumferential cracks or discontinuities. 

IRP systems necessitate a design and development approach that ensures their reliable 

performance and durability against various types of loads throughout their service life. This 

thesis systematically investigated the static and fatigue behaviour of IRP systems in 

discontinuous host pipes under vehicular traffic loading to ensure their effective design and 

implementation. The first investigation involved the numerical analysis of the static bending 

behaviour of legacy pipes repaired with IRP systems, specifically focusing on those with full 

circumferential cracks or discontinuities. The influence of critical design parameters, such as 

width of host pipe discontinuity, thickness and elastic modulus of IRP, on the bending 

behaviour of pipe repair systems was investigated. A simplified and robust analytical model 

that can effectively capture the nonlinear lateral deformation behaviour of different IRP 

systems, including stand-alone IRP, IRP installed within a continuous host pipe and IRP 

installed within host pipes with discontinuities was also developed. In the second study, the 

flexural fatigue performance of IRP systems completely bonded to discontinuous host pipe 

segments was analysed numerically under repeated traffic loading. A comprehensive 

parametric study was conducted to assess the impact of important design parameters, including 

discontinuity width, thickness and elastic modulus of IRP, and the magnitude of the traffic 

loading, on the bending fatigue performance. The combined effect of the internal pressure and 

traffic load on the flexural fatigue behaviour of IRP systems installed in discontinuous legacy 

pipes was examined numerically in the third study.  The last investigation was undertaken to 

numerically investigate the influence of bonding level on the flexural fatigue performance of 

IRP systems. The findings of this research provided a better understanding of the static and 

fatigue behaviour of IRP systems and the effect of critical design parameters on their lateral 

deformation behaviour and fatigue life. The numerical results, simplified analytical models, 

mathematical equations and design charts developed from this study will provide valuable 

insight for pipeline developers and designers, enabling them to enhance the safety, reliability, 

and cost efficiency of IRP systems. 
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CHAPTER 1: INTRODUCTION 

1.1. Background and motivation 

Gas and oil are regarded as the primary sources of energy on a global scale. Based on 

the data from the International Energy Agency, natural gas and oil together account for 64.6% 

of the total energy supply (IEA 2021). Pipelines have been widely employed for transporting 

natural gas and oil over long distances, primarily due to their high transportation capacity and 

cost efficiency (Manan et al. 2021; Zang et al. 2023). The majority of these pipelines, composed 

primarily of legacy cast iron and bare steel, are over 50 years old and have degraded, resulting 

in leakage and failure (Howarth 2014; Song et al. 2021; Yang et al. 2021; Saeed et al. 2022; 

Lu et al. 2023). Due to the presence of flammable, explosive and toxic materials, failure in gas 

and oil pipelines can cause catastrophic damage to humans, properties, and infrastructure 

(Cunha 2016; Belvederesi et al. 2018; Biezma et al. 2020; Zakikhani et al. 2020a; Zhang et al. 

2022; Song et al. 2023). Consequently, these existing pipeline systems that have either reached 

or surpassed their intended service life need cost-effective repair techniques to restore original 

operating capacity, maintain structural integrity and extend their safe operating life.  

Rehabilitation of existing pipe networks is considered a more favourable solution 

compared to the replacement primarily due to the limited financial resources (Karbhari 2014). 

The trenchless technique has gained significant popularity as a globally preferred method for 

pipe repair due to its unique advantages including shorter construction period, minimal 

disturbance and surface damage, less disruption to traffic, and lower pollution levels (Tetreault 

et al. 2018; Li et al. 2023a). In recent years, there has been notable advancement in trenchless 

technology, specifically with the introduction of a novel approach known as internal 

replacement repair systems employing different materials including thermoplastics, polymeric 

coatings, fibre composites and metallic coatings (Tafsirojjaman et al. 2022; Dixon et al. 2023). 

This rehabilitation method involves the installation of a novel structural pipe within the existing 

legacy pipes that exhibit defects and discontinuities. The implementation of IRP enhances the 

strength, structural integrity and durability of the legacy pipes. 

To optimise the design of the IRP system for pipeline rehabilitation while in operation, 

it is critical to consider different performance objectives and associated failure mechanisms. 

Based on the available literature, the most common failure mechanisms related to IRPs in host 

pipe systems are as follows: lateral deformation due to surface loads (Jeon et al. 2004; Vazouras 

et al. 2012; Melissianos et al. 2017; Alzabeebee et al. 2018; Argyrou et al. 2019; Liu et al. 
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2019; Vasseghi et al. 2021; Tafsirojjaman et al. 2022), fatigue failure caused by repetitive 

traffic loading (Guo et al. 2005; Tafsirojjaman et al. 2022), localised fracture and leakage due 

to internal pressure (Mattos et al. 2016; Budhe et al. 2020; Tafsirojjaman et al. 2022) and axial 

deformation resulting from thermal stresses (Bokaian 2004; Zhong et al. 2018; Tafsirojjaman 

et al. 2022). Among these failure modes, bending deformation and fatigue failure respectively 

resulting from static and high cyclic/repetitive surface loads from vehicular traffic are regarded 

as the most severe conditions for the host pipes and IRP system (Tafsirojjaman et al. 2022; 

Dixon et al. 2023). The effects of static and cyclic surface loads encountered by the pipelines 

are often attributable to the surface load exerted by vehicular traffic (Ng 1994). The wheel 

loads that are positioned directly above the pipes and move parallel to their longitudinal axis 

(Fig. 1) are transmitted to underground pipes through the soil, leading to stresses and 

deformations that reflect the worst conditions (Jeon et al. 2004; Stewart et al. 2015).  

Fig. 1. Moving load parallel to the longitudinal axis of the buried pipeline (Neya et al. 2017) 

A complete circumferential fracture, also known as a round crack or can be also 

represented by the joint, is considered the worst discontinuity along the host pipe (Stewart et 

al. 2015). Based on the investigation of Makar et al. (2001), it has been determined 

circumferential cracking is the predominant failure mode of legacy cast iron pipe with a 

diameter of less than 380 mm (14.96 in). In the presence of such a crack on the host pipe, the 

IRP can potentially be susceptible to stresses, relative displacements and rotations generated 

by the traffic loading (Jeon et al. 2004; Stewart et al. 2015). This form of repetitive loading 

characterises upper bound limits (extreme cases) on vertical distortion (movement or 

displacement of the pipe in the vertical direction), and rotational distortion (rotation or twisting 

of the pipe around its axis) that can be anticipated in the field even under extremely heavy 

traffic circumstances (Jeon et al. 2004). 

At present, there is a lack of comparable standards or regulations pertaining to internal 

composite pipe repair systems (Tafsirojjaman et al. 2022). In addition, there are only a few 
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studies on static bending (Jeon et al. 2004; Allouche et al. 2012; Stewart et al. 2015; Shou et 

al. 2018; Yang et al. 2021) and flexural fatigue (Jeon et al. 2004; Stewart et al. 2015; Ha et al. 

2016) behaviour of circumferentially cracked pipes repaired with internal composite repair 

systems. Much of the existing literature on static and fatigue behaviour has primarily focused 

on pipes containing surface defects exposed to internal pressure changes (Ghaffari et al. 2013; 

Valadi et al. 2018; Elhady et al. 2020; Chen et al. 2021). These studies indicated that the static 

bending and flexural fatigue phenomenon creates a bottleneck in the design of a new IRP repair 

system due to a lack of literature and design standards. Consequently, the behaviour of IRP 

systems installed in host pipes with circumferential cracks or discontinuities under static and 

cyclic loads caused by vehicular traffic, along with the selection of the most appropriate 

material and geometric properties must be thoroughly examined. 

A comprehensive evaluation of the effect of various design parameters on static 

bending deformation or flexural fatigue performance of IRPs is challenging to accomplish 

exclusively through full-scale laboratory experiments because they are costly and time-

consuming. On the other hand, numerical and analytical models require less time, as well as 

lower costs but require validation from physical tests (Sousa et al. 2013). Once properly 

calibrated and validated using full-scale laboratory experimental results, numerical and 

analytical models can serve as highly effective tools for simulating physical behaviour and 

extrapolating them to other conditions. In addition, the combination of numerical and analytical 

modelling along with physical testing, enables a comprehensive understanding of the actual 

performance of structures and their optimisation.  

This thesis aimed to investigate numerically the behaviour of IRP systems for repairing 

legacy pipes with full circumferential cracks or discontinuities induced by the presence of joints 

under static and cyclic surface loads from vehicular traffic. This was accomplished by 

simulating an experimental four-point bending test implemented by the University of Colorado, 

Boulder. Additionally, simplified and robust theoretical models and/or mathematical 

expressions capable of accurately anticipating the static bending and flexural fatigue behaviour 

of IRP systems were also developed. The FEA numerical simulations were performed using 

ANSYS/Mechanical software, while the analytical models were implemented using the 

MATLAB programming platform. The goal of the flexural fatigue simulations was to assess 

the long-term performance of the IRP system under repetitive deformations generated by traffic 

loads over a service life of 50 years.  

This research study was undertaken in collaboration with an ongoing international 

project named Rapid Encapsulation of Pipeline Avoiding Intensive Replacement (REPAIR), 
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which is funded by the Advance Research Project Agency- Department of Energy in the United 

States. 

1.2. Objectives 

The aim of this research is to investigate the behaviour of IRP systems installed in 

legacy host pipelines with full circumferential cracks or discontinuities subject to static and 

repetitive surface loads from vehicular traffic. The specific objectives of this study are the 

following: 

1. To investigate the static bending behaviour of host pipe with full circumferential cracks 

or discontinuities repaired with IRP systems, and to develop a simplified and robust 

analytical model capable of accurately describing the bending behaviour of these repair 

systems.  

2. To assess numerically the flexural fatigue behaviour of discontinuous host pipes 

repaired with different IRP material systems and to quantify the influence of different 

design parameters. 

3. To analyse numerically the fatigue performance of IRP systems installed in 

discontinuous host pipe segments under the combined influence of internal pressure 

and surface loading. 

4. To evaluate numerically the effect of the different bonding levels on the bending fatigue 

behaviour of IRPs installed in host pipes with discontinuities under both pressurised 

and non-pressurised conditions.  

 

1.3. Study limitation 

This study specifically focused on a standard in-service legacy steel natural gas pipeline 

system located in the United States in need of repair. Hence, the material and geometric 

properties of the host pipe (with the exception of discontinuity width) remained consistent 

throughout the study. The input parameters and the material properties required for the 

numerical and mathematical models were extracted from the literature and by conducting 

laboratory testing. These tests included tensile tests and tension-tension fatigue tests using 

coupon specimens. The numerical and analytical models were calibrated and validated by 

comparing the results obtained from full-scale laboratory tests performed by the University of 

Colorado in Boulder. During the experimental test at the University of Colorado Boulder, 

pressure was exerted inside the IRP using water. As a result, the ends of the pipe were sealed 

by attaching end caps. However, the choice of pipe length (3048 mm or 120 inches) for the 

bending test was determined based on a series of prior experiments conducted by Jeon et al. 
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2004 and Stewart et al. 2015. These studies have demonstrated that the use of end caps has a 

negligible effect on the IRP under internal pressure, particularly when this specific length of 

pipe is utilized. Parametric studies were also conducted to examine the influence of various 

design parameters on the flexural behaviour of discontinuous legacy pipe segments 

rehabilitated with IRP systems subjected to repeated traffic loading. These design parameters 

included material properties, geometric properties (such as repair thickness and discontinuity 

width of the host pipes), magnitude of surface loading, magnitude of internal pressure and 

bonding condition. The knowledge and data to be gained from this study will be useful in 

developing design specifications for IRP systems that are exposed to static bending loading 

and flexural fatigue loads. 

The evaluation of the load imposed on IRP systems resulting from overhead vehicular 

traffic, while considering the effect of the surrounding soil, was conducted by the University 

of Colorado Boulder (CUB), a key partner in this international project. Their extensive analysis 

relied on the procedure recommended by Petersen et al. (2010) for assessing the live load 

distribution to buried concrete culverts. Detailed information can be found in (Klingaman et al. 

2022). Therefore, the models implemented in this study do not incorporate the surrounding 

soil, which is regarded as the most critical condition. However, the impact of soil above the 

system is integrated into the models by applying the imposed traffic load level as determined 

by CUB.  

The finite element model employed in this study is validated exclusively based on a 

full-scale experimental behaviour of a discontinuous steel host pipe rehabilitated with an IRP 

made from a GFRP material with a MOE of 3.7 GPa (536.7 ksi). This choice of validation is 

due to the limitations posed by cost, time and complexity associated with conducting fully 

scaled laboratory experiments. 

The fatigue life analysis, considering the combined influence of traffic load and internal 

pressure, relied on stress life behaviours derived from uniaxial fatigue testing conducted in 

both longitudinal and transverse directions. This approach was chosen due to the high cost and 

complexity associated with conducting multiaxial fatigue tests. 

1.4. Thesis organisation 

This study is presented as a thesis by publication. It consists of seven chapters, which 

are organised as follows: 

• Chapter 1 is the introductory chapter, providing background and motivation,

objectives, and limitations of this research.
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• Chapter 2 provides an extensive literature review emphasising the current state of 

the art within the field, identifying existing research gaps and challenges, which 

aided in determining the objectives and methodology of this work. 

• Chapter 3 is the first technical chapter in which a simplified theoretical model for 

the prediction of lateral deformation behaviour of structural pipe repair systems was 

developed. This chapter addressed the first research gap identified in Chapter 2. 

• Chapter 4 is the second technical chapter in which the bending fatigue behaviour 

of internal replacement pipe systems was analysed which addressed the second 

research gap identified in Chapter 2. 

• Chapter 5 is the third technical chapter in which the effect of internal pressure on 

the flexural fatigue behaviour of internal replacement pipe systems was studied. 

This chapter addressed the third research gap identified in Chapter 2. 

• Chapter 6 is the last technical chapter in which the influence of bonding level on 

the bending fatigue behaviour of internal replacement pipe systems was analysed. 

This chapter addressed the fourth research gap identified in Chapter 2. 

• Chapter 7 presents the conclusion, which highlights the key findings and 

contribution of this research work. This chapter also provides an overview of new 

opportunities and recommendations for future studies.  

 

From this research work, four journal papers were published or are currently under 

review in high-quality international journals, which rank within the top 10%. Additionally, the 

significant findings and outcome of this study were also presented at a relevant national 

conference, along with a conference paper that can be found in APPENDIX A. Contributions 

have been made as a co-author to a few additional papers that have resulted from the REPAIR 

project. A list of these publications is included in APPENDIX B. APPENDIX The following 

is an overview of the four journal papers associated with this research work. 

 

Manuscript 1: Kiriella, S., Manalo, A., Tien, C. M. T., Ahmadi, H., Wham, B. P., Salah, A., 

Tafsirojjaman, T., Karunasena, W., Dixon, P. and O'Rourke, T. D. (2023), “Lateral 

deformation behaviour of structural internal replacement pipe repair systems”, Composite 

Structures, vol. 319. (Impact factor: 6.3; Cite score: 10.9) 

This manuscript focuses on the first objective of the study, which involves investigating 

the static bending behaviour of legacy pipes with full circumferential cracks or discontinuities 
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repaired using IRP systems. The investigation was conducted through FE numerical four-point 

bending simulations based on experimental load configuration. The FE model was calibrated 

and validated using full-scale experimental results. A detailed evaluation of the effect of 

different design parameters, such as the width of host pipe discontinuity, repair thickness, MOE 

of repair material and level of loading on the bending behaviour of repair systems was also 

conducted. Utilising fibre model analysis, a simplified and reliable analytical model that can 

effectively replicate the lateral deformation behaviour of different IRP systems was developed. 

The findings of this study demonstrated that the impact of the thickness and the MOE of IRP 

on the overall lateral deformation behaviour relies on the width of the host pipe discontinuity. 

The analytical model that was developed demonstrated the ability to accurately capture the 

flexural behaviour of different IRP systems up to the ultimate loading in a significantly shorter 

time period and showed a strong correlation with outcomes obtained from FEA and full-scale 

experimental testing. 

 

Kiriella, S., Manalo, A., Tien, C. M. T., Ahmadi, H., Dixon, P., Karunasena, W., Salah, A., 

and Wham, B. P. (2024), “Bending fatigue behaviour of internal replacement pipe systems”, 

Composite Structures, vol. 331 (Impact factor: 6.3; Cite score: 10.9) 

This manuscript investigated the bending fatigue behaviour of IRP systems installed in 

legacy gas pipes with discontinuities, subjected to repetitive traffic loading, using 3D FEA. 

Considering that the anticipated lifespan for the investigation is one million loading cycles, 

which corresponds to a duration of 50 years, the study used the stress life approach for 

obtaining the fatigue life. A parametric study was undertaken to evaluate the influence of key 

design parameters, as identified in Manuscript 1, on the bending fatigue response of IRP 

systems with discontinuous host pipe segments. Using multiple regression analysis, the relative 

contribution of the investigated parameters on the maximum stress and fatigue life of IRP 

systems was then determined. The results demonstrated that the concentration of tensile stress 

at the discontinuity edge governs the bending fatigue behaviour of fully bonded IRP systems. 

However, the impact of the width of host pipe discontinuity on the fatigue life of IRP systems 

was shown to be insignificant. Based on the outcomes obtained from multiple regression 

analysis, it was concluded that the level of traffic load contributes the most to the critical stress 

while MOE of repair material was found to have the greatest contribution to the fatigue life. 

 

Manuscript 3: Kiriella, S., Manalo, A., Tien, C. M. T., Ahmadi, H., Karunasena, W., Dixon, 

P., Salah, A., and Wham, B. P., “Effect of internal pressure on the flexural fatigue behaviour 
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of internal replacement pipe systems”, Composite Structures (Under review, COMSTR-D-24-

00347). (Impact factor: 6.3; Cite score: 10.9) 

This manuscript investigated the influence of operating internal pressure on the bending 

fatigue behaviour of IRP-repaired discontinuous host pipes under repeated traffic loading. By 

varying the critical design parameters identified in the second manuscript, the combined impact 

of traffic load and internal pressure on the fatigue performance of IRP was studied. The findings 

from this study indicated that the level of internal pressure during operation significantly 

influences the concentration of longitudinal stress in IRP near the edges of host pipe 

discontinuities when subjected to bending. The failure behaviour of IRP during bending fatigue 

varies depending on the level of internal pressure. Mathematical formulae that can reliably 

predict the fatigue life of IRP systems under the combined effect of internal pressure and 

repeated traffic load were established using the results gathered from comprehensive 

parametric investigations. The obtained equations were then used to produce design charts for 

a variety of internal pressure and traffic load combinations.  

 

Manuscript 4: Kiriella, S., Manalo, A., Tien, C. M. T., Ahmadi, H., Karunasena, W., Dixon, 

P., Salah, A., and Wham, B. P., “Influence of bonding level on the bending fatigue behaviour 

of internal replacement pipe systems”, Steel and Composite Structures (Under review, 

SCS30015U). (Impact factor: 4.6; Cite score: 9.6) 

Manuscript 4 undertook a numerical investigation to examine the impact of varying 

bonding levels, defined by the unbonded length of IRP to the host pipe, on the flexural fatigue 

performance of the repair pipe under both pressurised and non-pressurised conditions. At 

various bonding levels, the effect of the repair thickness, material properties, magnitude of the 

traffic loadings and level of internal pressure on the fatigue life was also investigated. The 

findings of the analysis indicated that the fatigue life of IRP systems in unbonded 

circumstances, regardless of whether they are pressurised or non-pressurized, exhibits a 

significant enhancement when compared to their completely bonded states. This improvement 

is attributed to a reduction in the maximal longitudinal tensile stress experienced by the 

systems. The paper also revealed that extending the unbonded length between the IRP and each 

host pipe segment to a length from the discontinuity edge that is equivalent to the diameter of 

the IRP leads to the longest fatigue life in non-pressurised IRP systems. Conversely, the longest 

fatigue life for all pressurised systems can be achieved by detaching IRP from each host pipe 

segment to a length from the edges of pipe discontinuity that is equivalent to a minimum of 

twice the diameter of the IRP. 
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1.5. Summary 

The internal replacement pipe (IRP) system is a novel trenchless technique that has 

been recently introduced for rehabilitating legacy natural gas pipelines with circumferential 

cracks or discontinuities. However, current knowledge on the static and fatigue behaviour and 

failure mechanism of IRP systems under surface loading from vehicular traffic is lacking, 

thereby limiting their application in legacy pipeline rehabilitation projects. This research 

conducted a numerical evaluation of the static and fatigue behaviour of different IRP material 

systems subjected to bending loads. The technical chapters of four journal papers investigated 

and reported on lateral deformation behaviour under surface loading, fatigue behaviour 

resulting from vehicular traffic loading, the combined effect of traffic load and internal pressure 

on the fatigue behaviour and the influence of different bonding levels on the bending fatigue 

behaviour of IRP systems. The findings of this study will provide valuable guidance to pipeline 

developers and designers in the implementation of IRP systems that prioritise safety, reliability 

and cost-effectiveness. 
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CHAPTER 2: LITERATURE REVIEW 

2.1. Introduction 

This chapter presents a state-of-the-art review of the literature to identify both short-

term and long-term behaviours of internal pipe repair systems under surface loading from 

vehicular traffic, as well as the critical design parameters that influence their effectiveness. The 

review is commenced by examining the failure characteristics exhibited by buried legacy gas 

and oil pipelines throughout their operational life span. Following that, an overview of 

trenchless technologies that are currently available for rehabilitating damaged legacy gas and 

oil pipelines is provided. Subsequently, a review of various performance objectives and failure 

mechanisms linked to rehabilitated pipelines was conducted. The review also encompasses an 

examination of the existing understanding of lateral deformation of pipe repair systems, the 

bending fatigue performance of such systems, the impact of the internal pressure on fatigue 

during bending, and the influence of various bonding conditions on fatigue during bending. 

Through this literature review, current knowledge gaps were identified to justify the novelty of 

the implemented research works.  

 

2.2. Failure of legacy pipelines 

Underground pipelines have been used globally due to their cost effectiveness and high 

level of safety in transporting crude oil and natural gas across long distances, in comparison to 

alternative modes of transportation such as road and rail (Kishawy et al. 2010; Lim et al. 2015; 

Deng et al. 2022; Mao et al. 2022). Despite these advantages, failure of pipelines can have 

severe negative consequences, including personal injuries, financial losses, and environmental 

damage due to the explosive, toxic and flammable characteristics of the substance being 

transported (Soomro et al. 2022; Wang et al. 2022; Al-Sabaeei et al. 2023; Shehata et al. 2023; 

Woldesellasse et al. 2023). While steel and cast-iron pipes have historically been widely used, 

a significant portion of these pipe networks is now approaching the end of their operating 

lifespan, necessitating frequent repairs or replacements (Günaydın et al. 2013; Robert et al. 

2016). The buried pipe, unlike exposed structures, has the potential to deteriorate without being 

noticed for a long period, until a catastrophic failure eventually takes place (Almahakeri et al. 

2013). The primary factors contributing to the failure of legacy cast iron and bare steel pipelines 

are corrosion, natural hazards such as landslides, earthquakes and erosion, construction defects, 

operational errors and third-party activities (Senouci et al. 2014; Chen et al. 2019; Zakikhani 

et al. 2020b; Arifin et al. 2021; Wasim et al. 2022; Yao et al. 2022; Li et al. 2023b).  
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Different types of pipe breakage in literature have been categorised as circumferential 

cracking, longitudinal cracking, bell splitting, bell shearing, spiral cracking and blow-out hole 

(Makar et al. 2001; Uslu et al. 2015; Kumar et al. 2020; Parka et al. 2020). Circumferential 

cracking (Fig. 2a) is the most prevalent failure in pipes with a smaller diameter (< 380 mm or 

14.96in) (Makar et al. 2001; Kumar et al. 2020). However, pipes with a large diameter possess 

a moment of inertia that is too high, thereby preventing the occurrence of circumferential 

cracking. This type of crack is primarily caused by stresses induced by ground deformation 

during trench construction (Makar et al. 2001; Jeon et al. 2004). Metal loss due to excessive 

corrosion can also cause circumferential cracks and discontinuities in buried legacy pipelines 

(Akhi et al. 2021; Shirazi et al. 2023). On the other hand, longitudinal cracking (Fig. 2b) seems 

to be limited to pipes with a larger diameter (Uslu et al. 2015). This failure type could 

potentially arise from internal pressure, external crushing forces exerted on the pipe, or 

compressive forces acting along the pipe (Makar et al. 2001). Once the crack is initiated, it has 

the potential to propagate along the entire length of the pipe.  

According to Makar et al. (2001), it seems that a bell split (Fig. 2c) is mostly seen in 

pipes with smaller diameters. The occurrence of this failure mode is often attributed to thermal 

expansion that takes place between the bell and the leadite seal at the pipe joint (Uslu et al. 

2015). The phenomenon of bell shearing (Fig. 2d) is primarily observed in pipes with a large 

diameter. One possible factor contributing to this failure mode is the application of compressive 

forces that push the spigot of a pipe into the bell of the adjacent pipe in the pipeline. 

Additionally, bending forces can also be a potential cause of this failure (Makar et al. 2001). 

Some pipes with medium diameters ranging from 380 mm (14.96 in) to 500 mm (19.69 in) 

exhibit a distinct failure mode characterised by the initiation of a crack in a circumferential 

manner, followed by their propagation in a spiral manner (Fig. 2e) (Uslu et al. 2015). The 

development of this fracture may be attributed to pressure surges as well as the combination of 

bending forces and internal pressure (Makar et al. 2001).  

Corrosion is often the underlying cause of blow-out holes. The presence of a corrosion 

pit leads to a reduction in both the thickness and the mechanical strength of the pipe wall. As 

the wall thickness is reduced to a certain level, the internal pressure may cause a blowout, 

resulting in the formation of a hole in the pipe (Fig. 2f) (Uslu et al. 2015). In addition to the 

aforementioned types of failure, it is important to note that segmented pipelines that are 

connected through joints are prone to pull-out failure (Fig. 3), which can be caused by 

permanent ground deformation (Shi 2015; Wham et al. 2016; Qin et al. 2022; Chen et al. 2023). 

This joint pull-out phenomenon can ultimately lead to the occurrence of discontinuities in the 
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pipeline system (Zhong et al. 2014). According to Jeon et al. (2004) and Stewart et al. (2015), 

pulled-out joint and full circumferential fracture (also referred to as a round crack), are both 

regarded as the worst type of discontinuities that can occur in legacy pipelines. Pipelines with 

these types of failures need to be repaired for their continuous service and safe operation. 

 

 

 

 

 

Fig. 2. Pipe breakage types (a) circumferential cracking, (b) longitudinal cracking, (c) bell 

splitting, (d) bell shearing, (e) spiral cracking (Makar et al. 2001), (f) blow-out hole (Uslu et 

al. 2015) 

 

 

Fig. 3. Cross section of a pull-out joint in ductile iron (DI) pipe rehabilitated with internal 

liner (Zhong et al. 2018) 

(a) (b) 

(c) (d) 

(e) (f) 

Circumferential discontinuity 

internal liner 

Mortar liner 

Pipe spigot 
Pipe bell 

Rubber gasket Ductile iron pipe 
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2.3. Trenchless rehabilitation technologies for legacy pipelines 

Rehabilitation of existing damaged pipe networks and infrastructure systems is a more 

favourable approach compared to replacement due to the constraints posed by limited financial 

resources (Karbhari 2014). Currently, the rehabilitation of buried pipelines is accomplished 

through the use of either open-cut methods or trenchless technologies (Yu et al. 2008; 

Matthews et al. 2015; Moeini et al. 2021). The trenchless rehabilitation approach holds 

significant advantages over the traditional open-cut method, including reduced disturbance and 

surface damage, shorter construction time, less pollution, minimal traffic disruption and lower 

comprehensive cost (Tetreault et al. 2018; Li et al. 2023a). Moreover, this technology is 

frequently applied for rehabilitating pipelines in areas that are challenging to reach or have 

limited access (Chin et al. 2005).  

Trenchless rehabilitation can be categorized into three distinct classifications: 

nonstructural, semi-structural and structural (Zhu et al. 2021). Nonstructural liners do not 

enhance the structural performance of the host pipe and cannot withstand external and internal 

loads. As a result, it is necessary for the host pipe to possess a certain level of structural 

integrity. In practice, their primary function is to protect the host pipe against corrosion and 

prevent any potential leakage (Li et al. 2023a). In addition to providing corrosion protection 

and leakage control, semi-structural liners have the ability to partially withstand both external 

and internal loading but still rely on the residual structural support provided by the host pipe 

(Gras-Travesset et al. 2023). Finally, structural liners are specifically designed to endure all 

internal and external loads. Therefore, structural liners are employed in cases where the host 

pipe has undergone significant damage and compromised its structural capacity (Gras-

Travesset et al. 2023). The selection of appropriate pipeline rehabilitation method is dependent 

upon the failure mechanism, and condition of the legacy pipe including the extent of corrosion, 

structural degradation, and reduction in pressure capacity (Zhu et al. 2021). The most 

commonly employed trenchless techniques for rehabilitating gas or oil pipelines encompass 

cured-in-place pipe lining, spray-applied pipe lining, slip lining and fold and form lining (Lu 

et al. 2020b; Lu et al. 2020a). 

 

Cured in-place pipe lining 

The cured-in-place pipe (CIPP) lining (Fig. 4) was first developed in 1970 and has 

emerged as the leading and widely utilized trenchless rehabilitation method within the pipeline 

industry (Alam et al. 2015; Mogielski et al. 2017). The CIPP method involves the insertion of 

a liner saturated with thermoset resin into a legacy pipe by means of either air, water inversion 
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or mechanical pulling which is subsequently expanded through the application of either air or 

water pressure (Matthews et al. 2013). The inflated liner with resin is then subjected to a curing 

process using either heat or ultraviolet (UV) light in order to facilitate the formation of a thin 

layer of pipe that tightly adheres to the host pipe (Ji et al. 2020). Upon completion of the 

rehabilitation process, the flow area of the pipe will undergo a reduction. However, this 

reduction will result in an increase in the transportation capacity due to a decrease in the 

roughness of the inner wall. The thermoset resins that are frequently utilized include polyester, 

vinyl ester and epoxy (Nuruddin et al. 2020). The latest CIPP products designed for pressure 

applications can now be categorized as either semi-structural or structural (Lu et al. 2020b). 

However, this approach necessitates the use of advanced construction equipment and demands 

a high level of expertise from operators (Lu et al. 2020a).  

 

 

Fig. 4. Schematic of CIPP lining method (a) Installation process and (b) Structure of the lined 

pipe (Jing et al. 2023) 

 

Spray-applied pipe lining  

The spray-applied pipe lining (SAPL) is a nonstructural rehabilitation technology used 

to prolong the lifespan of legacy pipes. This method involves the spraying of coating material 

onto the inner surface of the host pipe, resulting in the formation of a liner (Zhu et al. 2021). 

In general, the coating material utilized for SAPL can be divided into two categories: cement-

based materials which consist of mixtures of Portland cement or geopolymer mortar, and 

polymeric material, which include polyurethane, polyurea and epoxy (Kohankar 

Kouchesfehani et al. 2020). Before the application of SAPL, it is necessary to perform a 

thorough cleaning of the internal surface of the host pipe. SAPL installations are often 

accomplished by the use of either a hand spay method or the use of a spin casting machine 

(a) (b) 
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(Kohankar Kouchesfehani et al. 2020). One of the significant constraints of this approach is 

that the host pipe must have a certain level of structural integrity (Lu et al. 2020a).   

Slip-lining 

Slip-lining is a structural rehabilitation solution that is extensively employed in 

underground pipe networks (Li et al. 2023a). This technique involves the insertion of a new 

structural pipe into the host pipe by means of pushing or pulling. A working pit is required for 

layout purposes (Selvakumar et al. 2011). The annular gap between the liner and the host pipe 

must be filled with grout. Polyethylene (PE), polyvinyl chloride (PVC), and glass fiber-

reinforced plastic are the most common materials utilized in the slip-lining technique (Li et al. 

2020). The repaired pipes form a “pipe-in-pipe” structure, combining the corrosion-resistant 

characteristics of the internal liner pipe with the mechanical properties of the metallic host pipe 

(Lu et al. 2020b).  

 

Fold and form lining 

The fold and form approach involves modifying the geometry of the liner in order to 

reduce its cross-sectional area before implementation. Once the liner is inserted into the host 

pipe, it undergoes expansion by either heating or pressing in order to regain its initial 

dimensions and shape. The most common shapes for prefabricated liner pipes are U, C and H 

(Lu et al. 2020b). According to Selvakumar et al. (2002) fold and form liners can be made of 

PVC or PE materials. However, one of the limitations associated with this approach is the 

potential for structural damage arising during the construction phase (Lu et al. 2020a).  

 

Internal replacement pipe (IRP) 

Internal replacement pipe (IRP) systems are a new and emerging trenchless technology 

utilised for rehabilitating cast iron, wrought iron, and bare steel natural gas distribution pipes 

that have circumferential cracks or discontinuities (Fu et al. 2022b; Tafsirojjaman et al. 2022; 

Dixon et al. 2023). This novel approach involves the fabrication of new structural pipes inside 

the old pipes using robotics and new inspection tools. IRP systems can be made from a wide 

range of materials, including thermoplastics, polymeric coatings, fibre composites and metallic 

coatings (Tafsirojjaman et al. 2022; Dixon et al. 2023). The bonding configuration between 

IRP and host pipe could be either full bonding, partial bonding or complete unbonding (Tien 

et al. 2023). The integration of IRP systems yields significant enhancements in the structural 

integrity and restores the service life of legacy pipelines. However, the IRP systems are 

specifically designed to function and withstand both internal and external loading throughout 
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their service life, without relying on the structural support provided by the host pipe 

(Tafsirojjaman et al. 2022). 

2.4. Failure mechanism associated with rehabilitated pipelines 

When designing an effective internal repair system for pipeline rehabilitation, it is 

crucial to consider various performance objectives and the failure mechanism associated with 

them. The failure modes of the host pipes and IRP systems are significantly affected by the 

loading conditions. The comprehensive review study undertaken by Tafsirojjaman et al. (2022) 

and Dixon et al. (2023) within the REPAIR project has highlighted nine primary performance 

objectives that should be addressed for the optimal design of IRP systems for the rehabilitation 

of gas pipes. These performance objectives are as follows:  

• Lateral deformation: An IPR-repaired host pipe is required to account for lateral 

deformation in longitudinal bending, caused by a variety of sources, including 

surface load from vehicular traffic, nearby excavation, earth movement 

(subsidence), undermining and frost heave (Jeon et al. 2004; Vazouras et al. 2012; 

Trickey et al. 2016; Melissianos et al. 2017; Neya et al. 2017; Alzabeebee et al. 

2018; Argyrou et al. 2019; Liu et al. 2019; Kozman 2020; Vasseghi et al. 2021). 

Lateral deformation may lead to failure due to bending, axial stresses, buckling and 

cross-section ovalization.  

• Cyclic in-service surface loads: Repetitive surface loads primarily arise from 

overhead vehicular traffic (Jeon et al. 2004; Guo et al. 2005; Sheldon et al. 2015; 

Stewart et al. 2015; Ha et al. 2016; Wang et al. 2019). These loads can impose 

lateral or circumferential deformations of repair systems and have the potential to 

induce fatigue failure in bending. 

• Hoop (circumferential) stress: This is induced by internal pressure and pressure 

variations (Mattos et al. 2016; Budhe et al. 2020). Bursting failure can occur when 

there is excessive tensile stress and stretching of the material, leading to a loss of 

containment (Allouche et al. 2005; Brown et al. 2020). 

• Axial deformation: The deformation of rehabilitated IRP systems in the longitudinal 

direction typically occurs as a result of thermal loading (expansion or contraction) 

induced by the seasonal temperature changes or seismic loading (Jeon et al. 2004; 

Stewart et al. 2015; Argyrou et al. 2018; Zhong et al. 2018). The potential failure 

modes that may occur are stress limit failure caused by axial stresses, pinching, 

buckling, detachment of IRP from the host pipe and fracture of the IRP. 
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• Impact/puncture: The IRP systems may be subject to impingement from the 

fragments of the host pipe that undergo brittle fracture or puncture caused by a 

foreign object in an area where the host pipe has significantly deteriorated (Gao et 

al. 2022). It has the potential to cause damage such as dents, cracks, and material 

loss, which can ultimately reduce the pressure-caring capacity of the repair system.  

• Cross-section ovalization: Ovalization of an IRP can be caused by external pressure, 

surface load, and bending of the pipeline. The potential failure mechanism 

associated with this loading condition includes ring collapse and excessive 

ovalization (Hilberink et al. 2011; Vasilikis et al. 2012; Becerril García et al. 2015). 

Ring collapse refers to the deformation of a pipeline, where its circular cross-section 

becomes distorted or collapses inward. On the other hand, excessive ovalization 

occurs when the circular cross-section of a pipeline undergoes significant 

elongation, resulting in the formation of an oval shape. 

• Compatibility with current and future gas compositions: The sources that contribute 

to this particular scenario involve natural gas and mixtures of hydrogen and 

methane (Nuruddin et al. 2020). The possible failure modes that may occur are 

chemical degradation and excessive permeation. 

• Debonding at IRP-host pipe interface: The occurrence of debonding at the interface 

between the IRP and host pipe may be attributed to thermal expansion and 

mechanical loads (Kozman 2020; O’Rourke et al. 2021). Debonding can lead to 

several consequences, including backtracking between internal repair and host pipe 

at service line connections and termination points, loss of containment and 

compromised delivery, and potential ring collapse. 

• Service connections:  This refers to sources that are either abandoned or in-service 

connections(Allouche et al. 2005; Jaganathan et al. 2007). Failure may arise due to 

stress concentration (Adebola et al. 2021). Additionally, the possibility of 

differential movement can contribute to failures at connections and leakage at the 

service line connection and the IRP end joints. 

Based on the analytical hierarchy process conducted by Tafsirojjaman et al. (2022), the 

aforementioned first six performance objectives and associated failure mechanisms were 

ranked. The results of this ranking can be found in APPENDIX C. It was identified that lateral 

deformation and fatigue failure caused by traffic loading are the worst conditions for IRP 

17



 

 

systems. Regardless of the significance of ensuring the safe design to prevent the failure of IRP 

systems caused by traffic loading, there is a scarcity of research in this area.  

2.5. Lateral deformation of pipe repair systems 

Underground legacy pipelines that have been damaged and rehabilitated with IRP 

systems are typically exposed to surface live loads because of vehicular traffic loading (Tarar 

2008; Alam et al. 2019; Li et al. 2019). The load exerted by the wheels, which are located 

directly above the pipe and move in parallel to their longitudinal axis, are transferred to the 

buried pipe through the surrounding soil. This transfer of loads results in stresses and 

deformations that represent the most severe conditions, as documented by Jeon et al. (2004) 

and Stewart et al. (2015). Several factors influence the extent of lateral deformation of pipelines 

such as applied load, relative stiffness of the pipeline in relation to supporting soil, the burial 

depth and the stiffness of the joints connecting the individual pipe sections (Stewart et al. 2015). 

Under the application of traffic loads, the IRP system experiences its maximum deformation, 

which includes relative displacement and rotation, at the weakest discontinuity present along 

the host pipe (Fig. 5). There is a limited number of studies in the open literature that have 

examined the lateral deformation behaviour of legacy pipes with circumferential cracks or 

discontinuities repaired with liners (Jeon et al. 2004; Allouche et al. 2012; Stewart et al. 2015). 

The liners used in these studies were CIPP liners with a lower modulus of elasticity (MOE) 

and thickness compared to the host pipe.  

 

Fig. 5. Relative vertical displacement (𝛿𝑣) and rotation (𝜃) at a round crack imposed by 

traffic loading (Netravali et al. 2000) 

Jeon et al. (2004) investigated the behaviour of 101.6 mm (4 in), 152.4 mm (6 in), and 

203.2 mm (8 in) diameter cast iron (CI) pipes with circumferential cracks repaired with 
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polyurethane (PU) CIPP linear under a heavy traffic loading of 133 kN (30 kips). In addition, 

a simplified analytical model was formulated to assess the maximum relative displacements 

and rotations experienced by the legacy pipes due to the circumferential cracks under traffic 

loading using the loading configuration as shown in Fig. 6(a) and (b), respectively.  However, 

in the analytical model developed by Jeon et al. (2004), they made a conservative assumption 

that the liner does not contribute any stiffness to the system due to its considerably lower MOE 

in comparison to the CI host pipe. In their study, Stewart et al. (2015) examined the lateral 

deformation characteristics of CI host pipe with diameters of 152.4 mm (6 in) and 304.8 mm 

(12 in) that were repaired using 2.54 mm (0.1 in) thick CIPP liners. Field samples obtained 

from previously lined CI host pipes with joint openings ranging from 6.4 mm (0.25 in) to 10.9 

mm (0.43 in) were utilised in this investigation. The pipes were subjected to a traffic load of 

178 kN (40 kips) in four-point bending tests. The finding of this study indicated that the crack 

openings significantly affect the overall load-deformation behaviour of the repaired pipes. 

However, it is important to note that the analysis employed for testing did not consider the 

structural contribution of the liner, which is comparable to the approach taken by Jeon et al. 

(2004). This is a significant simplification that is no longer valid in structural repair projects 

due to the relatively higher stiffness of new IRP materials compared to that of CIPP lining. 

 

Fig. 6. Loading configuration and geometry of cracked CI pipe employed in the analytical 

modelling of (a) maximum deformation, (b) maximum rotation (Jeon et al. 2004) 

Allouche et al. (2012) performed three-point bending tests to assess the bending 

behaviour of 152.4 mm (6 in) diameter CI pipes that were cut into two halves and linked 

together with fibre-reinforced CIPP liners. The pipe tests were conducted under both 

pressurised and non-pressurised conditions, specifically focusing on the joint area of the pipes. 

The maximum applied deflection was 127 mm (5 in) while the maximum pressure applied was 

827. 4 kPa (120 psi). Based on the findings, it has been determined that the liner successfully 

(a) (b) 
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maintained its structural integrity following the failure of the host pipe, with no visible 

indications of leakage. However, during the bending test, it was observed that the liner buckled 

at the invert due to the lack of internal pressure in the lined pipe. However, none of these studies 

on CIPP-lined discontinuous metallic host pipe systems has conducted an in-depth study to 

clearly demonstrate the effect of various design parameters on the lateral deformation 

behaviour of pipe liners. This is because these studies rely on costly and time-consuming full-

scale experimental testing.  

One of the preliminary studies conducted by Tafsirojjaman et al. (2022) in relation to 

the REPAIR project focused on the influence of several design parameters, including MOE 

and thickness, on the lateral deformation behaviour of standalone IRPs with a nominal outer 

diameter of 307.8 mm (12.12 in). The investigation was conducted under a design load of 178 

kN (40 kips) using linear FEA. In this study, a wide range of potential IRP materials including 

unreinforced polymers, glass fibre-reinforced polymers, fibre-reinforced thermosets, steel and 

cast iron were examined. The materials were evaluated based on their MOE which ranged from 

1 GPa (145 ksi) to 200 GPa (29,008 ksi). Additionally, the thickness of the IRP materials 

considered varied from 3.175 mm (0.125 in) and 25.4 mm (1 in). The findings of this study 

indicated that the load-carrying capacity of the IRP alone increases as the thickness and MOE 

increase. Additionally, it was also found that IRP with a thickness of 9.525 mm (0.375 in) or 

less underwent compressive buckling prior to reaching a tensile strain of 0.02. However, the 

occurrence of buckling failure was effectively eliminated by increasing the thickness of IRP to 

a minimum of 12.7 mm (0.5 in). However, it is important to note that this preliminary study 

did not account for the existence of discontinuous host pipe segments, which may potentially 

impact the overall bending deformation of the repair system. 

There are a few other studies in the literature that investigated the effect of the size of 

external corrosion defects on the lateral deformation behaviour of pipes. Chegeni et al. (2019) 

employed FEA to investigate the effect of corrosion depth and defect length in longitudinal 

and circumferential directions on the performance of corroded thin-walled steel pipes when 

subjected to four-point bending. These pipes had an external diameter of 203.2 mm (8 in) and 

a wall thickness of 6 mm (0.236 in). The findings showed that as the corrosion depth increased 

from 0% to 80% of the wall thickness, there was a significant reduction (34%) in the ultimate 

load-carrying capacity of the damaged pipe. Additionally, an increase in the length of the defect 

in both longitudinal and circumferential directions from 0 to 180 mm (7.087 in) also led to a 

reduction in the ultimate load-carrying capacity of the pipe by 19% and 40%, respectively. 

These results suggest that an increase in defect length in the circumferential direction has a 
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more pronounced detrimental effect on the bending performance of the pipe compared to an 

increase in defect length along the longitudinal direction.  

Shuai et al. (2021) utilised nonlinear FEA to investigate the effect of depth, width and 

length of a corrosion defect on the local buckling behaviour of 1016 mm (40 in) diameter 

corroded steel pipes with a thickness of 15.3 mm (0.602 in) subjected to four-point bending 

tests (Fig. 7). The study found that the buckling resistance is significantly influenced by the 

defect depth and the defect length in the circumferential direction. Specifically, the critical 

buckling moment decreased as the defect depth and width increased. Although the effect of 

defect length along the longitudinal axis of the pipe was negligible, when it exceeded 360 mm 

(14.173 in), the buckling mode changed from a single buckling wave to two waves (Fig. 8). 

However, the aforementioned studies have exclusively focused on surface defects and their 

impact on the legacy pipe without any repair systems. 

  

Fig. 7. Schematic diagram of a four-point bending test on a steel pipe with a corrosion defect 

where L is the length of the corrosion defect (Shuai et al. 2021) 

 

Fig. 8. Buckling modes of the corroded steel pipe with various defect lengths, L (Shuai et al. 

2021) 
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2.6. Bending fatigue behaviour of pipe repair systems 

High cyclic bending loads are frequently applied to the critical fatigue zones of repaired 

pipelines, making them one of the dominant loading scenarios (Tarar 2008; Alam et al. 2019; 

Li et al. 2019). Having an in-depth understanding of fatigue behaviour and precise life 

estimation of IRP systems is an essential aspect in the design and development of new and 

emerging IRP systems. As previously stated, IRP repair systems are now being developed using 

various materials including thermoplastic, composites, or metallic (Tafsirojjaman et al. 2022; 

Dixon et al. 2023; Tien et al. 2023). Results of several experimental studies demonstrated that 

the static and fatigue behaviour of these materials are different.  

Metallic materials exhibit nonlinear stress-strain behaviour and have a higher elastic 

modulus than polymeric composites. A predominant single crack is the most typical failure 

mechanism of metals, as a significant portion of the fatigue process is spent on propagating a 

single crack (Risicato et al. 2014). Unlike metals, the fatigue behaviour of polymers is governed 

by the viscoelastic effect (Chandran 2016). Softening and melting occur at higher frequencies, 

and fatigue failure is primarily determined by the test frequency. Thermoplastic materials have 

a lower modulus of elasticity, lower tensile strength and a narrow operating temperature range 

than metals and composites (Mellott 2012), and failure occurs under fatigue loading as a result 

of either conventional crack initiation and propagation mechanisms or material softening due 

to self-heating (Crawford et al. 1974). On the other hand, the fatigue failure mechanism of FRP 

composites includes matrix cracking, fibre debonding, delamination, and fibre fraction, in 

addition, to crack initiation and crack propagation (Samanci et al. 2008; Shanmugam et al. 

2021). Unlike metal fatigue, the stiffness loss of composites is visible from the early stage of 

fatigue loading and may possibly lead to significant stiffness degradation over the succeeding 

fatigue process (Lian et al. 2010; Colombi et al. 2012) A detailed review of fatigue 

characteristics of potential IRP materials is available in APPENDIX D. Therefore, 

understanding the fatigue behaviour of legacy pipes rehabilitated with IRP made from different 

material systems is necessary. 

The existing literature on the bending fatigue performance of repair systems installed 

in host pipes with full circumferential cracks or discontinuities is limited, mostly focusing on 

low-modulus CIPP liners or SAPL materials (Jeon et al. 2004; Stewart et al. 2015; Ha et al. 

2016). In their experimental study, Jeon et al. (2004) examined the bending fatigue behaviour 

of CIPP-lined circumferentially cracked CI legacy pipe. The system was exposed to one million 

cycles of either a relative displacement of 2.54 mm (0.1 in) or a rotation of 0.23 degrees at the 

location of the circumferential crack. Throughout the testing, a low internal pressure of nitrogen 
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gas was maintained. This experimental setup aimed to replicate the heavy traffic load that the 

repair system would typically experience throughout a 50-year operational period. During the 

testing process, the liner demonstrated its ability to withstand relative displacement and rotation 

resulting from heavy traffic load without experiencing any failure. However, after undergoing 

one million cycles of deformation, it was observed that the internal vertical stiffness of the 

CIPP liner experienced a reduction of approximately 75%. Additionally, a localised debonding 

phenomenon was observed at the interface between the host pipe and the liner near the crack 

edge. Based on their findings, the process of debonding provides benefits to the liner by 

enhancing the flexibility of the system and minimising the stress concentration at the crack 

edge. However, this study did not explicitly state the extent of debonding, the amount of the 

stress concentration reduction, and the level of improvement in fatigue life.  

The study conducted by Stewart et al. (2015) involved laboratory experiments of four-

point cyclic bending testing of legacy CIPP repaired CI pipe with a joint. The pipe was 

subjected to one million cycles of deflection, with a magnitude of 1.524 mm (0.06 in) and 1.778 

mm (0.07 in), respectively, while maintaining an operational internal pressure of 102 kPa (14.8 

psi). During the testing, the liner exhibited the highest level of deformation at the weakest 

discontinuity along the legacy CI pipe i.e., the joint. Consequently, the overall stiffness of the 

system was reduced, but the liner remained intact without any fracture. According to Stewart 

et al. (2015), the observed stiffness reduction in the repair system is primarily attributed to the 

debonding of the liner from the host pipe. In an investigation conducted by Ha et al. (2016), a 

three-point cyclic bending test was performed on a 150 mm (5.91 in) diameter steel host pipe 

containing a circumferential crack of 25 mm (0.98 in) in width, which was repaired using 

polyurea-polyurethane SAPL. The repair system was subjected to 105 bending cycles at a 

frequency of 1 Hz, with a maximum vertical displacement of 6.1 mm (0.24 in) and an internal 

pressure of 12 kPa (1.74 psi). In line with the findings of Jeon et al. (2004) and Stewart et al. 

(2015), Ha et al. (2016) also observed a decrease in stiffness during the experiment, as shown 

in Fig. 9, without any leakage or failure. However, Ha et al. (2016) did not clearly indicate the 

motivation for their investigation was the traffic load.  
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Fig. 9. Load-deformation behaviour of circumferentially cracked steel host pipe repaired with 

SAPL obtained from cyclic bending test (Ha et al. 2016) 

 

The initial investigation conducted by Tafsirojjaman et al. (2022) using a standalone 

IRP, has shown that the bending fatigue behaviour of an IRP can be substantially influenced 

by both its wall thickness and MOE. The range of MOE and thickness utilised in this analysis 

was identical to those employed in static bending analysis detailed in Section 2.5; however, the 

repetitive traffic load applied was only 17.35 kN (3.9 kips). The results of this study indicated 

that an increase in both MOE and the thickness of IRP can result in a significant prolongation 

of the fatigue life. Further, it has been determined that the IRP with a MOE of 1 GPa (145 ksi) 

and 3 GPa (435 ksi) necessitates a minimum wall thickness of 9.525 mm (0.375 in) and 3.175 

mm (0.125 in), respectively, to attain a design life of one million loading cycles maintaining a 

design strain limit of 0.02. However, investigating how these design parameters affect the 

bending fatigue behaviour of IRP systems is crucial with consideration given to the potential 

impact of discontinuous host pipe segments.   

 

2.7. Effect of internal pressure on fatigue in bending 

Based on the specification provided by the Advanced Research Project Agency-Energy 

(ARPA-E 2020), the legacy steel pipes have a maximum operating internal pressure of 413.7 

kPa (60 psi) and a maximum allowable internal pressure of 1379 kPa (200 psi). However, 

existing studies have primarily focused on investigating the bending fatigue performance of 

repaired steel pipes under low internal pressure. Consequently, there is no research exploring 

the influence of varying internal pressure levels on the bending fatigue behaviour of steel host 

pipes containing circumferential cracks or discontinuities that have undergone rehabilitation 

employing IRP systems. Available studies on the behaviour of damaged pipes with a repair 
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system, either under internal pressure alone or in combination with static bending revealed that 

internal pressure can contribute to stress concentrations in the damaged area (Brown et al. 2014; 

Shou et al. 2018; Shou et al. 2020; Tien et al. 2023). The study, carried out by Tien et al. (2023) 

as part of the REPAIR project assessed how the presence of crack edges on steel host pipes 

with a diameter of 323.85 mm (12.75 in) and a discontinuity (opening) width of 914.4 mm (36 

in) affected the performance of a thermoplastic IRP under an internal pressure of 1379 kPa 

(200 psi). The IRP utilised in the study had a thickness of 3.175 mm (0.125 in) and an MOE of 

5 GPa (725 ksi). The study discovered that when subjected to internal pressure alone, the IRP 

experienced bending as it curved around the edge of the host pipe discontinuity. This bending 

resulted in a concentration of longitudinal stresses in the IRP near the edge of host pipe 

discontinuity as depicted in Fig. 10. 

 

Fig. 10. Internal pressure-induced longitudinal stress concentration at the discontinuity edge 

(Tien et al. 2023) 

In a study conducted by Brown et al. (2014), the behaviour of discontinuous CI host 

pipe repaired with CIPP liner with a thickness of 5 mm (0.197 in) was investigated under an 

internal pressure of 700 kPa (101.53 psi) using 3D FEA. The analysis has indicated that when 

subjected to internal pressure, the axial stress in the liner becomes concentrated at the edge of 

the host pipe discontinuity where its structural integrity has been compromised. The influence 

of internal pressure on the static bending performance of steel host pipe with circular corrosion 

defects repaired with CIPP liners was investigated numerically by  Shou et al. (2018) and Shou 

et al. (2020) in two separate studies. The CIPP liner under consideration had an MOE of 13 

GPa (1886 ksi) and was subjected to a traffic load of 350 kN (78.68 kips). The identified 

corrosion defect had a maximum diameter of 100 mm (3.937 in) and was located on either the 
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top or lateral surface of the host pipe surface. The findings of these studies demonstrated that 

an increase in the internal pressure from zero to 588.4 kPa (85.34 psi) leads to a nonlinear 

increase in von Mises stress at the corrosion defect. Additionally, it was shown that during 

static bending, the presence of internal pressure contributed to increasing the concentration of 

longitudinal stress at the defect.  

A few investigations on the behaviour of repair systems under internal pressure have 

shown that the discontinuity widths that exist in host pipes may have an influence on the overall 

performance of the repair system. Fu et al. (2022a) investigated numerically the effect of 

varying widths of circumferential discontinuities in 150 mm (5.906 in) diameter CI host pipes 

on the performance of a polymeric liner with a thickness of 3 mm (0.118 in) and MOE of 2.6 

GPa (377 ksi) under an internal pressure of 600 kPa (87.02 psi). The widths of discontinuities 

ranged from 0 to 80 mm (3.15 in). Based on the findings, it was observed that the maximum 

tensile stress in the liner exhibited a nonlinear increase as the discontinuity width was increased 

from 0 to 50 mm (1.969 in), but then remained relatively constant until the discontinuity width 

reached 80 mm (3.15 in) (Fig. 11). In a recent study, Zhai et al. (2023) conducted a numerical 

analysis to examine the impact of different widths of existing discontinuities ranging from 4 

mm (0.157 in) to 40 (1.575 in) in a 300 mm (11.811 in) diameter host pipe on the mechanical 

response of the pipe liner under internal pressure of 600 kPa (87.02 psi). The host pipe had a 

thickness of 15 mm (0.591 in) and MOE of 100 GPa (14,504 ksi), while the liner had a 

thickness of 3 mm (0.118 in) and a MOE of 3.0 GPa (435 ksi). The results indicated that there 

is a direct relationship between the discontinuity width and the maximum stress experienced 

by the liner when subjected to longitudinal bending caused by the internal pressure. As the 

width of the host pipe discontinuity increases, the maximum stress in the liner also increases. 

 

Fig. 11. Effect of discontinuity width on the maximum stress experienced by the liner when 

subjected to internal pressure (Fu et al. 2022a) 
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2.8. Effect of different bonding conditions on fatigue in bending 

In the repair process of damaged legacy pipelines, it is feasible to employ either 

partially bonded or completely unbonded connections between the host pipe and IRP (Zhong 

et al. 2018; Kozman 2020; Hsu et al. 2022). However, there is a lack of studies investigating 

the potential effect of bonding level on the flexural fatigue life of IRP-repaired legacy pipes, 

in both pressurised and non-pressurised conditions. As a result, pipeline developers and 

designers are currently facing a knowledge gap regarding the optimal bonding level that should 

be implemented between the host pipe and the IRP to enhance the service life of repair systems. 

However, the existing research on internal pressure alone and static bending has demonstrated 

that avoiding bonding the repair pipe to the host pipe up to a certain length from the edge of 

the host pipe discontinuity can effectively reduce potential stress concentrations and enhance 

the structural capacity of the repair pipes (Kozman 2020; Hsu et al. 2022; Tien et al. 2023). 

The experimental investigation conducted by Kozman (2020) examined the 

longitudinal static bending behaviour of low-density polyethylene CIPP liners, both bonded 

and unbonded to ductile iron (DI) pipes of 6096 mm (240 in) in length and 304.8 mm (12 in) 

in diameter with joints positions at the midspan. The liners had a thickness of 6.7 mm (0.264 

in) and a flexural modulus of 4.96 GPa (719.4 ksi). According to their findings, the unbonded 

liner exhibited a joint rotation of 4o, which is four times higher than the joint rotation 

experienced by the completely bonded liner, before reaching its ultimate failure point. 

Additionally, the study also concluded that when a CIPP-lined pipe experiences bending, it can 

result in either cracking of the liner at the joints that are not restrained or minimal retraction 

into the host pipe if there is no bonding between them.  

Hsu et al. (2022) used 3D FEA to replicate the static bending behaviour of CIPP liners 

installed in concrete pipes with circumferential discontinuities under different bonding 

conditions: fully, partially bonded or completely unbonded. The concrete pipe had a nominal 

diameter of 300 mm (11.811 in) and a thickness of 57 mm (2.244 in). The liner, on the other 

hand, had a thickness of 7.5 mm (0.295 in) and a MOE of 2.88 GPa (418 ksi). The analysis 

employed a contact pressure of 830 kPa (120.38 psi) for a vehicular tyre, which was applied to 

an area that was 600 mm (23.622 in) wide. The findings revealed that a significant stress 

concentration was generated in the liner when it was fully bonded, particularly at the 

discontinuity edge of the invert due to the constraint of the host pipe (Fig. 12). On the other 

hand, in the unbonded scenario, while there was a minor stress concentration in the liner at the 

discontinuity edge of the crown, the stress is significantly diminished at the discontinuity edge 

of the invert and sidewalls. According to the authors, this is attributed to the fact that in the 
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unbonded condition, the liner is not constrained by the host pipe, allowing for unrestricted 

retraction during the bending process. In addition, owing to the decreased stress concentration, 

the unbonded liner was able to withstand deflection more effectively than the bonded liner (Fig. 

13). However, the crown of the liner was compressed between the discontinuity edges to 

produce a bulge in the unbonded scenario, while the invert was indented due to stress 

concentration stretching in the bonded scenario (Fig. 13).  

 

 

Fig. 12. Stress distribution of the discontinuous concrete pipes repaired with CIPP liner with 

different bonding levels during bending (Hsu et al. 2022) 
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Fig. 13. Vertical displacement distribution of the discontinuous concrete pipes repaired with 

CIPP liner with different bonding levels during bending (Hsu et al. 2022) 

 

In the study conducted by Tien et al. (2023), the effect of bonding between the IRP and 

the discontinuous host pipe on the stress concentration caused by an internal pressure of 1379 

kPa (200 psi) was also examined. For this, a wide range of IRP materials with MOE between 

1 GPa (145.0 ksi) and 200 GPa (29,008 ksi) was utilised. The bonding conditions that were 

taken into consideration were either fully bonded or unbonded at the pipe ends (Fig. 14). The 

findings of this study indicated that, in contrast to a fully bonded system, the unbonded system 

allowed for the sliding of the IRP relative to the host pipe. This sliding resulted in a reduction 

of the internal pressure-induced stress concentration in IRP at the edges of host pipe 

discontinuity, with a potential decrease of up to 15%, depending on the materials used (Fig. 

15). Additionally, when taking into account the unbonded condition, it has been observed that 

the impact of the edges of host pipe is limited to materials with a MOE of 15 GPa (2176 ksi) 

or below (Fig. 15). However, under the fully bonded condition, even with MOE of 25 GPa 

(3626 ksi), the performance of IRP was affected by the edges of host pipe discontinuities. 

However, depending on the type of loading, the impact of the bonding level on the behaviour 

of IRP systems and the ideal bonding condition needed to reduce the potential stress 

concentration and prolong the service life might differ significantly. For example, a bonding 

level that enhances the capacity of the IRP system under static bending or internal pressure 

alone may not be appropriate for flexural fatigue. 

29



 

 

 

 Fig. 14. A Schematic of the bonded and unbonded portions considered in the IRP 

system (Tien et al. 2023) 

 

 

Fig. 15. Ratio between stress at the discontinuity edge and the stress at the midspan in both 

bonded and unbonded scenarios (Tien et al. 2023) 

 

2.9. Research gap 

Static and cyclic surface loads from vehicular traffic are regarded as the most critical 

loading conditions for host pipes and IRP systems. To ensure the safety and reliability of these 

repair systems, it is crucial to have an in-depth understanding of their behaviour under critical 

loading conditions before initiating the design process. Unfortunately, there is a lack of 

knowledge regarding the behaviour of IRP systems installed in legacy pipes with fully 

circumferential cracks or discontinuities under static bending and flexural fatigue conditions. 

Although there are few experimental investigations available, they focused on different repair 

systems and have practical limitations due to significant time consumption and the high cost 

involved. As a result, it would be desirable to establish numerical and analytical models or 

mathematical expressions for evaluating the performance of a wide range of IRP material 

systems. In addition, most of the available models have been developed for either single 

materials or host pipe systems with surface defects. In real-life scenarios, legacy pipes requiring 
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repair systems may also have the worst damages such as circumferential cracks or 

discontinuities. The existence of these discontinuities in the host pipe might potentially impact 

the overall performance of the IRP system. Therefore, it is necessary to conduct a thorough 

investigation to understand their effect. In particular, the following are the main research gaps 

identified from the literature review. 

• There are limited studies available in the literature on the lateral deformation behaviour 

of IRP systems installed in host pipes with fully circumferential cracks or 

discontinuities. More importantly, a simplified and reliable analytical model capable of 

accurately anticipating the flexural behaviour of IRP systems in host pipes with 

circumferential cracks or discontinuities is not available. Although there are a few 

analytical models available, none of them have considered the structural contribution 

of the repair system in their analysis. Additionally, the effect of the important design 

parameters on the lateral deformation of the IRP in the presence of damaged legacy 

pipe segments is not well understood. 

• The current understanding of the flexural fatigue performance of IRP systems in 

discontinuous host pipe pipes subjected to repeated traffic loads is extremely limited, 

and research on the remaining life and residual strength estimation for host pipes that 

have been rehabilitated using IRP systems is lacking. Existing experimental research 

on circumferential cracks or joint repair is limited to low-modulus repair systems. 

Additionally, the influence of various design parameters on the flexural fatigue 

performance of IRP systems in the presence of damaged host pipes, as well as their 

relative contributions, have not been properly determined.  

• There is a lack of understanding of the fatigue behaviour of IRP systems installed in 

discontinuous host pipes under the combined influence of repetitive traffic loading and 

internal pressure. Available studies on the bending fatigue behaviour of repaired pipes 

focus on low internal pressure and the contribution of the internal pressure to the fatigue 

performance was not considered.  Additionally, the combined influence of the internal 

pressure and traffic load on fatigue behaviour has not been explored. Most significantly, 

simplified mathematical expressions or design charts that can predict the remaining 

flexural fatigue life of IRP systems are unavailable. 

• Research into the impact of the bonding level on the bending fatigue behaviour of the 

pressurised and non-pressurised IRP-repaired damaged host pipes is lacking. There is 

no study on the influence of design parameters on the flexural fatigue behaviour of IRP-
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repaired discontinuous legacy pipes at varying bonding levels. Consequently, the 

pipeline developers and designers are now confronted with a knowledge gap about the 

optimum bonding level that should be applied between the IRP and host pipe to extend 

the service life of various IRP systems. 

 

The research gaps mentioned above are the primary motivations of this study, and they 

are addressed in Chapters 3 to 6.  
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CHAPTER 3: PAPER 1 – LATERAL DEFORMATION 

BEHAVIOUR OF STRUCTURAL INTERNAL 

REPLACEMENT PIPE REPAIR SYSTEMS 

3.1. Introduction 

The extensive review of related literature in Chapter 2 revealed that circumferential 

crack or discontinuity is one of the most critical damages in legacy gas pipes requiring repair 

systems. A detailed understanding of the effect of the presence of discontinuous legacy pipe 

segments on the performance of different IRP systems under bending is therefore required. 

Numerical and analytical simulation are preferred over full-scale laboratory testing due to their 

advantages in terms of time consumption and cost. However, the existing numerical models do 

not account for the complete circumferential discontinuities present in legacy pipelines, while 

the available analytical models do not incorporate the mechanical contribution of the repair 

pipe.  

This chapter addressed the first objective and focused on the evaluation of the lateral 

deformation behaviour of IRP systems installed in host pipes with discontinuities subjected to 

surface load from vehicular traffic. The performance evaluation was conducted through FE 

numerical four-point bending simulations that were validated using full-scale laboratory test 

results. Various IRP systems were examined, including standalone IRP, IRP installed in 

continuous host pipe systems and IRP installed in host pipe systems with discontinuities. The 

systematic evaluation also included the implication of key design parameters, including 

discontinuity width, repair thickness, repair material and level of traffic load. A simplified and 

robust analytical model based on fibre model analysis (FMA), was developed to accurately 

capture the lateral deformation behaviour of IRP systems with discontinuous host pipe systems. 

A detailed presentation of the analysis and the results can be found in Section 3.2. 

It is important to note that the term “crack” used in Section 3.2 refers to a full 

circumferential discontinuity found in legacy host pipes. 
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A B S T R A C T

Structural internal replacement pipe (SIRP) systems are emerging composite technologies for the repair of cir
cumferentially cracked host pipes or pipes with joints subject to lateral deformation caused by the surface loads 
from vehicular traffic. However, laboratory experiments to investigate the suitability of different SIRP systems in 
repairing full-scale pipes are a very costly and time-consuming process. This paper investigated numerically the 
behaviour of SIRP repair systems under lateral deformation using the three-dimensional finite element analysis 
(FEA). The FEA model was validated from the results of the full-scale experimental test. The effect of the crack 
width of the host pipe, thickness, and material properties of the SIRP, on the bending behaviour of the pipe repair 
system, was evaluated. The results of the analyses show that the effect of the thickness and elastic modulus of the 
SIRP on the lateral deformation behaviour is dependent on the width of the circumferential crack in the host 
pipe. A simplified analytical model based on Fibre model analysis (FMA) and incorporating an average stress 
factor for host pipes with a narrow crack width was developed to reliably describe the lateral deformation 
behaviour of the SIRP systems.   

1. Introduction

A network of 3.2 million kilometres of utility pipes provides critical
natural gas service to approximately 80 million people in the United 
States [1]. However, corrosion of these pipelines which are primarily 
comprised of legacy cast iron and bare steel is a serious concern for the 
industry [2–8]. Due to the highly combustible material contained inside, 
failure in oil and gas pipelines distributed in urban areas can cause 
catastrophic damage to people, properties, and infrastructure [9–12]. As 
a result, these critical distribution systems which are nearing or have 
already exceeded their expected service life require cost-effective repair 
techniques to restore their original operating capacity, maintain struc
tural integrity, and extend their safe operational life. Rehabilitation of 
existing pipeline systems is an ideal solution over replacement due to the 
limited financial resources of asset owners and government institutions 
[13–15], as well as the complexity of underground structures, buildings 
and road congestion [16]. This situation has resulted in the investigation 

and development of various pipe repair technologies [1] suitable for 
either open trench or trenchless methods [17,18]. In many countries, 
such as the United States and Canada, the trenchless approach has 
become the preferred pipe repair method since it reduces environmental 
damage and excavation operations, making it more reliable and cost- 
effective [12,19–21]. In recent years, this repair technology has made 
significant advancements, utilising structural internal replacement pipe 
(SIRP) systems made from various materials such as thermoplastics, 
fibre composites [6], polymers and metals [1]. A few recent studies 
highlighted that while many trenchless repair and installation technol
ogies have grown recently matured, their applicability to oil and gas 
pipelines is still quite restricted due to their limited technological flex
ibility and high installation costs [1,22]. Moreover, design procedures 
and standards for these types of technologies are also unavailable [22]. 
Consequently, it is essential to assess the suitability of new and emerging 
SIRP systems to effectively design and utilise them as internal repair 
systems for pipeline rehabilitation. 
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The loading conditions have a substantial impact on the failure
modes of the host pipes and the SIRP repair systems. Some of the most 
common failure mechanisms for the SIRP in a host pipe system include 
lateral deformation [1,23–28], fatigue failure due to repetitive traffic 
loading [1,23,29], localized fracture and leakage due to internal pres
sure [1,30,31] and axial deformation due to thermal stresses 
[1,23,32,33]. Among these, bending deformation due to surface load is 
considered to be the worst condition for the host pipes and SIRP system 
[1,23]. The effects of surface loads experienced by the pipelines are 
normally caused by vehicular traffic [34]. When wheel loads are located 
directly above the pipe and moving parallel to the longitudinal axis of a 
pipeline (Fig. 1), the SIRP system undergoes maximum deformation 
(relative displacement and rotation) at the weakest discontinuity along 
the underground pipeline [23,35] such as a complete circumferential 
fracture/round crack and joints [35]. According to Makar et al [36], 
circumferential cracking is the most typical failure mode for host pipe 
with a diameter smaller than 380 mm. These cracks on host pipes might 
occur because of excessive stress generated by ground deformation 
during trench construction. When such a crack exists on the host pipe, 
the SIRP may be vulnerable to stresses, relative displacements and ro
tations caused by the traffic loading [23,35]. 

With the development of novel pipeline repair systems, the use of 
fibre composites as a repair material is continuously growing in the oil 
and gas industry [6,37–42]. This is due to the inherent advantages of 
fibre composite repair including lightweight, high tensile strength, 
flexibility in design, versatility in application, and corrosion resistance 
[38,39,43–45]. However, available studies on the lateral deformation 
behaviour of circumferentially cracked pipes with an internal composite 
repair system are limited [23,35,46–48]. Moreover, no comparable 
standards or regulations for internal composite pipe repair systems 
currently exist [1]. Because of this, Jeon et al [23] investigated the 
performance of circumferentially cracked cast iron (CI) pipes with 4 in 
(101.6 mm), 6 in (152.4 mm) and 8 in (203.2 mm) diameter and 
repaired them with a Cured-in-Place Pipe (CIPP) liner subject to traffic 
loading of 133 kN (30 kips). Additionally, an analytical model was 
developed to evaluate the maximum relative displacements, rotations 
and stresses induced on the pipeline at the circumferential crack under 
the traffic loading. However, in their models, it was conservatively 
assumed that the liner provides zero stiffness because of its significantly 
lower elastic modulus (E) compared to the CI host pipe. Stewart et al. 
[35] studied the lateral deformation behaviour of 6 in (152.4 mm) and
12 in (304.8 mm) diameter CI host pipe repaired with CIPP liners having
openings ranging from 0.25 in (6.35) to 0.43 in (10. 922 mm) under a
lateral loading of 178 kN (40 kips). This study employed field samples
from previously lined CI pipes and found that the crack opening affected
the overall behaviour of the repaired pipes. Interestingly, the structural
contribution of the repair system was not taken into account in their
analysis.

Shou and Chen [47] used three-dimensional (3D) finite element 
analysis (FEA) to investigate the bending response of buried steel pipe 
with corroded pipe barrels repaired with CIPP liner (using E of 13 GPa 
and wall thicknesses of 5 mm and 10 mm) under lateral loading. The 

study revealed that a repair system can enhance the load-carrying ca
pacity of a damaged pipeline. Allouche et al [46] conducted laboratory 
experimental three-point bending tests to evaluate the bending behav
iour of cast iron pipe that was cut into two halves and linked together 
with a fibre-reinforced polymer (FRP) CIPP subject to both pressurised 
and non-pressurised circumstances at the location of the pipe joint. They 
noted that the FRP liner was able to preserve the structural integrity of 
the system even after the host pipe failed. There was also no visible 
evidence of leaking observed. In the absence of internal pressure during 
the bending test, the liner buckled at the invert. In order to establish a 
range of material properties and thickness of SIRP repair systems 
appropriate for natural gas pipelines to avoid such types of failure 
modes, Tafsirojjaman et al [1] studied the lateral deformation behaviour 
of these technologies under a design load of 178 kN (40 kips) using 
linear elastic FEA. In their investigation, a wide range of SIRP materials 
with E ranging from 1 GPa (145 ksi) to 200 GPa (29,008 ksi) and 
thicknesses between 3.175 mm (0.125 in.) and 25.4 mm (1 in.) were 
analysed. This study demonstrated that the lateral deformation behav
iour is greatly influenced by the thickness and E of the SIRP. In addition, 
a system must also have an E and thickness of at least 5 GPa and 12.7 mm 
(12 in.), respectively, to safely bear a lateral load of 178 kN (40 kips), 
when the strain is limited to 0.02. A few studies that conducted bending 
analysis on damaged pipes revealed that defect length influences the 
overall performance of the pipe. Chegeni et al [36] studied the impact of 
the length of corrosion defects in the longitudinal and circumferential 
directions of steel pipe on the ultimate load-carrying capacity using FEA. 
The results indicated that increasing the length of the defect in longi
tudinal and circumferential directions reduces the ultimate load- 
carrying capacity of the pipe by 19% and 40%, respectively. This indi
cated that an increase in defect length along the circumferential direc
tion of the pipe had a greater negative influence on the bending 
performance of the pipe than an increase in defect length along the 
longitudinal direction. Shuai et al [37] investigated numerically the 
effect of corrosion defect length (along the axial direction) on the 
buckling of the steel pipe under a four-point bending test. The in
vestigators found that the buckling moment of the pipe is a function of 
the defect length, where a short defect length will fail in single wrinkle 
buckling, while a long defect length will exhibit two buckling waves. 
Similarly, Zheng et al [38] highlighted that the maximum axial strain of 
the pipeline increases with the increase of corrosion defect width. 
However, it is important to note that most of these studies have analysed 
the behaviour of the SIRP system either using single material or a 
continuous pipe system. In actual situations, however, pipes that need a 
repair system have existing damage like circumferential cracks or 
discontinuity, e.g., due to the presence of joints. These discontinuities in 
the host pipe may affect the performance of the SIRP repair system and 
require detailed investigation. 

The thorough evaluation of the effect of different design parameters 
of SIRP repair systems under flexural loading from laboratory experi
ments is a very costly and time-consuming process. In contrast, nu
merical and analytical models need less time, as well as lower costs, 
however, require validation from physical tests [49]. Once calibrated 

Fig. 1. Representation of the deformation of the underground pipeline subjected to traffic loading [35].  
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and validated from experimental results, numerical and analytical 
models can be very powerful tools for simulating experimental behav
iour and extrapolating them to other conditions. Additionally, numerical 
and analytical modelling together with experiments, allow a detailed 
understanding of the actual behaviour of structures which can be used 
for structural optimization. Therefore, the primary goal of this study is to 
numerically investigate the performance of SIRP systems for the repair 
of circumferentially cracked host pipes subject to surface loads and to 
investigate the effects of important design parameters such as the crack 
width of the host pipe, thickness and elastic modulus of SIRP on their 
lateral deformation behaviour. The reliability of the numerical model to 
evaluate the effect of traffic loads on the SIRP system is validated from 
the physical four-point bending tests. The findings of this study will 
provide the research community, product developers and pipeline en
gineers with a better understanding of the lateral deformation behaviour 
of circumferentially cracked gas pipelines repaired with SIRP systems. 

2. Finite element analysis (FEA)

2.1. Finite element modelling

A FEA numerical model is created by using ANSYS/Mechanical 
software [50] to evaluate the behaviour of various SIRP systems 
including the repair system alone, SIRP in a continuous host pipe 
(without circumferential crack), and the host pipe with different 
circumferential crack widths (i.e the host pipe completely fractured into 
two halves) repaired by a SIRP system under lateral loading. This was 
accomplished by modelling the experimental four-point bending test at 
the University of Colorado Boulder with setup dimensions of 762-1016- 
762 mm (30-40-30 in.), as shown in Fig. 2. This loading configuration 
represents the wheel loads located directly and moving parallel to the 
longitudinal axis of a pipeline as reported in [19,31]. A bilinear 
stress–strain behaviour is used to model the host pipe (Fig. 3a) whereas 
the SIRP is modelled as a nonlinear material (Fig. 3b). The material 
properties of ASTM A36 steel host pipe was obtained from [51], whereas 
that of SIRP was defined by performing tensile tests of the ALTRA10 
material in the laboratory in accordance with ASTM D638-10 [52]. The 
outer diameter and the thickness of the host pipe are 323.85 mm (12.75 
in.) and 6.35 mm (0.25 in.) respectively. Based on the inside diameter of 
the host pipe, the outside diameter of the SIRP is set to 311.15 mm 
(12.25 in.) and its thickness is 4.1148 mm (0.162 in.). The circumfer
ential crack widths of the host pipe under consideration range from 12.7 
to 152.4 mm (0.5 in.–6 in.). 

In the parametric study, the effect of different geometrical and ma
terial properties such as the repair thickness, crack width of the host 

pipe, and E of SIRP materials on the lateral deformation of circum
ferentially cracked host pipes is investigated. Accordingly, SIRP thick
ness is changed from 3.175 mm (0.125 in.) to 12.7 mm (0.5 in), and the 
E is varied from 1 GPa (145 ksi) to 200 GPa (29,008 ksi). The SIRP 
materials that are considered in the parametric study represent poly
mers, thermoplastics, glass fibre-reinforced polymer (GFRP) composites, 
and metallic (cast iron and steel) materials. These ranges of thickness 
and E of the SIRP repair systems are selected based on a previous study 
by Tafsirojjaman et al. [1]. It was also evaluated whether these systems 
could provide the structural capacity to withstand a lateral load of 178 
kN (40 kips) as suggested by previous studies [1,35,53]. 

A typical repair scenario in which a steel host pipe having a 50.8 mm 
(2 in.) circumferential crack repaired by a SIRP material with nonlinear 
stress–strain behaviour (Fig. 3(b)) and has an elastic modulus and poi
sons ratio of 3.739 GPa (542.3 ksi) and 0.23 respectively is shown in 
Fig. 4. For simplification, a quarter model is utilized by applying quarter 
symmetric boundary conditions in longitudinal and transverse di
rections. The system is modelled using the standard SOLID186, higher 
order 3D 20-node solid elements that allow quadratic displacement 
behaviours and support plasticity, hyper-elasticity, large strain and large 
deflection capabilities, stress stiffening and creep. The ends of the sys
tem are capped by steel blind flanges with properties similar to those of 
the host pipe. To represent the experimental test setup, pinned supports 
are used at both ends while the loading head is connected with the pipe 
clamps via the pin-lug system as shown in Fig. 4. The SIRP repair system 
is fully bonded to the host pipe. A frictionless connection type is used for 
the contacts between the host pipe and the supports. Contact pairs 
include clamp-pipe and lug-pin. Due to the quarter symmetry of the 
model, only one-fourth of the force is applied to the loading head of the 
setup vertically in the downward direction. In this study, nonlinear 
static structural FEA with a full Newton-Raphson solution approach is 
used to simulate the nonlinearity of both SIRP and host pipe materials. 
This analysis also allows large deformation and plasticity. The FEA 
model is validated by comparing numerical results to full-scale experi
mental data. 

2.2. Mesh convergence study and mesh refinement 

A mesh convergence study is carried out to determine the optimum 
mesh sizing required for generating reliable and accurate FEA results. 
This is accomplished by comparing the maximum midspan deflection of 
the system under lateral loading obtained by FEA with the theoretical 
results. A single pipe, representing the SIRP, is modelled for this purpose 
with an E of 200 GPa (29,008 ksi) and subjected to a load of 178 kN (40 
kips). The pipe used for mesh convergence analysis has the same 

Fig. 2. Schematic view (left) and actual set-up (right) for lateral deflection test of SIRP systems (CUB).  
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dimensions as the SIRP system described in Section 2.1. In the thickness 
direction, a mesh size of three elements is utilised, while the surface 
element sizing is varied from coarse (30 × 30 mm) to very fine (2 × 2 
mm). The FEA outcomes are plotted against the total number of ele
ments and compared to the theoretical result of 3.02 mm. According to 

this mesh convergence study (Fig. 5), as the mesh size decreases, the 
solutions tend to converge. The solution starts to converge with an ac
curacy of at least 5.67% when the mesh size is 5 mm or smaller. 

A mesh refinement is conducted in order to increase the accuracy of 
FEA solutions. Refinement is performed by reducing the element size of 
the mesh in the region of high stresses. Especially a finer mesh is used 
around the crack edge and midspan. The refined mesh was designed 
with a surface element size of 2 × 2 mm along the crack and along a 
distance of 76.2 mm from the crack edge towards the loading point. An 
optimum surface element size of 5 mm is utilised for the host pipe and 
SIRP outside the mesh refinement region. Three elements are used in the 
thickness direction of both the host pipe and the SIRP over their entire 
lengths. 

2.3. Validation of FEA model 

The FEA model of 4.1148 mm thick SIRP in steel host pipe with 12.7 
mm (0.5 in.) crack width is validated in Fig. 6 by comparing it to full- 
scale laboratory experimental results from the University of Colorado 
Boulder. The comparison demonstrates that the load–deflection behav
iour predicted by the FEA is in good agreement with the experimental 
outcomes. Under a loading of 14.86 kN (3.34 kips), the maximum dis
crepancies between the FEA and laboratory experimental deflections at 
the crack edge (43.35 mm or 1.71 in from midspan) and loading point 

Fig. 3. Stress–strain behaviour: (a) Steel host pipe [42], (b) ALTRA10 SIRP.  

Fig. 4. Geometry, boundary conditions and loading of FEA quarter model of 
SIRP in host pipe with 50.8 mm (2 in.) crack width. 

Fig. 5. Mesh convergence study.  
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(591.83 mm or 23.3 in from midspan) are roughly 2.7% and 12.9%, 
respectively, indicating high accuracy. 

3. Results and discussions

3.1. Behaviour of SIRP repair systems

The nonlinear load-midspan deflection behaviour of a SIRP alone is 
shown in Fig. 7a. The results showed that the deflection increases line
arly with the load up to 18 kN (4.05 kips), after which there is a slight 
nonlinearity because of the decrease in stiffness until failure at a load of 
24.5 kN (5.51 kips). At this level of loading, the compressive strain of 
SIRP is around 0.8%. This reduction in stiffness is caused by the 
nonlinearity of SIRP material at higher strain. Fig. 7b illustrates the 
deflection over the length of SIRP from the left support to the midspan. 
Due to the quarter symmetry of the FEA model, the deflection along the 
length of SIRP is only provided for the left-hand side of the model. Under 
the ultimate load, the deflection along the length of SIRP exhibits a 
linear relationship up to the loading point followed by a nonlinearly 
decreasing response up to the midspan. The FEA model shows that 
compressive buckling of the crown between the loading points governs 
the failure mechanism of SIRP alone under four-point bending (Fig. 8). 
This phenomenon is also consistent with the findings in the recent 
research reported by Tafsirojjaman et al [1] which concluded that SIRP 

systems with a thickness of 9.5 mm or less are susceptible to compressive 
buckling. 

3.2. Behaviour of SIRP repair systems in the continuous steel host pipe 

The load-midspan deflection relation of a continuous steel host pipe 
with the SIRP system is shown in Fig. 9a. The deflection increases lin
early with load up to 400 kN (89.9 kips), beyond which there is a sig
nificant drop in stiffness due to the yielding of the steel host pipe. At this 
level of load, it is noted that the SIRP is in the elastic region with a 
compressive strain of only 0.19%, which is almost 76% lower than that 
of the SIRP alone. Therefore, it is evident that the host pipe can stabilize 
the strain that develops in the SIRP at a higher load and prevents 
buckling failure. The SIRP in a continuous host pipe system fails at a load 
of 642.3 kN (144.4 kips) owing to buckling of the crown of the combined 
pipe section at midspan. This investigation reveals that the overall 
load–deflection behaviour of SIRP in an undamaged host pipe will be 
highly influenced by the host pipe. Fig. 9a compares the load against the 
midspan deflection behaviour of the continuous steel host pipe with 
SIRP to that of a continuous host pipe alone. It can be seen from the 
figure that the load at the yielding of the continuous host pipe is almost 
identical to that of the continuous steel host pipe with the SIRP system. 
This indicates that the presence of the SIRP does not increase the load at 
the yielding of the host pipe. This is because, up to the yielding point, the 

Fig. 6. Comparison of FEA and experimental load–displacement behaviours of SIRP in host pipe with 12.7 mm opening.  

Fig. 7. (a) Load vs. maximum deflection behaviour, (b) deflection (at ultimate load) along the half-length (from left support to midspan) of SIRP alone.  
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steel host pipe has a significantly higher modulus of elasticity and 
stiffness than the SIRP. Thus, with lower modulus and stiffness, the 
contribution of SIRP to the overall strength of the continuous host pipe 
system before yielding can be neglected. However, the ultimate load 
capacity and the maximum midspan deflection of this continuous host 
pipe alone are respectively around 578.1 kN (130 kips) and 71.35 mm 
(2.81 in.), which is less than that of the continuous host pipe with SIRP. 
At the ultimate load of the host pipe alone, the deflection of the host pipe 
with the SIRP repair system is only 57.19 mm (2.25 in.), which is 
approximately 20% less than that of the host pipe alone. Furthermore, 
the failure mechanism of the continuous host pipe alone is local inward 
buckling of the pipe crown between loading points, which is quite 
similar to that of SIRP with the continuous host pipe. This indicates that 
the failure mode of the SIRP-repaired continuous host pipe is controlled 
by the host pipe. Despite the fact that the host pipe has a greater in
fluence on the load–deflection behaviours than the SIRP, neglecting the 
mechanical contribution of the thinner SIRP in deflection calculations 
after the yielding of steel host pipe underestimates the ultimate load- 
carrying capacity of the system by 11% and its maximum deflection 
by 23%. Therefore, the frameworks developed in previous studies 
[23,35] assessing deflection by neglecting the contribution of the repair 
materials are not applicable to SIRP systems. The deflection along a half- 
length of the above-mentioned SIRP in a continuous host pipe at its ul
timate load, on the other hand, is depicted in Fig. 9b. The figure in
dicates that at ultimate load, the deflection along the length of the SIRP 

in the continuous host pipe increases linearly up to the load point, after 
which it increases nonlinearly and gradually until the midspan. 

3.3. Behaviour of SIRP repair systems in host pipe with a circumferential 
crack 

3.3.1. Effect of crack width in the host pipe 
The load versus midspan deflection behaviour of a SIRP repair sys

tem in a steel host pipe with different crack widths (l) under lateral 
loading is displayed in Fig. 10. The results show a linear load–deflection 
relationship for crack widths of 12.7 mm (0.5 in.), 25.4 mm (1 in.), 50.8 
mm (2 in.), 101.6 mm (4 in.) and 152.4 mm (6 in.), respectively, up to a 
loading of 23.0 kN (5.17 kips), 20.0 kN (4.5 kips), 16.9 kN (3.8), 16.6 kN 
(3.73 kips) and 16.1 kN (3.62 kips), followed by a slight nonlinear 
decrease in stiffness until the systems finally fail at a loading of 83.7 kN 
(18.82 kips), 61.7 kN (13.87 kips), 35.6 kN (8.0 kips), 29.4 kN (6.61 
kips) and 27.9 kN (6.27 kips), respectively. The ultimate failure of these 
circumferentially cracked host pipes repaired with SIRP systems under 
bending is governed by outward buckling at the crown of the SIRP 
(compressive zone) between the crack edges. Fig. 11a, b and c display 
the compressive buckling of SIRP in host pipe with 50.8 mm (2 in.), 
101.6 mm (4 in.) and 152.4 mm (6 in.) crack widths, respectively. A 
similar failure behaviour was reported in a previous study [46], wherein 
it was concluded that the absence of internal pressure can cause the liner 
to buckle during the laboratory experiment of the three-point bending 

Fig. 8. Compressive buckling of the SIRP alone under a four-point bending test.  

Fig. 9. (a) Load vs. maximum deflection behaviours of SIRP in continuous host pipe and continuous host pipe alone (b) deflection (at ultimate load) along the half- 
length of SIRP in the continuous host pipe. 
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test. Fig. 11 shows that only one buckling wave is visible in the middle of 
the crack width when the width of the opening is 101.4 mm (4 in.) or 
less, while there are two buckling waves towards the crack edge when 
the crack width is greater than 101.4 mm (4 in.). These failure behav
iours are consistent with the observations of Shuai et al [37]. This failure 
behaviour indicates that, unlike a continuous host pipe, the failure 
mechanism of the SIRP in a host pipe with a circumferential crack will be 
controlled by the SIRP. It is interesting to note that the analysis of the 
SIRP alone showed similar failure behaviour. However, the buckling 
load in which the SIRP system failed is higher for narrow crack width, 
but it converges to the level of the buckling load of SIRP alone with a 

significantly lower midspan deflection due to the relatively high stiffness 
of the host pipe. 

The influence of crack widths on the ultimate load-carrying capacity 
of the above-mentioned circumferentially cracked host pipe repaired 
with SIRP is illustrated in Fig. 12a. It is clear from the results that the 
lateral load-carrying capacity of SIRP in host pipe systems with very 
narrow crack widths is considerably higher than those with wide crack 
widths. When the crack width increases from 12.7 mm (0.5 in.) to about 
50.8 mm (2 in.), the ultimate load capacity of the system exhibits a 
dramatic nonlinear reduction, after which it shows a slight linear decline 
until the crack widens to 152.4 mm (6 in.). This behaviour may be 

Fig. 10. Load- midspan deflection behaviour of SIRP in host pipe with different crack widths.  

Fig. 11. Failure modes of SIRP in a host pipe with wider crack widths, i.e. (a) 50.8, (b) 101.6 mm and (c) 152.4 mm.  
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caused by the considerable reduction in the contribution of the host pipe 
to the overall strength of the SIRP system when the crack widens from 
12.7 mm (0.5 in.) to 50.8 mm (2 in.). The overall decrease in ultimate 
lateral load capacity is approximately 66.7%. Furthermore, none of 
these SIRP repair systems with 4.1148 mm thickness can provide 
structural capacity to circumferentially cracked host pipes to safely 
carry a design load of 178 kN (40 kips). The increase in lateral load 
capacity relative to SIRP alone for these repair systems with varying 
crack widths is shown in Fig. 12b as a percentage. It is seen from the 
graph that the load capacity of the SIRP in a host pipe with a 12.7 mm 
(0.5 in.) crack width is about 240% higher than that of SIRP alone. On 
the other hand, the load capacity of the SIRP system with 152.4 mm (6 
in.) crack width is only 13.4% greater than that of SIRP alone. As a 
result, unlike SIRP systems with very narrow crack widths, the ultimate 
load-carrying capacity of those with wider crack widths is primarily 
controlled by the SIRP. Additionally, when the crack width is 152.4 mm 
(6 in.) or longer, the ultimate loading capacity of the SIRP with the host 
pipe will approach that of the SIRP alone. 

The effect of crack width on midspan deformations of the SIRP sys
tem (at invert) under loading of nearly 27.9 kN (ultimate loading of the 
system with 6 in crack width) is shown in Fig. 13. The results reveal that 
under the same loading level, the SIRP repair system exhibits a slight 

nonlinear increase in deflection from 12.7 mm (0.5 in.) to 50.8 mm (2 
in.) crack widths followed by an almost a linear increment until 152.4 
mm (6 in.) crack width. Overall, when the crack width widens from 12.7 
mm (0.5 in.) to 152.4 mm (6 in.), the midspan deflection increases by 
415.5%. This is because, unlike the SIRP systems with wider crack 
widths, the overall load–deflection behaviour of those with narrow 
crack widths is mostly governed by the host pipe, which has almost 53.5 
times higher stiffness than SIRP alone and hence results in significantly 
lower deformations at the same loading. Fig. 14 displays the deflection 
behaviour of a host pipe with varying crack widths, obtained from the 
left support to the midspan under loading of 27.9 kN (6.27 kips). 
Accordingly, the deflection of SIRP increases linearly from support to 
crack edge for all crack widths. However, from crack edge to midspan, 
deflection of the systems with 12.7 mm (0.5 in.) and 25.4 mm (1 in.) 
crack widths rises nonlinearly, whereas those of the systems with 50.8 
mm (2 in.), 101.6 mm (4 in.), and 152.4 (6 in.) crack widths decline 
nonlinearly. This behaviour of SIRP with narrow crack width is related 
to the high stresses that develop over the crack width as a result of stress 
concentration at the crack edge. The nonlinear reduction in deflection of 
SIRP with wider crack widths from crack edge to midspan, on the other 
hand, is caused by a slight local inward deformation of the SIRP at the 
midspan at invert (Fig. 11b and c). 

Fig. 12. (a) Effect of crack width of host pipe on the ultimate load capacity of ALTRA10 SIRP system (b) Percentage increase in load capacity compared to 
SIRP alone. 

Fig. 13. Effect of crack width of host pipe on midspan deflection of SIRP system.  
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3.3.2. Effect of the thickness of the SIRP system 
Fig. 15 demonstrates how the thickness of the SIRP affects the ulti

mate lateral load-carrying capacity of the repaired steel pipe with a 
narrow (12.7 mm) and a wide (152.4 mm) circumferential crack. The 
results show that when SIRP thickness is increased from 3.175 mm 
(0.125 in.) to 12.7 mm (0.5 in.), the ultimate load capacity of the system 
with the wide crack width increases nonlinearly with an overall incre
ment of 773.9% while that of the system with the narrow crack width 
increases almost linearly with an overall increment of 257.8%. This is 
because increasing SIRP thickness causes the outer diameter to thickness 
ratio of SIRP to reduce, making the system less prone to local buckling. 
The results also reveal that the SIRP system with a narrow crack width 
requires a repair thickness of at least 9.345 mm (0.368 in.) to be able to 
safely carry the design load of 178 kN (40 kips). In contrast, even with a 
maximum thickness of 12.7 mm, the SIRP system with a wider crack 
width is unable to withstand the design load requirement. Extrapolating 
the data in Fig. 15, it is evident that the SIRP repair thickness for steel 
host pipe with a 152.4 mm (6 in.) crack width must be at least 13.854 

mm (0.545 in.) to resist the design load. Fig. 16 depicts the influence of 
the repair thickness on midspan deflection of SIRP in host pipe with 
varying crack widths under a loading of about 18.08 kN (4.06 kips) 
(ultimate loading of the SIRP system with 6 in crack width and 3.175 
mm repair thickness). According to that, the level of midspan defor
mation of SIRP systems with 12.7 mm (0.5 in.), 25.4 mm (1 in.), 50.8 
mm (2 in.), 101.6 mm (4 in.), and 152.4 mm (6 in.) crack widths appears 
to decrease nonlinearly by 36.9%, 44.3%, 53.6%, and 63.7%, respec
tively, as the repair thickness increases from 3.175 mm (0.125 in.) to 
12.7 mm (0.5 in.). The reduction in midspan deflection is attributed to 
the rise in stiffness of the SIRP. Among all crack widths, the SIRP system 
with the widest opening (152.4 mm or 6 in.) has the highest overall drop 
in midspan deflection, while the narrowest crack (12.7 mm or 0.5 in.) 
has the least. This is because the lower flexural stiffness of the SIRP than 
the host pipe has a greater impact on systems with wide crack widths 
compared to those with narrow crack widths. 

Fig. 14. Deflection along the half-length of SIRP in host pipe with different crack widths.  

Fig. 15. Effect of SIRP thickness on the ultimate load capacity of the pipelines with 12.7 mm (0.5 in.) and 152.4 mm (6 in.) crack widths.  
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3.3.3. Effect of the elastic modulus of the SIRP system 
The load–strain behaviour of SIRP material systems with different 

elastic modulus and with 152.4 mm (6 in.) crack widths at 0.002 and 
0.02 strain limitations at the midspan, respectively, is summarised in 
Fig. 17. The analysis is performed with the same repair thickness of 
4.1148 mm (0.162 in.). The load capacities of SIRP made from poly
meric materials (1–2 GPa), thermoplastics (3 GPa) and GFRP composites 
(5–24.5) are investigated at an elastic strain of 0.02, while those of 
metallic systems including CI (70 GPa) and steel (200 GPa) is evaluated 
at 0.002 strain. These strain constraints followed the approach imple
mented by Tafsirojjaman et al [1] that divides the design strain of SIRP 
materials systems into two categories: 0.02 for composites, polymers, 
and thermoplastic systems, and 0.002 for metallic systems. It is observed 
that the load capacity of the SIRP repair system with an E of 24.5 GPa 
(3,553ksi) or lower is controlled by the compressive buckling at the 

midspan. The results show that the compressive strain in the SIRP sys
tem with an E of 1.744 GPa (252.9 ksi) does not reach the design strain 
of 0.02 due to geometric nonlinearity at the crown of the SIRP between 
the crack edges. SIRP materials with E ranging from 2 GPa (290 ksi) to 
24.5 GPa (3,553 ksi), on the other hand, approach the design strain of 
0.02, exhibiting a nonlinear behaviour at higher strains. Fig. 18 displays 
the load capacity against E of the SIRP systems. Accordingly, the SIRP 
system with 152.4 mm (6 in.) crack width and 4.1148 mm (0.162 in.) 
repair thickness should have an E of at least 13.28 GPa (1,926 ksi) to 
safely carry the design load of 178 kN. (40 kips). 

Fig. 19 illustrates the effect of the E of SIRP on the midspan defor
mation of systems with varying crack widths at the same SIRP thickness 
under a loading of 13.536 kN (3.043 kips) which is the ultimate load 
capacity of the SIRP system with 152.4 mm (6 in.) crack and E of 1 GPa 
(145 ksi). The results demonstrate that under the same loading when the 

Fig. 16. Effect of repair thickness on midspan deflection for different crack widths at a loading of 18.08 kN.  

Fig. 17. The load-compressive strain behaviour of SIRP systems with 152.4 mm (6 in.) wide cracks repaired using different materials.  
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E of SIRP increases from 1 GPa (145 ksi) to 24.5 GPa (3,553 ksi), the 
midspan deflection drops dramatically in all systems, followed by a 
slight decrease until the E reaches 200 GPa (29,008 ksi). As a result, it is 
obvious that under the same load levels, the SIRP systems with different 
stiffnesses in circumferentially cracked host pipes experience different 
levels of midspan deflection, and the mechanical contribution of the 
internal replacement pipe is an important aspect in the analysis of SIRP 
systems. The overall reduction in deflection of the SIRP systems with 
12.7 mm (0.5 in.), 25.4 mm (1 in.), 50.8 mm (2 in.), 101.6 mm (4 in.) 
and 152.4 (6 in.) crack widths, respectively, are 90.6%, 93.6%, 95.9%, 
97.6% and 98.2%. Thus, a change in E of SIRP has a greater impact on 
the lateral deformation of the system with wider crack widths than it 
does with narrower crack widths. The largest difference in deflection 
(88.1%) between systems with 12.7 mm (0.5 in.) and 152.4 mm (6 in.) 
occurs when the E of the repair material is the lowest, while the least 
difference (11.4%) arises when the E is the greatest. 

4. Simplified theoretical prediction of the lateral deformation

While FEA can accurately simulate the bending behaviour of SIRP
systems, the process is quite extensive, complex, and requires a longer 
execution time. This becomes a limitation if material developers in the 
industry desire to understand how their SIRP system behaves under 
lateral loading. Thus, the development of a more efficient and simplified 
analytical model that can still accurately reflect the bending behaviour 
would be highly beneficial. Considering this requirement, the applica
bility of the fibre model analysis (FMA) [54] used in the analysis of the 
layered composite section is investigated to generate simple theoretical 
predictions of the behaviour of the SIRP system under lateral loading. 
While this calculation approach can be developed in a Microsoft Excel 
spreadsheet, the analysis conducted in the current study is implemented 
using MATLAB [55]. The analysis considers the constitutive nonlinear 
material behaviour of the host pipe and SIRP as shown in Fig. 3a and b, 
respectively. In this analysis, it is assumed that the strain in the SIRP and 
the host pipe is directly proportional to their distance from the neutral 

Fig. 18. Effect of the E of SIRP on the ultimate load capacity of host pipe with 152.4 mm (6 in.) crack width.  

Fig. 19. Effect of E of SIRP on midspan deflection for different crack widths.  

S. Kiriella et al.

44



Composite Structures 319 (2023) 117144

axis and that there is a perfect bond between the SIRP and the host pipe. 
These assumptions are based on the Euler-Bernoulli theorem of strain 
compatibility, which states that the plain sections remain plane before 
and after bending which requires perfect bonding between the SIRP and 
the host pipe materials and no-slip [56]. The fundamental assumptions 
of FMA are shown in Fig. 20. In the figure, Dp(out) is the outer diameter of 
SIRP, Dp(in) is the inner diameter of SIRP, σh(t) and εh(t) characterise the 
tensile strength and tensile strain of the host pipe material, respectively, 
whereas σh(c) and εh(c) represent the compressive strength and corre
sponding compressive strain of the host pipe. Similarly, σp(t) and εp(t)

indicate the failure strength and strain of the SIRP material in tension, 
respectively, while σp(c) and εp(c) reflect the compressive strength and 
corresponding compressive strain of the SIRP material. 

Due to the nonlinearity of the materials, when the load increases, 
variations in stiffness (EI) within the layers of cross-section and sections 
along the longitudinal axis of the SIRP system may occur. To account for 
this behaviour, the varying EI values are predicted, and the deflections 
are calculated as follows: Firstly, a compressive strain value at the 
topmost layer of the SIRP alone (at the middle crack) is assumed and the 
corresponding moment capacity and the applied load are calculated. In 
addition, the corresponding equivalent effective secant stiffness of SIRP 
((EI)SIRP) is determined by taking the summation of the secant stiffness 
of all the layers of the SIRP section as shown in Eq. (1). A separate FMA is 
then performed by increasing the maximum bending strain value at the 
topmost layer of the host pipe with SIRP section from a lower value to a 
higher value to determine moment capacities and corresponding 
equivalent effective secant stiffnesses (Eq.(2)). The moment capacities 
against the equivalent effective secant stiffness of the cross-section of 
SIRP with the host pipe ((EI)EFF) is then plotted. Thirdly, the loading 
length of the beam is divided into small segments and the moment ca
pacity at each segment is calculated using the applied load obtained 
from the previous analysis of the SIRP section alone. The (EI)EFF values 

corresponding to these moments over the loading length are obtained 
using (EI)EFF versus moment capacity plot of the host pipe with SIRP 
section via interpolation curve fit. 

(EI)SIRP =
∑np(c)

i=1
Ep(c)iIp(c)i +

∑np(t)

i=1
Ep(t)iIp(t)i (1)  

(EI)EFF =
∑nh(c)

i=1
Eh(c)iIh(c)i +

∑np(c)

i=1
Ep(c)iIp(c)i +

∑nh(t)

i=1
Eh(t)iIh(t)i +

∑np(t)

i=1
Ep(t)iIp(t)i (2) 

where Eh(c)i, Ep(c)i, Eh(t)i and Ep(t)i are the secant modulus of each layer 
of host pipe in compression, SIRP in compression, host pipe in tension 
and SIRP in tension, respectively, while Ih(c)i, Ip(c)i, Ih(t)i and Ip(t)i are the 
corresponding moment of inertia of each layer of host pipe in 
compression, SIRP in compression, host pipe in tension and SIRP in 
tension, respectively. 

The maximum midspan deflection of SIRP in a circumferentially 
cracked host pipe with nonlinear stress–strain behaviour is then deter
mined using Eq. (3). A schematic diagram of SIRP in a host pipe with a 
middle crack is shown in Fig. 21 where Δmax is the maximum mid-span 
deflection, L corresponds to the length of the SIRP between supports, 
(L− l)

2 is the length of one of the cracked host pipe sections, l is the crack 
width, P is half of the applied load n is the total number of segments into 
which the loading length, a is subdivided, wi is the length to the right 
boundary of each segment from the left support, (EI)eff i 

is the equivalent 
effective secant stiffness of the cross-section of each segment SIRP 
segment with host pipe over the length a (on the left side of the system) 
from the support to the loading point. Finally, by increasing the 
compressive strain value at the mid-span of SIRP alone from a very lower 
value to a higher value, a series of corresponding applied loads, (EI)SIRP 
and (EI)EFF values over the length and the corresponding maximum 
midspan deflection of SIRP in a host pipe with a middle crack with 

Fig. 20. Fundamental assumptions of FMA.  

Fig. 21. Schematic illustration of SIRP in host pipe with a circumferential middle crack.  

S. Kiriella et al.

45



Composite Structures 319 (2023) 117144

nonlinear stress–strain behaviour is computed. The deflection along 
0 ≤ b ≤ a, a ≤ b ≤

(L− l)
2 and (L− l)

2 ≤ b ≤ L
2 of SIRP is predicted using Eqs. 

(4)–(6) respectively, where b is the length from the left support to the 
point where the deflection requires to be computed (Fig. 21). 

Δmax = 2

{
∑n

i=1

[
P(wi

3 − wi− 1
3)

6(EI)ef fi

]

+
Pa

16(EI)EFF

(
(L − l)2

− 4a2 )+
Pa

16(EI)SIRP

(
2Ll − l2)

}

(3) 

Fig. 22. Comparison of FMA and FEA (a) load- midspan deflection behaviour, (b) deflection (at ultimate load) over the half-length (from left support to midspan) of 
SIRP alone. 

Fig. 23. Comparison of FMA and FEA (a) load- midspan deflection behaviour, (b) deflection (at ultimate load) over the half-length of SIRP in a continuous host pipe.  

Fig. 24. Comparison of FMA and FEA (a) load- midspan deflection behaviour and (b) deflection along half-length of SIRP in host pipe with wider crack widths.  
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The deflection at any point along 0 ≤ b ≤ a:

Δ(0≤b≤a) =
∑nb

i=1

⎧
⎪⎪⎨

⎪⎪⎩

P
(
1 − b

L

)
(wi

3 − wi− 1
3)

3(EI)ef fi

⎫
⎪⎪⎬

⎪⎪⎭

+
∑(n− nb)

i=1

{
Pb

(EI)ef f(a− b)i

[(
wi

2 − wi− 1
2

2

)

−

(
wi

3 − wi− 1
3

3L

)]}

+
Pab

(EI)EFF

{
L − l

2
− a −

(L − l)2

8L
+

a2

2L

}

+
Pabl

2(EI)PIP

+
Pab

(EI)EFF

{(
L
2
− a −

l
2

)

−
1

2L

[

(L − a)2
−
(L + l)2

4

]}

+
∑n

i=1

⎧
⎨

⎩

Pb
(
(EI)eff

)′

i

[

L(wi − wi− 1) −
(
wi

2 − wi− 1
2)

+
1

3L
(
wi

3 − wi− 1
3)

]
⎫
⎬

⎭

(4) 

The deflection at any point along a ≤ b ≤
(L− l)

2 : 

Δ(

a≤b≤L− l
2

) =
∑n

i=1

⎧
⎪⎪⎨

⎪⎪⎩

P
(
1 − b

L

)
(wi

3 − wi− 1
3)

3(EI)ef fi

⎫
⎪⎪⎬

⎪⎪⎭

+
Pa

(
1 − b

L

)(
b2 − a2

)

2(EI)EFF

+
Pab

8L(EI)EFF

(
3L2 − 2Ll − 8bL − l2 + 4b2)+

Pabl
2(EI)SIRP

+
Pab

(EI)EFF

{(
L
2
− a −

l
2

)

−
1

2L

[

(L − a)2
−
(L + l)2

4

]}

+
∑n

i=1

⎧
⎨

⎩

Pb
(
(EI)eff

)′

i

[

L(wi − wi− 1) −
(
wi

2 − wi− 1
2)

+
1

3L
(
wi

3 − wi− 1
3)

]
⎫
⎬

⎭

(5) 

The deflection at any point along (L− l)
2 ≤ b ≤ L

2 : 

Δ(

L− l
2 ≤b≤L

2

) =
∑n

i=1

⎧
⎪⎪⎨

⎪⎪⎩

P
(
1 − b

L

)
(wi

3 − wi− 1
3)

3(EI)ef fi

⎫
⎪⎪⎬
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1 − b

L
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4b2 − (L − l)2 ]
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(6) 

where Δ(0≤b≤a), Δ(a≤b≤L− l
2 )

and Δ(L− l
2 ≤b≤L

2)
are the deflection at any point 

along 0 ≤ b ≤ a , a ≤ b ≤
(L− l)

2 and (L− l)
2 ≤ b ≤ L

2 of SIRP, respectively, nb 

and (n − nb) are respectively the number of segments over length b and 
length (a − b)-, (EI)eff(a− b)i 

is the equivalent effective secant stiffness of 
the cross-section of each segment of SIRP with host pipe over length (a −

b) from length b to the loading point and 
(
(EI)eff

)′

i 
is the equivalent

effective secant stiffness of the cross-section of each segment of SIRP 
with host pipe over the length a (on the right side of the system) from the 
loading point to support. 

4.1. Comparison with FEA results 

4.1.1. SIRP repair systems only 
The load-midspan deflection behaviour and the deflection (at ulti

mate load) over a half-length of a SIRP alone obtained from FMA and 
FEA are compared in Fig. 22a and b respectively. Fig. 22a demonstrates 
that the nonlinear load-midspan deflection response of SIRP predicted 
by FMA correlates well with FEA, with a maximum discrepancy of only 
about 4.1%. This minor deviation can be attributed to geometric 
nonlinearity considered by the FEA due to the local buckling of SIRP at 
the midspan. FMA, on the other hand, is a simplified approach that does 
not capture every single change in 3D geometry including local bucking 
during bending. As shown in Fig. 22b, the FMA deflection prediction 
along the half length of SIRP at ultimate load exhibits a linear response 
up to the loading point followed by a nonlinear response. These FMA 
results are also found to be in close agreement with FEA ones. 

4.1.2. SIRP repair systems in a continuous host pipe 
A comparison between the FMA and FEA load-midspan deflection 

relation and the deflection (at ultimate load) along the half-length of a 
continuous steel host pipe with SIRP is shown in Fig. 23a and b, 
respectively. The load-midspan deflection response of SIRP in contin
uous steel host pipe under bending predicted by FMA is very similar to 
that of FEA, with a maximum deviation in deflection of only about 
12.7% at a load of 546 kN, as shown in Fig. 23a. This difference is 
because, unlike FMA, which only considers material nonlinearity, 3D 
FEA nonlinear analysis incorporates geometric nonlinearity, which 
causes the stiffness of the beam to rise when deformations are large. 
Enabling large deflection ensures that the program accounts for the 
change in stiffness caused by geometric changes. Since curved beams 
have a greater stiffness than straight beams, when a straight beam is 
turned into a curved beam, its stiffness increases, resulting in less ver
tical downward deflection than FMA at the same loading level. This 
increase in stiffness is also called stress stiffening. Fig. 23b indicates that 
the deflection along the length of the SIRP in continuous host pipe at the 
ultimate load predicted using FMA, which exhibits a linear response up 
to the loading point followed by a nonlinear response until midspan, 
correlates well with the FEA behaviour, with the maximum deviation 
being only 6.6% at midspan. 

4.1.3. SIRP repair systems in a host pipe with wide circumferential cracks 
The load versus midspan deflection behaviour of SIRP repair systems 

in host pipe with wide circumferential crack widths predicted by FMA is 
compared to FEA results in Fig. 24a. The FMA findings for crack widths 
of 101.6 mm (4 in.) and 152.4 mm (6 in.) show a linear load–deflection 
relationship up to 16.8 kN (3.78 kips) and 16.6 kN (3.73 kips), respec
tively. Thereafter, a slightly nonlinear decrease in stiffness occurs until it 
finally fails at loadings of 29.4 kN (6.61 kips) and 27.9 kN (6.27 kips), 
respectively. This overall behaviour of FMA is in good agreement with 
FEA, with a maximum deviation of less than 6%. Fig. 24b compares the 
FMA and FEA predictions of deflection along the half-length of the SIRP 
systems under a load of 15 kN (3.37 kips). Accordingly, it is confirmed 
that FMA can capture a linear deflection response along the pipe length 
up to the crack edge, which is similar to the behaviour predicted by FEA. 
However, the deviation of the FMA prediction from the FEA results rises 
gradually from the support to the crack edge, and it can be as high as 
9.3% at the crack edge of the SIRP system with a crack width of 101.6 
mm (4 in.), which is more than twice that at the midspan under the same 
load. The difference between FMA and FEA prediction is that when the 
crack width narrows, stress concentration at the crack edge causes an 
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increase in stresses along the crack width in 3D FEA models. This results 
in higher average stress over the narrow crack width, which the 
simplified FMA model cannot account for. However, for crack widths 
narrower than 101.6 mm (4 in.), the average stress along them further 
increases, resulting in considerable differences between the initial FMA 
and FEA deflection predictions. To overcome this limitation of the initial 
FMA, a factor termed the average stress factor (K) is established and 
incorporated into the simplified FMA models to be applied in the 
deflection computation of SIRP systems with narrow crack widths. 

4.2. Average stress factor 

The average stress factor (K) is computed by dividing the average of 
FEA normal stress along the crack width (at the invert of SIRP) by the 
corresponding average FMA stresses. The initial FMA deflection pre
diction is then multiplied by K, to obtain the factored FMA deflection, 
which accounts for the effect of stress concentration on average stresses 
over crack width. Then, a parametric study is carried out using both 
FMA and FEA to produce an equation that can accurately estimate the 
average stress factor. For this, a range of SIRP thicknesses between 
3.175 mm (0.125 in.) and 9.525 mm (0.375 in.), crack widths from 12.7 
mm (0.5 in.) to 152.4 mm (6 in.) and elastic moduli of materials from 1 
GPa (145 ksi) to 200 GPa (29008 ksi) are considered. The parametric 
analysis shows that the average stress factor is mostly governed by the 
geometry of the fracture, i.e. the width of the crack and the thickness of 
SIRP, whereas the E of the material has almost no effect. This is because, 
under the same load, the stress is determined primarily by the applied 
load and geometry and does not depend on the E in the elastic region. 
Fig. 25a compares the effect of crack width on the average stress factor 
of a repaired host pipe with varied SIRP thicknesses. Accordingly, the 
average stress factor for a given SIRP thickness reduces with increasing 
crack width and reaches a constant value once the crack width exceeds 
101.6 mm (4 in.). This is due to the fact that when the crack width 
widens, the local stresses produced by the host pipe discontinuities 
stabilise along the crack width, resulting in a reduction in average stress. 
In contrast, when the crack width narrows, the average stress factor 
increases dramatically. This is because the crack width is insufficient to 
stabilise the higher stresses leading to an increase in average FEA stress 
over it. The influence of relative SIRP thickness on the average stress 
factor of SIRP in host pipes with varied crack widths is shown in Fig. 25. 
For a given crack width, the average stress factor rises linearly as the 
relative SIRP thickness increases. 

By considering the K as a function of two governing dimensionless 
parameters, crack width to the thickness of SIRP and the total wall 
thicknesses of SIRP and host pipe thickness to the thickness of SIRP, a 

mathematical formulation (Eq. (7)) is developed. This was performed by 
nonlinear-least squares regression analysis in MATLAB to achieve the 
best surface fit (Fig. 26). The model equation used in this analysis is Eq. 
(8), where tT is the total wall thickness, tp is the thickness of SIRP, p, q, r 
and s are the unknown parameters, and x and y are the total wall 
thicknesses to SIRP thickness and crack widths to SIRP wall thickness, 
respectively. 

K = 1.097e
− 0.01529

(
tT
tp

)

+ 1.461e
− 0.3368

(

l
tp

)

(7)  

K = peq(x) + re− s(y) (8)  

4.3. Factored FMA for deflection prediction of SIRP systems with narrow 
crack widths 

The factored FMA deflection of a very narrow crack width (12.7 mm) 
is compared to both FEA and full-scale laboratory experimental results 
from the University of Colorado Boulder in Fig. 27. The comparison 
demonstrates that the load–deflection behaviour predicted by the 
factored FMA for SIRP with narrow crack widths is in good agreement 
with the FEA and experimental outcomes. At a loading of 14.9 kN (3.35 
kips), the differences between factored FMA and FEA deflection 

Fig. 25. Average stress factor against (a) crack widths with varying SIRP thickness and (b) SIRP thickness for different crack widths.  

Fig. 26. 3D surface fitting in MATLAB.  
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prediction are approximately 1.9% and 2.2%, respectively. Further
more, under the same loading, the highest discrepancies between the 
deflections predicted by the factored FMA and the laboratory experi
ment at the crack edge and loading point, respectively, are around 4.7% 
and 10.8%. 

It should be noted that the developed FMA can reliably predict the 
load–deflection behaviour of fully bonded SIRP repair systems under 
lateral loading until the ultimate strain of repair material is reached. 
This model can be extended to account to predict the capacity of the 
repair system against local failure modes such as buckling as well as the 
influence of the combination loading cases and the effect of the 
unbonded length during bending. Further analyses and verification can 
be implemented to extend the developed FMA to predict such complex 
behaviour. 

5. Conclusions

The flexural behaviour of structural internal replacement pipe (SIRP)
system alone, SIRP in a continuous host pipe, and SIRP in a host pipe 
with narrow and wide crack widths under the effect of wheel loads 
located directly and moving parallel to the longitudinal axis of a pipeline 
have been investigated numerically in this study. The effect of the crack 
width of the host pipe, thickness, and material properties of the SIRP, on 
the bending behaviour of the composite pipe repair system, was sys
tematically evaluated. From the results of these analyses and in
vestigations, the following conclusions can be drawn:  

• The lateral deformation of SIRP alone increases nonlinearly with the
applied load and their failure mechanism is governed by local
buckling of the crown.

• The lateral deformation behaviour of a continuous steel pipe system
with SIRP is mostly influenced by the host pipe. The failure of the
system is initiated by the yielding of the host pipe followed by local
inward buckling of the SIRP. While the inclusion of the SIRP does not
improve the load at yielding of the host pipe, it increases the ultimate
load and maximum deflection capacity of the system by 11% and
23%, respectively.

• The lateral deformation behaviour of the repair system with a nar
row circumferentially crack host pipe is governed by the host pipe
while that of the system with wide cracks is governed by the SIRP
systems. The strength and stiffness of the system decrease with the
increase in crack width. Regardless of the crack width, the mode of
failure is due to local outward buckling of the crown of SIRP between
the crack edges.

• The increase in the SIRP thickness increases the flexural capacity of
the system, with a nonlinear increase for the systems with a wide
crack but a linear increase for the system with narrow crack widths.
The thickness of the SIRP has a more substantial impact on the lateral
deformation of the system with wider than narrower crack widths.
The SIRP system with crack widths of 12.7 mm (0.5 in.) and 152.4
mm (6 in.) respectively require repair thicknesses of at least 9.345
mm (0.368 in.) and 13.854 mm (0.545 in.) to safely carry the design
load of 178 kN (40 kips).

• The midspan deflection lowers dramatically as the elastic modulus of
SIRP increases from 1 GPa (145 ksi) to 24.5 GPa (3,553 ksi). The
change in E of SIRP has a greater effect on the lateral deformation of
the system with wider than narrower crack widths.

• The mechanical contribution of the inner liner pipe is an important
consideration in the analysis of SIRP systems because, at the same
loading levels, SIRP systems in circumferentially cracked host pipes
with different stiffness undergo varying levels of deformation.

• The simplified FMA can reliably predict the lateral deformation
behaviour of SIRP systems in host pipes with wide circumferential
cracks. The factored FMA considering the ratio of the average normal
stress along the crack width from the FEA to that of the corre
sponding average FMA stresses can accurately predict of load- 
midspan deflection behaviour of the system with narrow circum
ferential cracks.
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Fig. 27. Comparison of FMA, 3D FEA and experimental load–displacement behaviours of SIRP in host pipe with 12.7 mm opening.  
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3.3. Links and implications 

The investigation in Chapter 3 indicated that the lateral deformation behaviour of IRP 

systems with narrow discontinuity widths is mostly influenced by the host pipe, while that of 

the systems with wider discontinuity widths is primarily governed by the IRP. The failure mode 

of the IRP is attributed to the outward buckling of its crown between the edges of the host pipe 

discontinuity, regardless of its width. The analysis further revealed that the influence of the 

thickness and MOE of IRP on the lateral deformation behaviour is dependent upon the width 

of the host pipe discontinuity. Despite the cyclic nature of traffic load and its potential negative 

impact on the long-term performance of the repair system, Chapter 3 solely focused on the 

short-term behaviour. Therefore Chapter 4 focuses on the investigation of the bending fatigue 

behaviour of IRP systems under repeated traffic load.  
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CHAPTER 4: PAPER 2 – BENDING FATIGUE BEHAVIOUR 

OF INTERNAL PREPLACEMENT PIPE SYSTEMS 

4.1. Introduction 

Chapter 3 has demonstrated that the IRP systems in legacy pipes with narrow and wider 

circumferential discontinuities exhibit distinct structural performance under static bending. To 

ensure the long-term performance of IRP systems, their fatigue behaviour under the influence 

of repetitive traffic loading should also be evaluated. However, the available few experimental 

investigations of circumferentially cracked host pipes with repair systems under repeated traffic 

loading had exclusively utilised low-modulus CIPP liners or SAPL lining materials. 

Additionally, the available numerical models that examine the bending fatigue behaviour of 

repair systems have a certain limitation, as they do not account for the presence of 

discontinuities in the host pipes. 

To ensure the long-term performance of IRP systems and to address Objective 2, the 

fatigue behaviour under the influence of repetitive traffic loading is evaluated in this Chapter. 

This study employed FE four-point bending simulations in conjunction with the stress-life 

approach to examine the flexural fatigue performance of IRP systems used for rehabilitating 

legacy pipes with discontinuities, under repetitive vehicular traffic loading. The study further 

assessed the impact of various design parameters, as identified in Chapter 3, on the bending 

fatigue response of IRP-repaired discontinuous host pipe segments. The investigated 

parameters were then ranked based on their relative contribution to the fatigue strength through 

multiple regression analysis. Section 4.2 contains a comprehensive description of the analysis 

and the outcomes. 
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A B S T R A C T

Internal replacement pipe (IRP) systems are becoming an effective rehabilitation technique for legacy oil and gas 
pipelines with defects and discontinuities. Under repetitive traffic loads, the IRP-repaired pipes are subjected to 
fatigue. However, existing knowledge on the fatigue behaviour and remaining service life of IRP systems with 
circumferential discontinuities under cyclic bending is limited. Therefore, this paper investigated numerically the 
bending fatigue behaviour of legacy pipelines with circumferential discontinuities rehabilitated with IRP made 
from various material systems. The influence of the discontinuity width of the host pipe, thickness and elastic 
modulus of IRP, and level of traffic loading on the fatigue behaviour is evaluated. The results show that the 
tensile stress concentration at the discontinuity edge controls the bending fatigue behaviour of fully bonded IRP. 
The critical stresses and the minimum fatigue lifetimes are considerably influenced by the thickness and elastic 
modulus of the IRP systems, and the level of traffic loading while the width of the circumferential discontinuity 
has an insignificant effect. Multiple regression analyses show that the level of the traffic load has the most 
significant effect on the critical stress generated in the IRP, while the largest contribution to the minimum fatigue 
life comes from the elastic modulus of the repair material.   

1. Introduction

Hydrocarbons, including crude oil, natural gas, and liquid petroleum
products, are the primary sources of global energy and are directly 
related to economic growth [1]. Despite being the most common method 
of transporting oil and gas for over a century, pipelines, predominately 
composed of cast iron and steel, have the potential to fail during their 
service life for various reasons [2,3]. According to several studies [4–9], 
corrosion has been identified as the primary cause of pipeline failure, 
which can result in circumferential cracks and discontinuities in the host 
pipes [10]. Corrosion can result in a reduction in wall thickness, 
strength, and structural integrity of the pipes and can lead to accidents 
caused by leakage [6,11]. Circumferential cracks in buried pipelines can 
also be produced by external loadings such as earth load, traffic load, 
and soil movement [12]. The failure of gas and oil pipelines can lead to 
substantial financial losses for the energy industry and can cause irre
versible damage to both human life and the environment [13]. Conse
quently, the rehabilitation of damaged pipelines is crucial to prevent 

them from exacerbating into more significant problems. 
The traditional pipeline repair techniques mainly involve replacing 

the pipes via excavation [14,15]. However, due to financial concerns, it 
is usually preferable to repair damaged pipes using trenchless rehabili
tation techniques rather than replacing them [16]. The internal 
replacement pipe (IRP) system is an advanced and efficient trenchless 
rehabilitation technology that has recently been integrated into the 
pipeline industry [17,18]. This repair method entails the installation of a 
new structural pipe inside existing legacy pipes which contain defects 
and discontinuities. During the installation process, the outer surface of 
IRP is bonded to the inside of the cleaned and prepared host pipe [19]. 
The implementation of IRP contributes to improving the strength, 
structural integrity and durability of the existing legacy pipes. However, 
the application of this technology in rehabilitating legacy gas pipelines 
has been limited due to the absence of established design procedures and 
design standards. Hence, it is essential to undertake an in-depth inves
tigation of the structural performance of new and emerging IRP systems 
under different loading conditions. 
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Dixon et al [20] have identified nine potential performance objec
tives that should be taken into consideration for the effective design of 
IRP systems for rehabilitating legacy gas pipelines. These objectives 
include cyclic in-service surface loads, lateral deformation, hoop stress, 
axial deformation, cross-sectional ovalization, puncture, debonding, 
service connections and compatibility with current and future gas 
compositions. According to the study conducted by Tafsirojjaman et al 
[17], cyclic in-service surface loads have been identified as a significant 
factor that impacts the performance of IRP systems. Repetitive surface 
loads often arise from overhead vehicular traffic [21] and might induce 
dynamic fatigue stresses, potentially resulting in the failure of the repair 
system [17,19,20,22–24]. Additionally, offshore pipelines are vulner
able to fluctuating loads initiated by waves and currents, resulting in 
catastrophic damage [25–30]. Fatigue can cause a material to accu
mulate damage, leading to cracking or complete failure at a stress lower 
than its ultimate strength [31,32]. A detailed understanding of fatigue 
behaviour and accurate life estimation of IRP systems, therefore, is an 
important aspect of IRP design and development. 

Despite the significance of implementing safe design practices to 
prevent bending fatigue failure of IRP caused by repetitive surface 
loading, there is a lack of extensive research in this area. The existing 
experimental studies on the bending fatigue behaviour of circumferen
tial discontinuities or joint repairs are restricted to a few repair systems, 
specifically those utilizing low-modulus CIPP liners or SAPL [19,22,23]. 
Jeon et al [22] studied the behaviour of a cured-in-place pipe (CIPP) 
lining system in cast iron (CI) host pipe with a complete circumferential 
crack subjected to repetitive heavy traffic loading over 50 years of 
design life. The test results showed that the internal vertical stiffness of 
the pipe lining decreased by approximately 75 % after 1 million cycles of 
deformation. Throughout the testing, the liner was able to endure 
relative displacement and rotation caused by heavy traffic loads at 
circumferential cracks without breaking. However, localized debonding 
between the interfaces of the CI host pipe and liner near the circum
ferential crack was observed. According to Jeon et al [22], this localised 
debonding right near the crack edge benefits the liner by improving 
flexibility and decreasing the stress concentration. Under a similar 
approach, Stewart et al [19] examined the performance of CI pipes with 
a joint repaired by a CIPP liner subjected to one million cycles of de
flections, which was equivalent to traffic loading over 50 years of the 
service life. During the testing, the liner experienced the greatest relative 
deformation and rotation at the discontinuity of the CI pipe. However, 
the rotational stiffness of the system remained almost constant over one 
million cycles. Additionally, the level of deflection applied in these two 
studies [19,22] was estimated from an analytical model developed by 
Jeon et al [22] and O’Rourke et al [33], respectively under the 
assumption that the stiffness of the liner is negligible. Recent studies 
[17,20] have indicated that this simplification can lead to the under
utilisation of relatively stiffer new and emerging IRP materials. Ha et al 
[23] performed a three-point cyclic bending test on a steel host pipe with
a circumferential crack repaired using a polyurea-polyurethane spray- 
applied pipe lining (SAPL). During testing, the liner demonstrated a
stiffness reduction but no indication of leakage or failure. However, the
motivation behind the investigation conducted by Ha et al [23] was not
explicitly stated as the traffic load. It can be noted that these previous
works rely on expensive and time-consuming full-scale experiments and
cover very limited parameters that can influence the fatigue behaviour
of pipe liners in bending.

IRP repair systems are currently being developed employing a vari
ety of materials such as polymers (both thermosets and thermoplastics), 
composites, and metallic materials [17,18]. Many investigations have 
demonstrated that the fatigue performance of these materials varies 
substantially due to the differences in their strength, stiffness, toughness 
and resistance to cracking and fracture [34–39]. As compared to com
posites and metals, most polymeric materials have lower tensile 
strength, modulus of elasticity (MOE), and toughness, which can have a 
major impact on their fatigue resistance [40–44]. FRP composites, on 

the other hand, can exhibit outstanding fatigue performance because of 
their high strength, and stiffness. [36,45]. In contrast to metal fatigue, 
the loss of stiffness in composite materials can be observed from the 
early stage of the fatigue loading process [46,47]. Further, compared to 
polymers, metallic materials have higher MOE and toughness, which 
contributes to their excellent fatigue performance [48]. However, 
metallic materials, are prone to corrosion, which may diminish their 
fatigue resistance over time [49]. Therefore, a detailed evaluation of the 
structural performance of IRP systems made from different materials is 
required to ensure that they will be in operation throughout their design 
life. 

There are some attempts in doing numerical simulations of internal 
repair systems in the literature. Tafsirojjaman et al [17] conducted finite 
element analyses (FEA) to investigate the fatigue behaviour of an IRP 
alone subjected to repetitive vehicular traffic loads by utilising the 
stress-life approach. This study evaluated IRP materials with MOE 
ranging from 1 GPa (145 ksi) to 200 GPa (29,008 ksi) and repair 
thicknesses varying from 3.175 mm (0.125 in) to 25.4 mm (1 in), 
assuming a design life of one million cycles. The findings of this study 
showed that an increase in thickness and MOE of IRP can lead to a 
significant extension of the fatigue life. The influence of repair thickness, 
repair material, and discontinuity width on the static bending behaviour 
of IRP-repaired discontinuous legacy steel pipes exposed to surface load 
from vehicular traffic was studied by Kiriella et al [50]. The results of 
this initial study showed that when the discontinuity is narrow, the host 
pipe has the most effect on the lateral deformation behaviour of the 
system, while IRP has a larger influence when the discontinuity is wider. 
Additionally, the impact of the repair thickness and repair material on 
the lateral deformation behaviour is dependent upon the width of the 
host pipe discontinuity. Therefore, the findings of this study highlight 
the importance of conducting a numerical investigation to understand 
how different parameters affect the bending fatigue behaviour in the 
presence of host pipes with circumferential discontinuities. 

Shou and Chen [51] and Yang et al [52] conducted numerical studies 
on CIPP-rehabilitated pipe subjected to bending caused by vehicular 
traffic loading, which was validated through full-scale experimental 
testing [53]. These studies developed three-dimensional FE models that 
incorporated surrounding soil. However, they did not account for the 
cyclic nature of the traffic loading and solely considered surface corro
sion defects on the host pipe rather than full circumferential disconti
nuities. According to Yang et al [52], the thickness of the CIPP liner was 
identified as the most critical parameter affecting the stress development 
in the liner. In their respective studies, Brown et al [54] and Tien et al 
[18] investigated numerically the effect of the discontinuity edge of CI
host pipe on the performance of a CIPP liner and a thermoplastic IRP,
respectively, under internal pressure. These studies revealed that the
application of internal pressure results in the concentration of axial
stress in the repair pipe at the edge of the host pipe discontinuity. Tien et
al [18] has further explained that this phenomenon occurs due to IRP
curving around the host pipe discontinuity. However, the effect of
discontinuity edge on stress concentration may vary depending on the
loading condition. Therefore, it is necessary to investigate these effects
under the cyclic bending condition.

The literature review reveals a scarcity of extensive numerical 
studies on the bending fatigue performance of IRP systems in the pres
ence of legacy pipes with full circumferential discontinuities. Also, there 
is a lack of understanding of the potential effect of various design pa
rameters on the bending fatigue behaviour of IRP systems, which is 
crucial for ensuring long-term structural integrity and reliability. 
Therefore, the present study investigated numerically the fatigue 
behaviour of IRP systems used for repairing host pipes with circumfer
ential discontinuities at the midspan under repeated traffic loading. The 
investigation considered both the mechanical contribution of the IRP 
and the potential impact resulting from the presence of discontinuous 
legacy pipe segments. Additionally, the study also evaluated the influ
ence of different parameters identified from previous studies, such as the 
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discontinuity width of the host pipe, thickness and MOE of the repair 
material, and level of loading on the bending fatigue performance of 
IRP-repaired discontinuous host pipe segments. Furthermore, the rela
tive contribution of the investigated parameters to the critical stress and 
fatigue life of IRP in discontinuous host pipes during cyclic bending are 
also assessed using multiple regression analysis. The results of this study 
provide a detailed understanding of how key design parameters affect 
the fatigue behaviour of IRP systems, which enables their effective 
design, development, and field application. 

2. Numerical modelling and analysis

2.1. Geometry, contact types and boundary conditions

Three-dimensional FE four-point bending simulations are carried out 
using ANSYS mechanical [55] to assess the fatigue performance of IRP 
systems under repetitive surface load from overhead traffic over 50 
years of service life. These simulations are based on an experimental 
load configuration of 762–1016-762 mm (30–40-30 in) implemented at 
the University of Colorado Boulder (CUB), as illustrated in Fig. 1 and 
Fig. 2. The FE simulations include scenarios where the IRP is evaluated 

Fig. 1. (a) Actual experimental bending test setup of IRP installed in host pipe with a circumferential discontinuity at the midspan, (b) Longitudinal view of 
circumferential discontinuity and (c) Interior view of repaired steel pipe with IRP (CUB). 
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Fig. 2. Instrumentation schematic of bending test setup (CUB) [Units: in].  

Fig. 3. (a) A quarter of the geometry of the FE model of an IRP installed in a host pipe with 152.4 mm (6 in) discontinuity at the midspan with loading and 
boundary conditions. 
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when it is alone, as well as when installed in a continuous (undamaged) 
host pipe and in a host pipe with a circumferential discontinuity at the 
midspan. To minimise computational time, only a quarter of the system 
is modelled considering symmetry, with appropriate boundary condi
tions applied (Fig. 3). Fig. 4 displays a schematic diagram of an IRP 
installed in a discontinuous host pipe. Throughout the investigation, the 
outer diameter and thickness of the host pipe are kept constant at 
325.85 mm (12.83 in) and 6.35 mm (0.25 in), respectively [50]. The 
outer diameter of the IRP is defined by the inner diameter of the host 
pipe, which is 311.15 mm (12.25 in), and the thickness is assumed to be 
4.115 mm (0.162 in). However, in the parametric study, the thickness of 
the IRP varies from 3.175 mm (0.125 in) to 9.525 mm (0.375 in). 
Further, the discontinuity widths of the host pipe considered are 12.7 
mm (0.5 in), 25.4 mm (1 in), 50.8 mm (2 in), 101.6 mm (4 in), and 
152.4 mm (6 in). The discontinuity width of 12.7 mm (0.5 in) reflects an 
axial pulled-out failure of a weak joint in a segmental legacy pipeline. 
This type of failure can be attributed to earthquake indued transient 
ground deformation and repetitive axial loading, which is typically 

induced by thermal expansion and contraction [22,56–58]. A disconti
nuity width of 152.4 mm (6 in) on the other hand indicates excessive 
deterioration of legacy pipelines caused by corrosion and ageing 
[10,59]. These parameters are selected based on a prior study conducted 
by Kiriella et al [50]. 

To accurately simulate the mechanical contacts within the experi
mental test setup, while avoiding any convergence issues, a pinned 
support with frictionless connection between the outer surface of the 
host pipe and the support clamp is used. The loading head is connected 
to another clamp using a pin-lug system. Both clamps have an inner 
diameter that matches the outer diameter of the host pipe, and their 
thickness measures 25.7 mm (1.01 in). Frictionless connections are used 
between the pin-lug and load clamp, as well as between the load clamp 
and host pipe. Additionally, a blind flange is used to seal the open end of 
the quarter model of pipe. The thickness of the blind flange is 66.5 mm 
(2.62 in), and its diameter is equal to the outer diameter of the host pipe. 
In the FE model, it is assumed that the host pipe and the IRP are adhered 
to each other along their entire interface using the bonded connection 
type available in ANSYS Mechanical. This contact type does not allow 
sliding or separation between faces or edges. The normal and tangential 
forces are very strong exerting resistance against the forces that may 
induce relative motion between surfaces. Bonded contact facilitates a 
linear solution as the contact length/area remains unchanged 
throughout the load application process. The test involves subjecting the 
IRP system to 14.8 kN (3.3 kips) of vehicular traffic loading, as deter
mined by Klingaman et al [21] utilising the procedure recommended by 
Petersen et al [60] for evaluating the live load distribution to buried 
concrete culverts. This level of loading, which is repeated 1 million 
times, is equivalent to the traffic load that an IRP system is anticipated to 
experience over a service life of 50 years. Additionally, the parametric 
study involves varying levels of surface loads to further examine the 
effect of the loading magnitude on the repair system. 

Fig. 4. Schematic diagram of IRP installed in discontinuous host pipe.  

Table 1 
Properties of IRP materials.  

Material MOE Poisson’s ratio Reference 
GPa ksi 

Polymer 1.744 253  0.11 Mellott and Fatemi [62] 
Thermoplastic 2.762 401  0.11 Mellott and Fatemi [62] 
ALTRA10 3.739 542  0.23 Laboratory testing 
GFRP-1 7.9 1,146  0.25 Zakaria et al [63] 
GFRP-2 14.03 2,035  0.25 Huh et al [64] 
GFRP-3 26.43 3,833  0.25 Huh et al [64] 
GFRP-4 38.63 5,603  0.25 Huh et al [64] 
CI 70 10,153  0.29 Seica and Packer [65] 
Steel 200 29,008  0.29 Preedawiphat et al [66]  
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2.2. Element types and material properties 

The entire system, which includes the IRP, host pipe, clamps and 
loading head, is modelled using the standard SOLID 186, a higher-order 
3D solid element that comprises 20 nodes. Each node has three degrees 
of freedom, including movement in the x, y and z nodal directions and it 
also exhibits quadratic displacement behaviour. Additionally, the ele
ments can undergo large deformation and strain, exhibit plasticity, 
display hyper-elasticity, experience stress stiffening and show creep 
behaviour [61]. Throughout the analysis, the host pipe is assigned as 
steel, whereas a variety of potential IRP materials are employed. As 
shown in Table 1, these IRP materials include polymers, composites and 
metallic materials. Additionally, steel is employed for all the remaining 
components of the setup, including clamps, lugs, pins, loading head and 
blind flange. It should be noted that if not specified, the IRP material 
used in the analyses is ALTRA10 structural lining supplied by Sanexen 
Environmental Services Inc. (Quebec, Canada). The analysis is carried 
out under the assumption of two design strain limits of the IRP material 
systems, which are 0.02 for polymeric and composites systems (MOE of 
38.63 GPa/ 5,603 ksi or less) and 0.002 for metallic systems (MOE of 70 
GPa/ 10,1523 ksi or greater). These design strain limits are based on the 

work of Tafsirojjaman et al [17]. 
Further information regarding the composition of the aforemen

tioned IRP materials is provided below.  

• Polymer – The material under consideration is a pure, unreinforced
(neat) form of an impact polypropylene copolymer [62].

• Thermoplastic – The material under investigation is a blend of
polypropylene and thermoplastic elastomers. The elastomer
component constitutes approximately 25 % of the total weight of the
material and contributes to its elasticity [62].

• ALTRA10 – This is formerly known as Aqua-Pipe® which is a com
mercial lining material developed by Sanexen Environmental Ser
vices Inc. (Quebec, Canada). This material is employed in the
production of CIPP liners for rehabilitating water mains. As shown in
Fig. 5a, ALTRA10 is an epoxy resin-impregnated lining consisting of
an inner and outer layer each composed of seamless, circular woven
fabric. Each layer of woven fabric consists of polyethylene thermo
plastic yarn in the longitudinal (warp) direction and in the circum
ferential (weft) direction, as shown in the schematic in Fig. 5b.
Comprehensive details regarding this lining material can be found in
the publications by O’Rourke et al [67] and Matthews et al [68].

Fig. 5. Schematic of ALTRA10 (a) lining components and [68] warp and weft yarn pattern [67].  

Fig. 6. (a) Tension-tension fatigue test (b) Stress-Life (S-N) curve of ALTRA10 IRP material (with mean stress correction).  
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• GFRP 1 – The composition of this material consists of unidirectional
E-glass fibre and epoxy resin. The fibre orientation is 0/90◦ [63].

• GFRP 2 – This material is composed of E-glass fibre and epoxy resin,
with a fibre orientation of ± 45◦ (Bidiagonal glass fibre) [64].

• GFRP 3 – This material is fabricated from E-glass fibre and epoxy
resin. The fibres are oriented at an angle of 0 ± 45◦, forming a
triaxial glass fabric [64].

• GFRP 4 – This is a composite material made from E-glass fibre and
epoxy resin. The fibres are oriented in a unidirectional manner, with
a 0◦ angle[64].

• CI – The investigation employs a CI of ENGJL-270 grade, a type of
cast iron that contains lamellar graphite, commonly referred to as
grey iron [65].

• Steel – The type of structural steel utilised in this study is ASTM A36
[66].

2.3. Stress-life approach 

There are three fundamental approaches for conducting fatigue 
analysis, including the stress-life approach, the strain-life method, and 
the crack growth method [69]. Considering that the projected design life 
for this investigation is one million cycles, the stress-life approach is 
utilized. This method is particularly appropriate for scenarios involving 
high-cycle fatigue, where materials experience cyclic loading primarily 
within their elastic range [70]. The stress-life approach is based on fa
tigue data represented by an S-N curve, which is derived from laboratory 
testing and does not account for crack initiation or growth [71]. By 
assuming a correlation between stress and expected fatigue life, the 
stress-life method calculates the life span of a structure or structural 
component based on its stress history and the S-N curve [72]. In the 
present study, the S-N curve of ALTRA10 repair material was established 
by performing laboratory tensile-tension fatigue testing in accordance 
with ASTM D 3479/D 3479 M [73], as shown in Fig. 6. The stress-life 
data for polymeric, thermoplastic, GFRP and metallic IRP materials 
were obtained from previously published journal papers, which are 
referenced in Table 2. The stress ratios (R) applied during the fatigue 
testing of these materials can also be found in Table 2. 

The stress-life approach starts with calculating the stress values of 
the components of IRP under static loading. The study focuses on normal 
stress in the longitudinal direction (x-axis), as it is the dominant stress 
type during bending. The simulation of the fatigue resulting from cyclic 
loading is then performed using the fatigue tool, which calculates the 
effective alternating stress based on the magnitude of the maximum and 
minimum stresses. The amount of damage resulting from a stress cycle is 
influenced by the alternating stress and the mean stress [71,76]. As a 
result, the level of mean stress during a stress cycle is significant for the 
stress-life approach. In this study, the loading cycle being examined is 

Table 2 
References that include S-N curves for IRP materials, along with their corre
sponding stress ratios.  

Material Stress ratio Reference 

Polymer − 1 Mellott and Fatemi [62] 
Thermoplastic − 1 Mellott and Fatemi [62] 
ALTRA10 0.1 Laboratory testing 
GFRP-1 0.1 Zakaria et al [63] 
GFRP-2 0.1 Huh et al [64] 
GFRP-3 0.1 Huh et al [64] 
GFRP-4 0.1 Huh et al [64] 
CI − 1 Rausch et al [74] 
Steel − 1 Gorash and MacKenzie [75]  

Fig. 7. Constant amplitude load ratio and mean stress correction theory applied in bending fatigue simulations.  
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conducted under nonzero mean stress, and thus, the mean stress that 
arises is adjusted using a mean stress correction theory (Fig. 7). The 
Goodman mean stress theory (Eq. (1)) is applied to convert the applied 
stress cycle into an equivalent stress cycle with zero mean stress 
[36,71,77–80]. The corrected alternating stress (effective alternating 
stress) is then projected onto the S-N curve of the material to define the 
alternating stress at the failure and determine the corresponding life 
cycles. 

Sa

Se
+

Sm

Su
= 1 (1) 

where Sa is the stress amplitude or alternating stress given by Eq.(2), 
Se is the corrected alternating stress or effective alternating stress, Sm is 
the mean stress given by Eq.(3) and Su is the ultimate tensile strength 

Sa =
Smax − Smin

2
(2)  

Sm =
Smax + Smin

2
(3) 

where Smax is the maximum stress and Smin is the minimum stress. 

2.4. Mesh convergence study and mesh refinement 

A mesh convergence study is conducted to identify the optimal mesh 
size for producing reliable FEA results. The accuracy of numerical so
lutions is assessed by comparing the maximum normal stress generated 
by FEA with the maximum theoretical stress of 18.8 MPa (2.72 ksi) 
calculated using the bending stress formula (Eq. (4)) This is done by 
simulating an IRP pipe with a MOE of 3.739 GPa (542 ksi) under a traffic 

Fig. 8. Mesh convergence.  

Fig. 9. Mesh sensitivity study for critical stress in refinement region.  
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loading of 14.8 kN (3.3 kips). The pipe used in the mesh convergence 
study has the same dimensions as the IRP outlined in section 2.1. The 
mesh size in the direction of thickness is set to three elements, and the 
surface element size of the pipe varies from coarse (25 × 25 mm or 
0.984 × 0.984 in) to very fine (2 × 2 mm or 0.079 × 0.079 in). Fig. 8 
displays the relationship between the maximum normal stress and the 

number of elements in the mesh of FEA models. The figure indicates that 
the accuracy of the FEA solution is within 1.6 % of the theoretical result 
when an element size of 5 × 5 mm (0.197 × 0.197 in) or smaller is 
employed. 

σ =
M
S

(4) 

where σ is the bending stress, M is the bending moment, S is the 
section modulus of IRP. 

A mesh sensitivity analysis was performed in order to determine the 
optimal surface element size for refining the mesh in the vicinity of the 
discontinuity edge of the host pipe, with the aim of accurately capturing 
potential stress concentrations (Fig. 9). For this, a steel host pipe with a 
12.7 mm (0.5 in) wide discontinuity repaired using the same IRP that 
was employed for the mesh convergence discussed above is analyzed 
under traffic loading of 14.8 kN (3.3 kips). Taking into account the 
computational efficiency, the mesh is refined along a length equal to the 
width of the host pipe discontinuity and an additional 76.2 mm (3 in) 
beyond the edge of discontinuity. In sensitivity analysis, the surface 

Table 3 
Number of elements in the compound section of host pipe and IRP with different 
discontinuity widths after mesh refinement.  

Width of host 
pipe 
discontinuity 

Number of elements in the compound section of the host pipe and 
IRP 

mm in  

12.7 0.5 209,061  
25.4 1 208,761  
50.8 2 207,861  
101.6 4 206,361  
152.4 6 204,861  

Fig. 10. Mesh refinement of quarter FE model of an IRP installed in host pipe with 152.4 mm (6 in) wide discontinuity.  
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element sizes of refined mesh are varied between 6.4 × 6.4 mm (0.252 
× 0.252 in) and 1.0 mm × 1.0 mm (0.039 × 0.039 in). In areas outside of 
these refined regions, a 5 × 5 mm (0.197 × 0.197 in) element size is 
used. Fig. 9 illustrates the influence of different element sizes used for 
mesh refinement on the localized stress in the IRP at the edge of host 
pipe discontinuity. Accordingly, localized stress at the discontinuity 
edge begins to converge towards a finite value when a surface element 

size of less than 2.1 × 2.1 mm (0.083 × 0.083 in) is used. After 
considering the computational cost and the observation that the 
discrepancy in the local stress at the discontinuity edge between element 
sizes of 1.0 mm × 1.0 mm (0.039 × 0.039 in) and 1.6 × 1.6 mm (0.063 
× 0.063 in) is within 2.0 %, it has been decided to select an element size 
of a 1.6 × 1.6 mm (0.063 × 0.063 in) for refining mesh. The selected 
element size is applied for refining the mesh across systems with varying 

Fig. 11. Comparison between FEA and experimental load–deflection behaviours.  

Fig. 12. Comparison between FEA and experimental load - strain behaviours.  
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discontinuity widths. Table 3 presents the total number of elements 
found in the compound section of the host pipe and IRP after mesh 
refinement. The mesh refinement of a quarter symmetry model of an IRP 
installed in a host with 152.4 mm (6 in) wide discontinuity is shown in 
Fig. 10. 

2.5. Validation of the FE model 

The FEA results are validated using the outcomes from a laboratory 
experiment conducted by CUB to ensure the accuracy of the model. This 
involves comparing the FE and experimental load–deflection (Fig. 11), 
and load–strain (Fig. 12) behaviours at different locations at the bottom 
(tension side) and top (compression side) of an ALTRA10 IRP in a steel 
host pipe with a discontinuity width of 12.7 mm (0.5 in) under a traffic 
load of 14.3 kN (3.2 kips). Fig. 11 demonstrates a good correlation be
tween FEA and experimental load–deflection behaviours, with a 
maximum deviation of 14.2 % at 43.36 mm (1.707 in) from the midspan 
on the right-side section (Table 4). (It should be noted that the absence 
of a strain gauge at the midspan is due to the difficulty encountered 

during installation, primarily resulting from the limited width of 
discontinuity). As shown in Fig. 12, the FEA load–strain behaviour 
agrees well with the corresponding experimental results, with maximum 
variations of 20.8 % at 260.35 mm (10.25 in) distance from the midspan 
at the bottom of the left-side section (Table 5). 

2.6. Hot-spot stress for calculating stress concentration 

Hot-spot stress (HSS) is widely recognized as an appropriate measure 
for the maximum stress at a discontinuity of a segment, which can be 
applicable for fatigue analysis of IRP systems installed in host pipes with 
discontinuities. To determine HSS, it is necessary to compute the surface 
stress field in the immediate vicinity of the edge of the discontinuity 
[81]. Extrapolation procedures are then applied to specific pre-defined 
stress evaluation points to obtain HSS [82]. Based on the study con
ducted by Haghpanahi and Pirali [83], which focuses on acrylic tubular 
joints without weld fillet, as well as the extrapolation rules proposed by 
the international institute of welding (IIW), it has been selected that the 
initial extrapolation point should be positioned at a distance of 0.4 times 
the thickness of IRP from the edge of discontinuity and the second point 
is chosen to be located 0.6 times the thickness of IRP beyond the first 
point [84]. The HSS is determined by performing a linear extrapolation 
of the geometric stress at these two specified points to the edge of 
discontinuity. The process is illustrated in Fig. 13 and can be mathe
matically represented by Eq. (5). 

where ti is the thickness of IRP, σhs is the HSS, σ0.4ti is the stress at a 
distance of 0.4 times the thickness of IRP from the edge of discontinuity 
and σ1.0ti is the stress at a distance of 0.6 times the thickness of IRP 
beyond the first point. 

σhs = 1.67σ0.4ti − 0.67σ1.0ti (5) 

Fig. 14 shows a comparison between the HSS and localized FE stress 
in the tension side of IRP at the edge of host pipe discontinuity. Ac
cording to this figure, the HSS and the localized stress at the disconti
nuity edge follow a similar trend as the discontinuity width increases. It 
has been observed that the maximum difference between the HSS and 
the localized FE stress is less than 10 %, which is considered insignificant 
for this type of problem. While determining fatigue life using the HSS 
approach is not very time-consuming when analyzing a limited number 
of cases, it becomes more complex and time-consuming when dealing 
with a large number of different scenarios in parametric studies. This is 
because the use of the HSS approach requires manual calculation of the 
effective alternating stress and the corresponding fatigue life. Alterna
tively, by utilizing the local stress approach, the ANSYS fatigue tool can 
provide a direct measurement of the fatigue life, eliminating the need for 
manual calculations. Although local stress may be slightly over- 
conservative (within 10 % of HSS), it can still be considered a reason
able estimate. Consequently, the local stress approach is selected over 
the HSS approach for fatigue analysis of this study as it balances prac
ticality with accuracy, efficiently fulfilling the analysis requirements. 

3. Results and discussion

3.1. Effect of discontinuity width

The stress distribution over the length from the loading point to the 
midspan at the top (compression side) and bottom of IRP (tension side) 
in the presence of host pipe having a discontinuity width of 12.7 mm 
(0.5 in) under traffic load of 14.8 kN (3.3 kips) is compared in Fig. 15. 
The results indicate that a significant stress concentration arises at the 
edge of circumferential discontinuity at both the top and bottom of the 
IRP due to the abrupt change in cross-section caused by the presence of 
damaged host pipe segments (Fig. 16). This stress concentration de
creases nonlinearly from the discontinuity edge to the midspan. The 
stress developed at the discontinuity edge at the tension side and 
compression side is 24.5 % and 16.3 % higher, respectively, than the 

Table 4 
Discrepancies in the maximum deformations observed between experimental 
data and FEA.  

Location Expt FEA Difference 
(%) mm in mm in 

43.36 mm (1.707 in) 
from the midspan on 
the left-side section 

7.19E- 
01 

2.83E- 
02 

7.94E- 
01 

3.12E- 
02  

9.4 

43.36 mm (1.707 in) 
from the midspan on 
the right-side section 

6.81E- 
01 

2.68E- 
02 

7.94E- 
01 

3.12E- 
02  

14.2 

591.85 mm (23.301 in) 
from the midspan on 
the left-side section 

5.14E- 
01 

2.02E- 
02 

4.89E- 
01 

1.92E- 
02  

4.9 

598.47 mm (23.562 in) 
from the midspan on 
the right-side section 

4.80E- 
01 

1.89E- 
02 

4.84E- 
01 

1.91E- 
02  

0.9  

Table 5 
Discrepancies in the maximum strains observed between experimental data and 
FEA.  

Location Expt FEA Difference 
(%) mm in mm in 

133.35 mm (5.25 
in) distance from 
the midspan at 
the bottom of the 
left-side section 

1.20E- 
03 

4.73E- 
05 

1.41E- 
03 

5.53E- 
05  

14.5 

133.35 mm (5.25 
in) distance from 
the midspan at 
the bottom of the 
right-side 
section 

1.13E- 
03 

4.46E- 
05 

1.41E- 
03 

5.53E- 
05  

19.3 

133.35 mm (5.25 
in) distance from 
the midspan at 
the top of the 
left-side section 

− 1.54E- 
03 

− 6.07E- 
05 

− 1.39E- 
03 

− 5.46E- 
05  

10.1 

133.35 mm (5.25 
in) distance from 
the midspan at 
the top of the 
right-side 
section 

− 1.54E- 
03 

− 6.07E- 
05 

− 1.39E- 
03 

− 5.46E- 
05  

10.1 

260.35 mm (10.25 
in) distance from 
the midspan at 
the bottom of the 
left-side section 

1.07E- 
03 

4.19E- 
05 

1.35E- 
03 

5.30E- 
05  

20.9  
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stress developed at the midspan at the tension side and compression 
(Fig. 17). Note that in order to facilitate clear visualisation of stress 
distribution of IRP in the region of host pipe discontinuity, the host pipe 
segments have been temporarily hidden in Fig. 17. It can also be 
observed that the stress at the discontinuity edge at the crown of IRP is 
5.6 % lower than that at the bottom. This observation highlights that 
stress concentration is much higher at the discontinuity edge at the 
bottom of IRP and can potentially control their fatigue failure/minimum 
fatigue life. It is desirable therefore to minimise stress concentration to 
prevent premature fatigue failure under cyclic bending when designing 
an IRP system for a host pipe with such discontinuities. According to 
Tien et al [18], the stress concentration issue could be addressed by 
introducing an appropriate unbonded length at the discontinuity edges. 
When subjected to bending, the unbonded length may allow the portion 
of the IRP that is not attached to the host pipe to move relative to the 
host pipe, thereby reducing stress concentration and extending fatigue 

life compared to the fully bonded condition. 
The fatigue life contour plot of IRP around the midspan is shown in 

Fig. 18. Table 6 provides a summary of the fatigue life cycles at different 
locations of IRP. Based on the observations, it is evident that this IRP 
system has a minimum lifespan exceeding one million cycles. This 
suggests that even if the discontinuity edges of the host pipe segments 
cause stress concentration in IRP, the system will not fail before reaching 
its intended design life. This demonstrates that a thickness of 4.115 mm 
(0.162 in) and MOE of 3.739 GPa (542 ksi) are sufficient to safely 
withstand repeated traffic loads of 14.8 kN (3.3 kips) exerted for one 
million cycles of design fatigue life. In Fig. 19, the percentage of stiffness 
retained by ALTRA10 repair material is shown against the number of 
loading cycles at the three different applied alternating stress levels 
during the laboratory tension–tension fatigue tests of coupons. By 
extrapolating (linear) this dataset, considering a design life of 1 million 
cyles and maximum alternating stress obtained through FEA, it is 

Fig. 13. Extraction of HSS from FE model using the linear extrapolation method.  

Fig. 14. Comparison of HSS and localized FE stress in the tension side of IRP at the edge of host pipe discontinuity.  
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evident that even if the repair system would not fail at the design life 
under the imposed traffic load, its stiffness will degrade by 38.8 %. This 
finding is consistent with prior research [22,23], which demonstrated 
that while the CIPP repair system did not fail, stiffness loss could be 
observed under repetitive traffic loadings. However, this reduction in 
stiffness is significantly impacted by the stress concentration at the 
discontinuity edge. 

Fig. 20 compares the stress in IRP at the midspan and at the edge of 
the host pipe discontinuity for different discontinuity widths, including 
zero (continuous host pipe), 12.7 mm (0.5 in), 25.4 mm (1 in), 50.8 mm 
(2 in), 101.6 mm (4 in), 152.4 mm (6 in) under the traffic load. 
Accordingly, when there is no damage in the host pipe, the maximum 
stress in the IRP is only 0.2 MPa (0.03 ksi) and is developed at the 
bottom midspan. This maximum stress is 98.1 % lower than the highest 
stress of the overall undamaged system, which occurs at the bottom 
midspan of the host pipe (Fig. 21a and b). This means that the presence 
of the continuous host pipe can stabilise the stresses generated in the IRP 
under repetitive lateral loading. Moreover, the minimum fatigue life of 
this IRP in a continuous host pipe system exceeds one billion cycles. 
When compared to the maximum stress that develops in an IRP installed 

in a continuous host pipe, the critical stresses generated in IRPs at the 
edges of host pipe discontinuities are 176.2 times higher. This demon
strates that while the continuous portion of the host pipe stabilises the 
stresses that develop in the IRP, the circumferential discontinuity in
duces the stress concentration in the repair pipe, potentially leading to 
fatigue failure. However, the stress concentration at the discontinuity 
edge, which controls the minimum fatigue life of the IRP in damaged 
host pipe systems, is almost the same for all discontinuity widths, with a 
maximum deviation of 5.0 %. The result indicates that the stress con
centration in IRP at the discontinuity edge is independent of the width of 
the discontinuity. This is because, regardless of the discontinuity widths, 
the reduction in cross-sectional area at the discontinuity edge remains 
constant. Therefore, irrespective of the width of the host pipe disconti
nuity, when the same internal force is transmitted across the cross- 
sectional area at the discontinuity edge, the stress flow lines become 
denser (Fig. 22) by the same amount, resulting in constant stress 
amplification. Due to this, fatigue failure of IRP in fully bonded IRP 
systems with different discontinuity widths might occur at almost the 
same service life (Fig. 23). Under the imposed traffic load in the current 
study, the IRP systems for all discontinuity widths investigated will 

Fig. 15. Stress along the top (compression side) and bottom (tension side) of IRP from loading point to midspan.  

Fig. 16. Normal stress distribution along the x-axis at the bottom of IRP [units: MPa].  
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exceed the design life of one million cycles, according to the Fig. 23. To 
investigate the influence of other parameters, a discontinuity width of 
12.7 mm (0.5 in) is employed since the minimum fatigue life of IRP is 
not significantly affected by the width of host pipe discontinuity. 

Fig. 20 shows that increasing the discontinuity width from zero 
(continuous host pipe) to 12.7 mm (0.5 in) raises the stress at the mid
span of IRP by 137 times. This indicates that stress concentration in IRP 
caused by a discontinuous host pipe segment leads to a substantial in
crease in the stress level at the midspan, particularly when the discon
tinuity width is narrower. However, stress at the midspan exhibits a 
nonlinear decrease as the discontinuity width increases from 12.7 mm 

(0.5 in) to 25.4 mm (1 in), followed by a linear reduction until the 
discontinuity width approaches 152.4 mm (6 in). Also, the midspan of 
the IRP experiences 41.1 % higher stress when the discontinuity width is 
12.7 mm (0.5 in) compared to the system with a discontinuity width of 
152.4 mm (6 in). Furthermore, as depicted in Fig. 24, unlike the system 
with a discontinuity width of 12.7 mm (0.5 in), in the system with a 
discontinuity width of 152.4 mm (6 in), the concentrated stress in IRP 
dissipates significantly over a length of 26.2 mm (1 in.) form the 
discontinuity edge before reaching a stable state that persists until 
midspan. The observed behaviour may be related to the fact that, as the 
width of circumferential discontinuity in the host pipe increases, the 
stress flow lines, which were densely packed together in IRP at the 
discontinuity edge, become more evenly distributed as they move away 
from the transition zone towards the midspan. This results in a greater 
reduction in localised stresses. On the other hand, when the disconti
nuity widths are relatively small, these widths may not be adequate for 
the densely packed stress flow lines to be uniformly distributed as they 
move towards the midspan. Consequently, the reduction in localised 
stress is diminished. Subsequently, if the discontinuity width reduces, 
there will be a substantial decline in the associated fatigue life at the 

Fig. 17. Stress at the discontinuity edge and midspan at the top and bottom of IRP in host pipe with 0.5 in discontinuity width under bending (host pipe segments are 
temporarily hidden). 

Fig. 18. Fatigue life contour plot (a) bottom (b) top of IRP at midspan (host pipe segments are temporarily hidden).  

Table 6 
Fatigue life at different locations of IRP.  

Location Fatigue life cycles 

Discontinuity edge at the tension side of IRP 2.727e + 006 
Discontinuity edge at the compression side of IRP 6.711e + 007 
Midspan at the tension side of IRP 9.489e + 007 
Midspan edge at the compression side of IRP 5.568e + 008  
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midspan (Fig. 23). 
Fig. 25 shows the increase in stresses at the discontinuity edge and 

midspan of the compound IRP systems with varying discontinuity 
widths, relative to the maximum stress generated in IRP alone. Under 

the same load, the critical stresses in IRPs installed in discontinuous host 
pipe segments are around 120 times greater than the maximum stress 
developed in an IRP alone. The findings indicate that the service life of 
the IRP can be significantly reduced due to the presence of the host pipe 

Fig. 19. Percentage stiffness retention of ALTRA10 coupons against the number of loading cycles at the three different applied alternating stress levels during the 
laboratory tension–tension fatigue tests. 

Fig. 20. Stress in IRP at the discontinuity edge and midspan at the bottom under a cyclic load of 14.8 kN (3.3 kips).  
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Fig. 21. Normal stress (x-axis) at the bottom of (a) continuous host pipe (b) IRP of the continuous host pipe repaired with IRP system under traffic loading 
[units: MPa]. 

Fig. 22. Stress flow lines and stress concentration.  

Fig. 23. Fatigue life at the discontinuity edge and midspan at the bottom under a cyclic load of 14.8 kN (3.3 kips).  
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with circumferential discontinuity, and this should be taken into 
consideration during the design and development of a repair system. It is 
also seen that the stresses generated at the midspan of IRP with the 

narrowest discontinuity width and widest discontinuity width under 
consideration are respectively 72.9 % and 1.8 % greater than that of IRP 
alone (Table 7). This result shows that, as the discontinuity width 

Fig. 24. Stress distribution at the bottom of IRP, from discontinuity edge to midspan for host pipe with narrow and wider discontinuity widths (length is measured 
from left support). 

Fig. 25. Percentage increase in stress of IRP in damaged host pipe compared to the maximum stress generated in IRP alone under a cyclic load of 14.8 kN (3.3 kips).  

S. Kiriella et al.

69



Composite Structures 331 (2024) 117910

widens the stress at the midspan approaches that of IRP alone. 
Compared to the IRP in continuous host pipe, the maximum stress 
produced in IRP alone is 78.8 times higher. However, unlike IRP in 
discontinuous host pipes, both IRP alone and IRP in continuous host 
pipes have significantly longer service lifespans exceeding one billion 
load cycles as they do not experience stress concentrations. In addition, 
Fig. 26 shows the level of maximum deformation for these systems. 
Accordingly, the lateral deformation at the discontinuity edge and mid- 
span of the IRP system increases almost linearly with the widening of 
discontinuity. Even the maximum deformation level attributed to the 
system with a discontinuity width of 152.4 mm (6 in) is less than 4 mm 
(0.157 in), which is quite minimal. 

3.2. Effect of IRP thickness and MOE 

The effect of repair thickness on the maximum strain of IRP (at the 
edge of the circumferential discontinuity) made from different material 
systems is shown in Fig. 27. As can be seen, the maximum strain in IRP 
decreases nonlinearly as the repair thickness increases. This is because 
increasing the thickness of the IRP improves its stiffness, which reduces 
deformation. In addition, IRP systems generate their maximum strain 
when the repair thickness is minimal. Furthermore, it can also be seen 
from the graph that the maximum strain in the polymer system exceeds 
the design strain limit of 0.02 when the repair thickness is less than 
4.115 mm (0.162 in) due to its low MOE, i.e. 1.744 GPa (253 ksi). Fig. 28 
depicts how the tensile stress concentration at the discontinuity edge 
varies with increasing IRP thickness. The graph demonstrates that, for 
all repair materials, the stress concentration at the discontinuity edge 

diminishes nonlinearly and gradually as the repair thickness increases. 
IRP will experience high stress when the repair thickness is low. This is 
because, compared to damaged host pipes with thick IRP, the stress flow 
lines in those with thin IRP are more densely packed due to a greater 
reduction in total cross-sectional area at the discontinuity edge. As the 
repair thickness increases from 3.175 mm (0.125 in) to 9.525 mm (0.375 
in), the total reduction in stress concentration in IRP systems with 
different repair materials varies between 46.6 % and 64.2 %. This 
variation is related to the fact that stress concentration appears to be 
influenced by the MOE of repair materials, as explained in subsequent 
sections. 

Fig. 29 illustrates the relationship between the MOE and the strain of 
the IRP at the edge of the host pipe discontinuity (It is important to note 
that this figure is derived from an analysis conducted on IRP systems in 
steel host pipes). At the same thickness, polymeric IRP with the lowest 
MOE produces the highest strain at the discontinuity edge. When MOE 
increases from 1.744 GPa (253 ksi) to 7.9 GPa (1,146 ksi), the strain at 
the discontinuity edge decreases dramatically for all IRP thicknesses. 
From MOE of 26.43 GPa (2,035 ksi), a slight nonlinear reduction in 
strain is observed, followed by a linear decline until MOE of 200 GPa 
(29,008 ksi). This shows that IRP with low MOE deforms easily under 
low levels of load. A small increase in MOE substantially improves the 
resistance to deformation. IRP materials with higher elastic moduli, i.e 
greater than 26.43 GPa (2,035 ksi), on the other hand, are hard to 
deform under a traffic load of 14.8 kN (3.3 kips) and require a high load 
to experience significant strain. The overall reduction in the strain at the 
discontinuity edge as the MOE rises from 1.744 GPa (253 ksi) to 200 GPa 
(29,008 ksi) is the same for each IRP thickness, which is roughly 99 %. 
The influence of the MOE of IRP on the stress concentration for various 
repair thicknesses is shown in Fig. 30. According to that when the MOE 
rises, the stress concentration exhibits a slight nonlinear drop up to a 
MOE of 38.63 GPa (5,603 ksi) for repair thicknesses of 3.175 mm (0.125 
in) and 4.115 mm (0.162 in) and up to a MOE of 26.43 GPa (2,035 ksi) 
for thicknesses of 6.35 mm (0.25 in) and 9.525 mm (0.375 in). From that 
point on, the stress concentration remains steady until the MOE of 200 
GPa (29,008 ksi). The highest stress concentration at each repair 
thickness is observed in the polymeric IRP, which has the lowest MOE 
among all repair materials. This means that flexible IRP material can 
experience high stress concentration while stiff repair material can un
dergo lower stress concentration at the discontinuity edge. This is 
because stiff repair materials are more resistant to deformation than 

Table 7 
Percentage increase midspan stress of IRPs in discontinuous host pipes relative 
to the maximum stress in IRP alone, subjected to a traffic load of 14.8 kN (3.3 
kips).  

Width of host 
pipe 
discontinuity 

% increase in midspan stress compared to maximum stress in IRP 
alone 

mm in  

12.7 0.5  72.9  
25.4 1  34.6  
50.8 2  21.5  
101.6 4  10.3  
152.4 6  1.8  

Fig. 26. Level of maximum deflection under a cyclic load of 14.8 kN (3.3 kips).  
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flexible repair materials, which undergo greater deformations or strain 
levels under the same applied load. As a consequence, in stiff IRP, stress 
is distributed more evenly at the discontinuity edge where the cross- 

sectional area changes, resulting in lower stress concentration than in 
flexible repair material systems. 

Table 8 summarises the minimum loading cycles to failure of the IRP 

Fig. 27. Relationship of strain at the discontinuity edge and IRP thickness.  

Fig. 28. Relationship of stress at the discontinuity edge and IRP thickness.  
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systems installed in host pipes with circumferential discontinuities for 
various repair thicknesses and MOE based on the S-N curve of corre
sponding materials. The study found that the minimum fatigue life of 
IRP significantly extends with greater thickness and high MOE. This 
observation is in line with Huang et al [85], which concluded that the 
thickness of the composite pipe significantly increases its fatigue life, 
and with Tafsirojjaman et al [17], which demonstrated that an increase 
in both MOE and thickness of IRP leads to a significant improvement in 

fatigue life under cyclic bending. According to Table 8, among all the 
materials, the 3.175 mm (0.125 in) thick polymeric system has the 
lowest fatigue life which is only around 3 cycles during the traffic load 
under consideration. Based on the contour-plots in Fig. 31 (a), (b) and 
(c) respectively, in polymeric systems with 3.175 mm (0.125 in) and
4.115 mm (0.162 in) thickness, fatigue damage (at the bottom) would
occur at the discontinuity edge and midspan during the service life, but
only at the discontinuity edges with 6.35 mm (0.25 in) repair thickness.

Fig. 29. Relationship of strain at the discontinuity edge and MOE of IRP.  

Fig. 30. Relationship of stress at the discontinuity edge and MOE of IRP.  
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Therefore, to achieve the targeted life of one million cycles, the poly
meric IRP system with MOE of 1.744 GPa (253 ksi) requires a minimum 
repair thickness of 8.4 mm (0.331 in). 

On the other hand, a 3.175 mm (0.125 in) thick ALTRA10 IRP system 
will fail after 268,400 fatigue cycles. The fatigue damage contour-plot 
for the bottom of the ALTRA10 IRP system in Fig. 31(d) shows that 
during the service life, only the discontinuity edge will experience fa
tigue damage (damage factor > 1.0) whereas there will be no damage to 
the midspan. Additionally, in order to use ALTRA10 as the repair ma
terial and achieve the intended fatigue life of one million cycles, the 
repair thickness must be at least 3.7 mm (0.146 in). Additionally, Fig. 32 
displays the potential maximum stiffness degradation as a percentage, 
which IRP with a thickness of 4.115 mm (0.162 in) or greater might 
experience during its service life. This stiffness degradation is obtained 
through linear extrapolation of the data set from Fig. 19, based on the 
maximum alternating stresses obtained from FE simulations and service 
life of one million cycles. Accordingly, the stiffness degradation de
creases nonlinearly and gradually as the repair thickness increases. The 
overall reduction in stiffness degradation when the IRP thickness in
creases from 4.115 mm (0.162 in) to 9.525 mm (0.375 in) is around 88 
%. Moreover, the findings reveal that when the MOE of the IRP material 

increases, the thickness required to meet the targeted life reduces. Even 
with an IRP thickness of 3.175 mm (0.125 in), all other IRP material 
systems, those with a MOE of 7.9 GPa (1,146 ksi) or higher, will exceed 
the design fatigue life of one million cycles under the traffic load of 14.8 
kN (3.3 kips). 

3.3. Effect of loading level and critical loadings 

The effect of loading level on the fatigue life of an IRP system with 
different repair thicknesses and MOE representing polymeric, ALTRA10, 
GFRP, and metallic is shown in Fig. 33 a, b, c and d, respectively. All IRP 
material systems regardless of their thickness indicate that a slight in
crease in lateral loading significantly shortens the fatigue life, and the 
responses are slightly nonlinear, even on semi-log plots. This finding is 
similar to that of Huang et al [85], who demonstrated that composite 
pipe had a considerably shorter fatigue life under cyclic bending as the 
imposed stress level increased. This decrease in fatigue life is caused by 
the significant rise in tensile stress concentration, which is directly 
related to the applied load. As a result, the minimum repair thickness 
that must be utilized for each repair material increases significantly. 
While increasing repair thickness prolongs the fatigue life, it can also be 

Table 8 
Minimum fatigue life of the IRP systems with different MOE and repair thicknesses.  

Thickness of SIRP Number of cycles 
1.744 GPa 
(253 ksi) 
[Polymer] 

3.739 GPa 
(542 ksi) 
[Altra10] 

7.9 GPa 
(1,146 ksi) 
[GFRP-1] 

14.03 GPa 
(2,035 ksi) 
[GFRP-2] 

26.43 GPa 
(2,035 ksi) 
[GFRP-3] 

38.63 GPa 
(5,603 ksi) 
[GFRP-4] 

70 GPa 
(10,153 ksi) 
[CI] 

200 GPa 
(29,008 ksi) 
[Steel] 

3.175 mm (0.125 in) 3 2.684e + 005 >1E + 09 >1E + 09 >1E + 09 >1E + 09 >1E + 09 >1E + 09 
4.115 mm (0.162 in) 130 2.727E + 06 >1E + 09 >1E + 09 >1E + 09 >1E + 09 >1E + 09 >1E + 09 
6.35 mm (0.25 in) 26,209 7.165E + 07 >1E + 09 >1E + 09 >1E + 09 >1E + 09 >1E + 09 >1E + 09 
9.525 mm (0.375 in) 2.048e + 006 1.519 + 09 >1E + 09 >1E + 09 >1E + 09 >1E + 09 >1E + 09 >1E + 09

(d) 3.175 mm (0.125 in) thick ALTRA10
system

(b) 4.115 mm (0.162 in) thick polymeric system

(c) 6.35 mm (0.25 in) thick polymeric system

(a) 3.175 mm (0.125 in) thick polymeric
system

Fig. 31. Fatigue damage of IRP at the bottom at midspan during the service life of 1 million loading cycles (host pipe segments are temporarily hidden).  
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problematic in practice due to potential reduction in flow capacity and 
increased cost. From these graphs, the maximum load that can be 
applied to various IRP systems to meet the desired design life of one 
million cycles are plotted against the MOE and thickness of the IRP, as 

shown in Fig. 34 and Fig. 35, respectively. According to Fig. 34, the 
critical load required to achieve the projected design of IRP systems 
dramatically increases when the MOE rises from 1.744 GPa (253 ksi) to 
3.739 GPa (542 ksi) as a result of a substantial drop in the tensile stress 

Fig. 32. Stiffness degradation of ALTRA10 IRP systems with different thicknesses at one million cycles.  

Fig. 33. Effect of loading level on the fatigue life of (a) polymeric (MOE of 1.744 GPa or 253 ksi), (b) ALTRA10 (MOE of 3.739 GPa or 542 ksi), (c) GFRP (MOE of 
38.63 GPa or 5,603 ksi) (d) metallic (MOE of 200 GPa or 29,008 ksi) IRP repair systems. 
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concentration, which controls the fatigue failure of IRP systems. 
Thereafter, it exhibits a nonlinear increase up to 38.63 GPa (5,603 ksi), 
followed by a linear increase up to 200 GPa (29,008 ksi). The maximum 
overall increment in critical load as the MOE increases from 1.744 GPa 
(253 ksi) to 200 GPa (29,008 ksi) is around 99 %. According to Fig. 35, 
the critical load displays a slightly nonlinear increase with increasing 
thickness, with an overall growth range between 84 % and 164 %. This is 
related to a reduction in the maximum stiffness degradation of IRP and 
the lowering in the density of the stress flow lines at the discontinuity 
edge as repair thickness increases. 

3.4. Quantifying the influence of investigated parameters 

Multiple regression analysis is carried out to quantify the influence of 
investigated parameters in this study using the SPSS (Statistical Package 
for the Social Sciences) statistical analysis software [86]. The investi
gated parameters are ranked based on their relative contribution to the 
fatigue strength of IRPs installed in host pipes with circumferential 
discontinuities during bending fatigue using the standardized co
efficients or beta coefficients obtained from the multiple regression 
analysis, as suggested by Freedman [87]. Two regression analyses are 
performed, with the dependent variable being the maximum stress 

Fig. 34. Effect of the MOE on the critical lateral cyclic loading.  

Fig. 35. Effect of the repair thickness on the critical lateral cyclic loading.  
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(model 1) or the minimum fatigue life (model 2). In both regression 
models, repair thickness, MOE of the repair material, and level of 
loading are the independent variables. The reason for using two 
dependent variables is that changes in repair thickness, MOE of repair 
material, and loading affect maximum stress and minimal fatigue life 
differently. Therefore, the relative contribution of these parameters to 
maximum stress and fatigue life may differ. Since the study already 
revealed that changing the discontinuity width has almost no noticeable 
effect on the stress concentration and fatigue life under cyclic bending, it 
is recognised as the least important parameter and is eliminated from the 
regression analysis. Table 9 contains a summary of the multiple 
regression model 1 and 2. According to the statistical results, when taken 
as a group, the repair thickness, MOE of the repair material, and loading 
level in model 1 account for 88.3 % (R2 = 0.883) of the variance in the 
maximum stress of IRP in the damaged host pipe, whereas those in 
model 2 account for 87.4 % (R2 = 0.874) of the variance in the minimum 
fatigue life, which is good in practice. The results of the one-way ANOVA 
global test in Table 10 also indicate that, overall, the regression models 1 
and 2 are statistically significant with F (3,156), p < 0.001, R2 = 0.883 
(tested using a significance level of 0.05) and F (3,176), p < 0.001, R2 =

0.874, respectively. Therefore, when considered together, the repair 
thickness, the MOE of the repair material, and the loading level can 
predict the maximum stress and the minimum fatigue life of IRP in 
discontinuous host pipe significantly. 

Table 11 shows the coefficient of the regression models. The signif
icance levels reported in this table indicate that, when considered 

individually, the repair thickness, MOE of the repair material, and 
loading level all contribute to a significant amount of unique variance in 
maximum stress and minimum fatigue life of IRP in host pipe with 
circumferential discontinuity under lateral loading. Table 11 also dis
plays the standardised beta coefficients, which compare the strength of 
the effect of the individual independent variable on the dependent 
variable. Accordingly, absolute standardised beta coefficients of the 
MOE of repair material, repair thickness and level of a load of regression 
model 1 are, respectively, 0.104, 0.425 and 0.851 while those of model 2 
are, respectively, 0.897, 0.155 and 0.703. The findings demonstrate that 
the level of load, which has the highest standardized beta coefficient in 
model 1, is the parameter that contributes mostly to maximum stress. 
However, it is the second-most significant parameter that contributes to 
minimum fatigue life in model 2. This result can be explained by the fact 
that the imposed load level dominates the contribution to maximum 
stress, as it is related to the moment capacity of the cross-section of the 
system, which is a significant component of normal stress induced 
during bending. On the other hand, the MOE of the repair material, 
which has the lowest absolute standardised beta coefficient, is the 
parameter that has the least effect on the maximum stress generated in 
the IRP repair system. However, it is discovered to be the most important 
parameter in model 2, which has the greatest effect on the minimum 
fatigue life. This is because the maximum stress developed in IRP with 
the same thickness but different MOE in the elastic region only slightly 
varies under the same repetitive loading. In contrast, the corresponding 
fatigue life at the same alternating stress changes greatly when MOE 
changes. This is due to the fact that repair materials with higher MOE are 
better able to resist the deformation produced by the loading cycles and 
therefore have a reduced probability of failure in comparison to repair 
materials with lower MOE. As in model 1, the repair thickness is the 
parameter that has the second-largest influence on the maximum stress, 
but in model 2 it is the parameter that has the least impact on the 
minimum fatigue life. Due to its relationship to the moment of inertia of 
the repair cross-section, which is a component of bending stress, repair 
thickness has a relatively greater impact on maximum stress than it does 
on fatigue life. It is important to note however that using metallic ma
terials such as cast iron and steel, which have the highest MOE among 
the repair materials considered, may not be the best choice. Water and 
gas pipelines are operating in harsh service environmental conditions 
(temperature, hygrothermal) which can accelerate the corrosion of steel 
and cast iron and can lead to premature fatigue failure. 

4. Conclusion

Numerical simulations through finite element analyses were imple
mented to investigate the bending fatigue behaviour of a continuous 
host pipe with IRP, host pipes with circumferential discontinuities 
repaired with IRPs, and IRP alone (without host pipe). The influence of 
the discontinuity width of the host pipe, thickness and elastic modulus of 
the repair material, and level of imposed loading, were thoroughly 
examined. Multiple regression statistical analysis was utilised to deter
mine which of the investigated parameters has a significant effect on 

Table 9 
Summaryb of models.  

Model R R Square Adjusted R Square Std. Error of the Estimate 

1 0.940a  0.883  0.881  11.096 
2 0.935a  0.874  0.872  5.211  

a Predictors: (constant), level of load (kN), MOE of IRP (GPa), thickness of IRP 
(mm). 

b Dependent variable: maximum stress (MPa) or minimum fatigue life of IRP 
(cycles). 

Table 10 
ANOVAa of models.  

Model Sum of Squares df Mean Square F Sig. 

1 Regression  144742.610 3  48247.537  391.851 <0.001b 

Residual  19207.831 156  123.127   
Total  163950.441 159    

2 Regression  33167.352 3  11055.784  407.194 <0.001b 

Residual  4778.603 176  27.151   
Total  37945.955 179     

a Dependent variable: maximum stress (MPa) or minimum fatigue life of IRP 
(cycles). 

b Predictors: (constant), level of load (kN), MOE of IRP (GPa), thickness of IRP 
(mm). 

Table 11 
Coefficientsa of models.  

Model Unstandardized Coefficients Standardized Coefficients t Sig. Rank 
B Std. Error Beta 

1 (Constant)  31.684  2.770   11.440  <0.001  

Level of load (kN)  1.994  0.065  0.851  30.517  <0.001 1 
MOE of IRP (GPa)  − 0.051  0.014  − 0.104  − 3.721  <0.001 3 
Thickness of IRP (mm)  − 5.561  0.359  − 0.425  − 15.497  <0.001 2 

2 (Constant)  9.897  1.277   7.753  <0.001  
Level of load (kN)  − 0.743  0.030  − 0.703  − 24.720  <0.001 2 
MOE of PIP (GPa)  0.982  0.031  0.897  31.506  <0.001 1 
Thickness of IRP (mm)  0.906  0.157  0.155  5.771  <0.001 3  

a Dependent variable: maximum stress (MPa) or minimum fatigue life of IRP (cycles). 
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stress concentration and fatigue life. Based on the findings of this 
investigation, the following conclusion can be drawn:  

• Host pipe segments with circumferential discontinuities repaired
with fully bonded IRP systems can be critical in bending fatigue due
to the high stress concentration induced in IRP at the discontinuity
edge. The stress concentration results in a reduction in the minimum
fatigue life or failure before reaching the desired design life. It is
essential therefore to minimise stress concentration when designing
an IRP system to be installed in host pipe segments with circumfer
ential discontinuity to avoid premature fatigue failure under cyclic
bending.

• The continuity of the host pipe stabilises the stress generated in the
IRP during bending, thereby extending fatigue life and reducing fa
tigue failure.

• The stress and the fatigue life at the midspan of the repair system
become closer to that of IRP alone for wide discontinuity widths.

• The width of the circumferential discontinuity in the host pipe has no
significant effect on the level of stress concentration in IRP at the
discontinuity edge indicating that the fatigue failure of fully bonded
IRP systems with varying discontinuity widths may occur at around
the same service life.

• The minimum fatigue life of IRP systems with discontinuous host
pipes significantly extends as the thickness and MOE of repair ma
terial increase, under the same loading due to the reduction in stress
concentration at the discontinuity edge at the bottom. The polymeric
IRP system with a MOE of 1.744 GPa (253 ksi) requires a minimum
repair thickness of 8.4 mm (0.331 in), whereas an ALTRA10 IRP with
a MOE of 3.739 GPa (542 ksi) requires a repair thickness of at least
3.7 mm (0.146 in) under a repetitive traffic load of 14.8 kN (3.3 kips)
to reach the intended life of one million cycles.

• Under the traffic load of 14.8 kN (3.3 kips), the ALTRA10 IRP ma
terial system with a thickness of 4.115 mm (0.162 in) will experience
a 38 % reduction in stiffness at one million fatigue cycles. This
stiffness reduction is heavily influenced by the stress concentration
in the IRP at the edge of circumferential host-pipe discontinuity.
Increasing the IRP thickness to 9.525 mm (0.375 in) reduced the
stiffness loss by 88.0 %.

• The level of loading has a significant effect on fatigue life. A high
level of applied load shortens the fatigue life of IRP regardless of
repair thickness or MOE of repair material.

• Multiple regression analysis indicated that the maximum stress
generated in IRP systems during bending fatigue is significantly
affected by the level of load, followed by repair thickness, MOE, and
discontinuity width. On the other hand, the MOE of the IRP is
identified to have the greatest contribution to fatigue life, followed
by the level of load, repair thickness, and discontinuity width.

The results of this study demonstrated that the material and
geometrical properties of the IRP and the host pipe can influence the 
bending fatigue behaviour of the repaired system. Investigating the ef
fects of other important design parameters such as Poisson’s ratio of IRP 
materials and type of host pipes will provide a more detailed under
standing of the bending fatigue behaviour of IRP-repaired discontinuous 
legacy pipe systems. 
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4.3. Links and implications 

The findings of the study presented in Chapter 4 showed that the bending fatigue 

behaviour of fully bonded IRP systems is primarily influenced by the tensile stress 

concentration occurring at the bottom of IRP specifically at the edge of host pipe discontinuity. 

According to the multiple regression analysis, the level of loading is the parameter that 

contributes mostly to the maximum stress generated in IRP during bending fatigue, while MOE 

of the IRP material, is recognised as having the biggest contribution to the fatigue life. The 

discontinuity width was identified as the least important parameter due to its negligible effect 

on both maximum stress and fatigue life. Consequently, only the critical discontinuity width 

identified in Chapter 3 was used in subsequent chapters. Chapter 4 has primarily focused 

fatigue behaviour of the IRP system under cyclic traffic load conditions, without considering 

the impact of internal pressure during operation. Therefore, Chapter 5 focuses on analysing the 

combined effect of traffic load and internal pressure on the bending fatigue performance of IRP 

systems in the presence of discontinuous host pipe segments. 
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CHAPTER 5: PAPER 3 – EFFECT OF INTERNAL PRESSURE 

ON THE FLEXURAL FATIGUE BEHAVIOUR OF INTERNAL 

REPLACEMENT PIPE SYSTEM 

5.1. Introduction 

Chapter 2 highlighted that the maximum operating internal pressure and allowable 

internal pressure for bare steel gas pipelines are determined to be 413.7 kPa (60.0 psi) and 

1379.0 kPa (200.0 psi), respectively. The existing literature on the bending fatigue performance 

of repaired pipe systems has primarily focused on low internal pressure, with no clear 

demonstration of how the operating internal pressure applied during cyclic bending could affect 

the fatigue life of the IRP in the presence of the discontinuous host pipe. 

This chapter addressed Objective 3 and numerically investigated the influence of 

internal pressure on the flexural fatigue behaviour of IRP installed in host pipes with 

circumferential discontinuities under repetitive traffic loading. The investigation was carried 

conducted by varying the design parameters that were determined to be critical in Chapter 4. 

Using results obtained from extensive parametric studies, mathematical formulae that can 

reliably predict the fatigue life of IRP systems under the combined effect of traffic load and 

internal pressure were derived. These formulae consider the elastic modulus of repair material, 

repair thickness, internal pressure level and the magnitude of traffic loading. By incorporating 

the established equations, a MATLAB function was developed to facilitate user interaction in 

inputting design parameters and generating design charts for fatigue life. By employing the 

developed MATLAB function, sample design charts that can be used by IRP developers and 

pipeline engineers for fatigue life prediction under various combinations of internal pressures 

and traffic loads were generated. Section 5.2 provides a comprehensive presentation of the 

analysis and the results. 
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Abstract 

The internal replacement pipe (IRP) systems are a novel trenchless technique that is gaining 

interest in the rehabilitation of damaged legacy pipelines distributing natural gas. Performance 

evaluation of IRP systems under repetitive traffic loading is essential to ensure their optimal 

and safe design. This paper investigated numerically the effect of internal pressure on the 

bending fatigue performance of IRP used for rehabilitating host pipes with circumferential 

discontinuities. Other design parameters include the thicknesses and elastic modulus of IRP 

and the level of traffic loads. The results show that the operating internal pressure has a more 

significant effect on the longitudinal stresses than the circumferential stresses of the IRP 

subjected to cyclic bending. The level of internal pressure changes the failure behaviour of IRP 

under fatigue. Mathematical expressions were developed to predict the fatigue life of the IRP 

systems through the utilization of FEA results obtained from a comprehensive parametric 

study. Utilising the derived equations, contour plots which provide a visual representation of 

fatigue life response under different combinations of internal pressure and traffic loads were 

generated. 

Keywords: Trenchless repair technology; Internal replacement pipe (IRP); Gas pipelines; 

Repetitive traffic loading; Flexural fatigue behaviour; Finite element analysis (FEA)  
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1 Introduction 

Pipelines have been extensively utilised for transporting gas and oil over long distances, 

primarily due to their high transportation capacity, cost efficiency and safety [1-5]. 

Underground pipelines are susceptible to damage and failure during their service life, due to 

various factors, including but not limited to ageing, corrosion, construction defects, third-party 

disruption and operational errors [6-11]. Circumferential crack is the most prevalent failure in 

pipes with a smaller diameter (< 380.0 mm or 15.0 in) [12]. This type of crack is primarily 

caused by stresses induced by ground deformation during trench construction [12, 13]. Metal 

loss due to corrosion can also cause circumferential cracks in the legacy pipes [14, 15]. 

 Internal replacement pipe (IRP) systems are a novel and developing trenchless 

rehabilitation technology that has been introduced for repairing bare steel and cast-iron legacy 

gas pipelines with circumferential cracks, discontinuities or pulled-out joints [16, 17]. This 

repair technique involves the insertion of a new structural pipe into legacy pipes that have 

defects and discontinuities. The integration of IRP systems yields significant enhancements in 

the structural integrity and restores the service life of legacy pipelines. This type of repair 

system is cost-effective, environmentally friendly and requires less construction time [18-22]. 

However, IRPs must be designed and developed in such a way that they can withstand different 

types of loading over their service life, including fatigue caused by repetitive traffic loads [16, 

23].  

There have been a limited number of studies on the bending fatigue behaviour of host 

pipes with circumferential cracks, discontinuities, or joints repaired with liners [13, 24, 25]. 

These repair systems are either cured-in-place pipe (CIPP) liners [13, 25] or spray-applied pipe 

liners (SAPL) [24] with low elastic modulus and low thickness in comparison to the host pipe. 

By conducting experimental three-point cyclic bending tests, Jeon et al [13] examined the 

fatigue performance of 0.25 mm (0.01 in) thick CIPP lined 152.4 mm (6.0 in) diameter cast 

iron (CI) pipe with a low internal pressure of nitrogen gas under one million loading cycles 

with a maximum vertical displacement of 2.5 mm (0.1 in). The liner was fully bonded to the 

host pipe, and there was 75% stiffness degradation after one million cycles, but no failures 

were observed.  

Stewart et al [25] performed four-point cyclic bending tests of 2.5 mm (0.1 in) thick 

CIPP liners that were fully bonded to 152.4 mm (6.0 in) and 304.8 mm (12.0 in) diameter CI 

pipes with a joint under one million loading cycles with maximum deflections of 1.5 mm (0.06 

in) and 1.8 mm (0.07 in), respectively while maintaining an operating pressure of 102 kPa (14.8 

psi). These systems were subjected to a predetermined number of cycles in accordance with 

83



 
 

service life requirements, rather than being cycled until failure, during which a decrease in 

stiffness was observed. The flexural fatigue behaviour of a 150.0 mm (5.9 in) diameter steel 

host pipe with a 25.0 mm (1.0 in) wide circumferential crack that was repaired with 3.0 mm 

(0.1 in) thick SAPL under a cyclic vertical displacement of 0.3 mm (0.01 in) with an internal 

water pressure of 12.0 kPa (1.7 psi) was studied by Ha et al [24].  Despite the observation of 

stiffness degradation in the system throughout the testing, Ha et al [21] found no failure or 

leakage in the liner pipe. 

Available studies on the fatigue behaviour of repaired pipes were conducted under low 

internal pressure levels. However, according to Tien et al [26], the maximum operating internal 

pressure of the legacy steel pipe can be 413.7 kPa (60.0 psi), and their maximum allowable 

internal pressure can be 1379.0 kPa (200.0 psi). In their study, Tien et al [26] investigated the 

effect of crack edges on a steel host pipe with a diameter of 323.9 mm (12.8 in) on the behaviour 

of a thermoplastic IRP under an internal pressure of 1379.0 kPa (200.0 psi). The IRP had a 

thickness of 3.2 mm (0.1 in) and a modulus of elasticity (MOE) of 5.0 GPa (725.2 ksi). The 

width of the crack opening measured 914.4 mm (36.0 in) in width. It was found that under 

internal pressure alone, the IRP underwent bending as it curved around the crack edge of the 

host pipe, resulting in a concentration of longitudinal stresses. Unlike the crack edge region, 

the opening region of IRP is primarily influenced by hoop stress. These findings indicate that 

the application of internal pressure during cyclic bending could also have a detrimental effect 

on the fatigue life of the IRP when the circumferentially cracked host pipe exists.  

Similarly, in a study conducted by Brown et al [27], the performance of a 5.0 mm (0.2 

in) thick CIPP liner installed in circumferentially cracked CI host pipe under internal pressure 

of 689.5 kPa (100 psi) was investigated using FEA. Upon analysis, it was found that there was 

a significant concentration of axial stresses in the liner near the edge of the host pipe, where its 

structural integrity had been compromised. Shou and Chen [28] and Shou and Huang [29] 

investigated the effect of internal pressure on the static bending behaviour of steel pipes with 

circular corrosion defects repaired by CIPP liners with a MOE of 13.0 GPa (1885.5 ksi) under 

a vehicular load of 350.0 kN (78.7 kips). The defects found in the host pipes had a maximum 

diameter of 100.0 mm (3.9 in) and were located either on the upper or lateral surface. Shou and 

Chen [28] and Shou and Huang [29] discovered that maximum von Mises stress at the defect 

increases nonlinearly when the internal pressure is increased from zero to 588.4 kPa (85.3 psi). 

It was also revealed that under static bending, the internal pressure leads to a localised 

accumulation of longitudinal stresses at the damaged area.  
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The fatigue behaviour of an IRP could potentially be influenced by their wall thickness, 

MOE and the magnitude of the traffic load. In a recent study conducted by Tafsirojjaman et al 

[30] the behaviour of IRP alone made of various materials with MOE ranging from 1.0 GPa 

(145.0 ksi) to 200.0 GPa (29,007.5 ksi) and wall thicknesses ranging from 3.2 mm (0.1 in) to 

25.4 mm (1.0 in) under repetitive traffic load of 17.4 kN (3.9 kips) was numerically 

investigated. They found that an increase in both MOE and wall thickness can significantly 

improve the fatigue life of IRP. Based on the outcomes of an experimental cyclic bending 

testing on carbon fibre-reinforced polymer (CFRP) pipe with thicknesses of 5.0 mm (0.2 in) 

and 11.2 mm (4.4 in), Huang et al [31] demonstrated that the CFRP pipes do not exhibit failure 

even after one million cycles when subjected to a load of 43.6 kN (9.8 kips) whereas those 

exposed to a relatively higher load (87.0 kN or 19.6 kips) failed before reaching the anticipated 

design life of one million cycles.  

However, these existing studies have focused on the behaviour of non-pressurized IRP 

alone even though the operating internal pressure may have a detrimental effect on the 

behaviour of the repair pipe during cyclic bending, particularly in the existence of the damaged 

host pipe. According to the parametric studies on the effect of internal pressure alone and the 

combined effect of surface load and internal pressure, Shou and Chen [28] found that reducing 

the thickness of CIPP liner from 10.0 mm (0.4 in) to 5.0 mm (0.2 in) greatly increased the stress 

at the circular corrosion defect, while Shou and Huang [29] discovered that, increasing MOE 

of the liner from 13.0 GPa (1885.5 ksi) to 130.0 GPa (18,854.9 ksi) and thickness from 3.8 mm 

(0.1 in) to 6.2 mm (0.2 in) led to decrease the concentration of stress at the circular corrosion 

defect. The effects of these parameters on IRP used for host pipes with circumferential 

discontinuities require investigation under fatigue loading. 

The present study examines numerically the effect of internal pressure on the bending 

fatigue behaviours of IRPs installed in host pipes with circumferential discontinuities at the 

midspan subjected to repetitive traffic loading. The investigations were carried out by varying 

thickness and MOE of the IRP and the levels of the loads caused by the repetitive traffic. By 

utilising the results obtained from extensive parametric investigations, mathematical equations 

that can predict the fatigue life of the IRP systems were established. Contour plots were 

generated by employing the derived equations to graphically represent the fatigue life response 

under different combinations of internal pressure and traffic loads. The outcomes of this study 

will assist pipeline developers and designers in delivering safe, reliable and cost-effective IRP 

repair systems, which are in high demand within the pipeline industry. 
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2 Methodology 

2.1 Finite element modelling and analysis 

 

 

Fig. 1. (a) Actual four-point bending test setup developed by CUB, (b) Interior view of the 

system (c) circumferential host pipe discontinuity at the midspan 
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Fig. 2.  Schematic diagram of four-point bending test setup (CUB) 

Finite element models of four-point bending test in three dimensions (3D) are executed 

using ANSYS mechanical [32] to replicate the experimental configuration of IRP-repaired host 

pipe systems with discontinuities under vehicular traffic loading over 50 years of service life. 

The parameters employed in the simulation are identical to those utilised in the four-point 

bending test setup developed by the University of Colorado Boulder (CUB), as shown in Fig. 

1 and Fig. 2. The host pipe in the FE model has a full circumferential discontinuity at the 

midspan. The present study employs a 12.7 mm (0.5 in) wide narrow discontinuity (Fig. 1c) 

that was identified as critical under static bending of IRP systems in an investigation conducted 

by Kiriella et al [33]. This discontinuity width indicates the presence of a pulled-out but 

operational joint in legacy pipelines. The host pipe has an outer diameter of 325.9 mm (12.8 

in) and a wall thickness of 6.4 mm (0.3 in), both of which are kept at constant values throughout 

the study. While the outer diameter of the IRP, which is determined by the inner diameter of 

the host pipe, is held constant at 311.2 mm (12.3 in), the wall thickness is varied during the 

investigation.  

The parameters utilised in this study were taken from a previous investigation, as 

reported in Tafsirojjaman et al [30], Tien et al [26], Kiriella et al [33] and Kiriella et al [34]. In 

order to optimise computational efficiency while taking into account the symmetry only one-

quarter of the system (Fig. 3) is modelled by applying appropriate boundary conditions. A 

pinned support containing a frictionless connection between the host pipe and clamp is 

implemented to ensure a precise representation of experimental test configuration while 

mitigating potential convergence problems. Additionally, the loading head is attached to 

another clamp through the employment of a pin-lug mechanism. In most of the simulations, 
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the repair systems are subjected to an equivalent vehicular traffic load of 14.8 kN (3.3 kips) 

[35]. Standard SOLID186, a higher-order 3D solid element with 20 nodes, is used in the 

modelling of IRP systems. Steel is utilised for the host pipe, whereas several materials, 

including unreinforced polymer, and glass fibre-reinforced polymer (GFRP) composites are 

employed for IRP (Table 1).  

Steel is also used for all other components such as clamps, lugs, pins and loading head. 

The analyses are conducted employing linear elastic isotropic material behaviour, under the 

assumption that the IRP material properties are consistent in both longitudinal and hoop 

direction directions. Additionally, it is assumed that both polymeric and FRP composites have 

a failure strain limit of 0.02 [30]. The current investigations employ the stress-life approach, 

considering that the anticipated design life of IRP is one million loading cycles [13, 25]. Stress-

life (S-N) data for polymeric, GFRP-2, GFRP-3, GFRP-4 and GFRP-5 repair materials were 

gathered from the literature [36-38], while the stress-life behaviour of GFRP-1 material in both 

the longitudinal and transverse directions (as shown in Fig. 4(a) and (b), respectively) was 

generated by conducting fatigue tests according to ASTM D3479/D 3479M [39]. The stress 

ratio of the polymeric IRP material is -1, while that of all GFRP materials is 0.1[34]. In this 

investigation, the applied loading has a constant amplitude and a zero-based loading ratio. The 

Goodman mean stress correction theory is employed to correct any mean stress that arises 

during the fatigue analysis process [40-44].   

Table 1. Properties of IRP and host pipe materials 

Component Material MOE Poisons 

ratio 

Reference 

GPa ksi 

IRP Polymer 1.7 246.6 0.11 Mellott and Fatemi [36] 

GFRP-1 3.7 536.6 0.23 Laboratory testing 

GFRP-2 7.9 1145.8 0.25 Zakaria et al [37] 

GFRP-3 14.0 2030.5 0.25 Huh et al [38] 

GFRP-4 26.4 3829.0 0.25 Huh et al [38] 

GFRP-5 38.6 5598.5 0.25 Huh et al [38] 

Host pipe Steel 200 29007.5 0.29 Preedawiphat et al [45] 
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Fig. 3. One-quarter of the FE model of an IRP installed within a host pipe that has a 

circumferential discontinuity at its midspan 
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Fig. 4. S-N curve of GFRP-1 obtained from dog bone specimens that were cut in a manner 

where their lengths aligned with (a) longitudinal direction of IRP (MOE of 3.7 GPa or 536.6 

ksi) and (b) circumferential direction of IRP (MOE of 9.7 GPa or 1406.9 ksi) 

 

In the FE model, the IRP and discontinuous host pipe segments are adhered together 

along their entire interface using the bonded connection type in ANSYS mechanical. This 

ensures a fully bonded connection between the two components. Additionally, it is assumed 

that throughout the entire service life, the bond between the host pipe and IRP remains intact, 

with no debonding or detachment occurring at the interface. In the analysis, the internal 

pressure is varied from 0 to 620.5 kPa (90.0 psi) in increments of 206.8 kPa (30.0 psi). The 

selected internal pressure levels cover the maximum operating internal pressure of 413.7 kPa 

(60.0 psi), as reported by Tien et al [26], as well as pressure levels that are both below and 

above this threshold by 206.8 kPa (30.0 psi) in addition to the non-pressurised condition. The 

investigation examines the impact of internal pressure with different thicknesses and MOEs of 

IRP and levels of traffic loadings. The IRP thicknesses considered are 3.2 mm (0.1 in), 4.1 mm 

(0.2 in), 6.4 mm (0.3 in) and 9.5 mm (0.4 in). Various MOE of IRP materials used are listed in 

Table 1. The different levels of traffic loading are 10.0 kN (2.2 kips), 14.8 kN (3.3 kips), 20.0 

kN (4.5 kips) and 25.0 kN (5.6 kips). These parameters are based on Kiriella et al [33].  

 

2.2 Mesh convergence study 

A mesh convergence study is conducted to identify the optimal mesh size for generating 

reliable FE results. The accuracy of the numerical model is determined by comparing the 

maximum bending stress generated by FEA to the maximum theoretical stress of 18.8 MPa 

(2.7 ksi) obtained from Eq. (1). To accomplish this, an IRP alone with a MOE of 3.7 GPa 

(a) (b) 
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(536.6 ksi) and dimensions specified in section 2.1 is simulated under a traffic load of 14.8 kN 

(3.3 kips). The element size of the pipe surface is varied from 25.0 × 25.0 mm (1.0 × 1.0 in) to 

2.0 × 2.0 mm (0.08 × 0.08 in), and the mesh size in the direction of wall thickness is fixed to 

three elements as found optimal in Kiriella et al [33]. Fig. 5 shows how the number of elements 

in the mesh of the FE model correlates with the maximum bending stress. The FE solutions are 

found to be within 1.6% of theoretical results following the bending stress formula (Eq. (1)) 

when the element size is smaller than 5.0 × 5.0 mm (0.2 × 0.2 in).  

𝜎 =
𝑀

𝑆
 (1) 

where 𝜎 is the bending stress, 𝑀 is the bending moment applied to the pipe, 𝑆 is the section 

modulus of the pipe. 

  

Fig. 5. Mesh convergence study of IRP 

 

A mesh refinement was performed in the region of the discontinuity edge of the host 

pipe segment to accurately capture potential stress concentration. The optimal surface element 

size for the refined mesh was determined through the execution of a mesh sensitivity analysis, 

as illustrated in Fig. 6. This involves analysing a steel host pipe with a discontinuity width of 

12.7 mm (0.5 in) repaired using the same IRP that was used for the mesh convergence study 

outlined above under a traffic load of 14.8 kN (3.3 kips). Considering the computational 

efficiency, the mesh refinement is performed over a length equivalent to the width of host pipe 

discontinuity, with an additional 76.2 mm (3.0 in) extending beyond the edge of discontinuity.  
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Fig. 6. Mesh sensitivity analysis for critical stress in IRP at the crack edge 

During the sensitivity analysis, the surface element sizes of the refined mesh are 

adjusted within the range of 6.4 × 6.4 mm (0.3 × 0.3 in) and 1.0 mm × 1.0 mm (0.04 × 0.04 

in). A size of 5.0 × 5.0 mm (0.2 ×0.2 in) is employed in the region beyond these refined areas. 

Fig. 6 shows the impact of varying element sizes employed for mesh refinement on the 

localised stress in the IRP at the edge of the host pipe discontinuity. When the surface element 

size of the refined mesh is reduced below 2.1× 2.1 mm (0.08× 0.08 in), the localised stress in 

IRP at the discontinuity edge starts to converge towards a finite value. After taking into account 

the computational cost and the observation that the difference in the local stress at the 

discontinuity edge between element sizes of 1.0 mm× 1.0 mm (0.04 × 0.04 in) and 1.6× 1.6 

mm (0.06× 0.06 in) is less than 2.0%, a decision has been made to choose an element size of 

1.6× 1.6 mm (0.06× 0.06 in) for the mesh refinement. Fig. 7 illustrates the mesh refinement of 

a quarter symmetry model of an IRP installed within a host pipe containing a 12.7 mm (0.5 in) 

wide discontinuity. After the mesh refinement, the total number of elements in the compound 

section of IRP and host pipe is 209,061. 
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Fig. 7. Mesh refinement of quarter FE model of an IRP inserted in host pipe with 12.7 mm 

(0.5 in) wide discontinuity 

2.3 Hot-spot stress approach for determining stress concentration 

Hot-spot stress (HSS) method is often acknowledged as an acceptable approach for 

determining the highest stress at a discontinuity in a segment, which can be applied for fatigue 

analysis of IRP systems installed within host pipes containing discontinuities. In order to 

calculate HSS, it is required to determine the surface stress field in the close vicinity of the 

discontinuity edge, at which the HSS is computed using extrapolation rules at specific 

predefined stress evaluation points [46]. According to the extrapolation rules recommended by 

the International Institute of Welding (IIW) and the study conducted by Haghpanahi and Pirali 

[47] that focuses on acrylic tubular joints without welding, it has been identified that the first 

extrapolation point should be set at a distance that is 0.4 times the thickness of the IRP from 
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the host pipe discontinuity edge and the second should be set at a distance beyond the first point 

that is equal to the thickness of IRP [48]. The geometric stress at these two specific points is 

linearly extrapolated to the edge of the host pipe discontinuity to determine the HSS. This 

process is depicted in Fig. 8 and can be mathematically expressed by Eq.(2). 

 

Fig. 8. Linear extrapolation method for obtaining HSS from the FE model 

𝜎ℎ𝑠 = 1.67𝜎0.4𝑡 − 0.67𝜎1.0𝑡 (2) 

Fig. 9 presents a comparative analysis of HSS and localised stress in IRP at the edge of 

host pipe discontinuity on the tension side subjected to a traffic load of 14.8 kN (3.3 kips) under 

internal pressure levels of zero, 206.8 kPa (30.0 psi), 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 

psi). Based on the data shown in the figure, both HSS and localised stress at the discontinuity 

edge exhibit a comparable trend as the internal pressure is increased. The maximum 

discrepancy between the HSS and localised stress is approximately 8%, which is considered 

negligible for this type of problem. Although the process of assessing fatigue life through the 

HSS approach is relatively efficient when dealing with a small number of FE models, it 

becomes more challenging and time-consuming when confronted with a substantial number of 

different scenarios in parametric studies. The reason for this is that the HSS approach in the 

current study necessitates manual calculation of alternating stress and the corresponding fatigue 

life. In contrast, the ANSYS fatigue tool can provide a direct measurement of fatigue life by 

employing the local stress approach, thereby excluding the necessity for manual calculations. 
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While the local stress may exhibit a sight over-conservative tendency, typically within an 8% 

range of HSS values, it can still be regarded as a reasonable estimate. Therefore, the local stress 

approach has been chosen over the HSS method for fatigue life analysis in this study due to its 

ability to achieve a balance of practicality and accuracy while effectively meeting the 

requirements of the analysis.  

 

Fig. 9. A comparison of HSS and local stress in IRP at the crack edge of the host pipe on the 

tension side 

2.4 Validating the numerical model 

The accuracy of the FEA results is ensured through validation with laboratory 

experimental results from CUB. The present study consists of a comparison between the load-

strain (Fig. 10) and load-deflection (Fig. 11) behaviours of a GFRP-1 IRP installed in a steel 

host pipe with a discontinuity width of 12.7 mm (0.5 in) under a cyclic bending load of 14.3 

kN (3.2 kips) obtained from FEA and laboratory experiments. The results are extracted from 

multiple locations at the crown and invert of both the left and right halves of the IRP. The 

distances to each location in both Fig. 10 and Fig. 11 are measured from the midspan. The load-

strain and load-deflection behaviours obtained from FEA are in good agreement with 

experimental results, as depicted in Fig. 10 and Fig. 11, respectively.  
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Fig. 10. Comparison of load-strain behaviours of IRP from FEA and laboratory experiments 

 

Fig. 11. Comparison of load-deflection behaviours of IRP from FEA and laboratory 

experiments 

3 Results and discussion 

3.1 Longitudinal stresses, hoop stresses and fatigue lives  

When an IRP repair system that is under internal pressure is exposed to cyclic bending, 

it undergoes a combination of bending stress caused by bending moment and hoop stress 

resulting from the internal pressure. The longitudinal and hoop stress at the discontinuity edge 

and the midspan of the IRP, as the internal pressure increases, are demonstrated in Fig. 12. 

GFRP-1 repair material is utilized to conduct this analysis with a repair thickness of 4.1 mm 
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(0.2 in) while the internal pressure is varied between zero and 620.5 kPa (90.0 psi) under a 

traffic loading of 14.8 kN (3.3 kips). It can be seen from the figure that the level of longitudinal 

and hoop stresses in the IRP at both the discontinuity edge and the midspan of the bottom are 

in tension and increase almost linearly, while those at the top of the IRPs are in compression 

and decrease linearly.  

The reason for such behaviour is that when internal pressure is present, it creates forces 

along the length of the host pipe that cause the IRP to elongate in the axial direction, inducing 

longitudinal stresses. In the tensile region (bottom) of the IRP, the additional longitudinal stress 

induced by internal pressure combined with the bending stress resulted in a relatively higher 

tensile stress compared to that of the system with no internal pressure. In the compression 

region (top) of IRP, the bending stresses reduce the longitudinal stresses induced by internal 

pressure resulting in relatively lower compressive stress compared to the system with no 

internal pressure. Since the magnitude of the longitudinal stress induced is proportional to the 

internal pressure applied, an increasing internal pressure under the same level of traffic load 

leads to a rise in longitudinal stresses, which ultimately results in an overall increase in tensile 

stress while a decrease in compressive stress in IRP.  

Under all internal pressure levels, longitudinal stresses are higher than the 

corresponding hoop stresses at each of the locations on IRP being considered. At all the internal 

pressure levels, longitudinal tensile stress at the bottom of IRP at the discontinuity edge is the 

dominant stress during bending fatigue when the system is fully bonded, which is similar to 

that without internal pressure (Fig. 13). Without internal pressure, the lower portion of IRP at 

midspan exhibits a slight bulging effect between the discontinuity edges of the host pipe, while 

the upper portion undergoes a minor inward bending as depicted in Fig. 13. As the internal 

pressure increases, the bulge at the bottom of IRP becomes more pronounced due to the 

increase in longitudinal tensile stress while the inward bending at top diminishes because of 

the decrease in longitudinal compressive stress (Fig. 14). The overall increase in the critical 

stress at the discontinuity edge at the bottom as the internal pressure rises from zero to 620.5 

kPa (90.0 psi) is around 72%. According to Tien et al [26], it is possible to reduce the stress 

concentration due to internal pressure at the discontinuity edge by not bonding the IRP to the 

host pipe up to a certain length. This approach allows the unbonded length of the IRP to slide 

relatively within the host pipe, enabling more effective formation around the discontinuity edge 

compared to the fully bonded scenario. Additionally, rounding the edges of the host pipe can 

reduce potential stress concentration in bonded IRP systems. 
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Fig. 12. Comparison between longitudinal stresses and circumferential stresses in IRP system 

with different internal pressures after undergoing cyclic bending 

 

Fig. 13. (a) Longitudinal and (b) hoop stress distribution on the outer surface of non-

pressurised IRP (To facilitate clear visualisation, host pipe segments are hidden) 
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Fig. 14. (a) Longitudinal and (b) circumferential stress distribution on the outer surface of 

IRP between the discontinuity edges of host pipes with an internal pressure of 413.7 kPa 

(60.0 psi) (To facilitate clear visualisation, host pipe segments are hidden) 

Table 2. Fatigue life comparison between the circumferential and longitudinal stresses 

Internal pressure 

Fatigue life (cycles) 

Based on maximum alternating 
stress in longitudinal direction and 

corresponding S-N behaviour 

(MOE of 3.7 GPa or 536.6 ksi) 

Based on maximum alternating 
stress in circumferential direction 

and corresponding S-N behaviour 

(MOE of 9.7 GPa or 1406.9 ksi) 

zero 2.7E+06 >>1.0E+09 

206.8 kPa (30.0 psi) 1.2E+05 >>1.0E+09 

413.7 kPa (60.0 psi) 8492 >>1.0E+09 

620.5 kPa (90.0 psi) 869 >>1.0E+09 

 

Table 2 presents a comparison of fatigue life between the circumferential and 

longitudinal stresses for a 4.1 mm (0.2 in) thick GFRP-1 IRP subjected to a traffic load of 14.8 

kN (3.3 kips) under different levels of internal pressure. The fatigue life of IRP, based on 

maximum alternating stress in the longitudinal direction and corresponding S-N behaviour at 

an internal pressure of zero, 206.8 kPa (30.0 psi), 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 psi) 

are determined to be 2.7E+06, 1.2E+05, 8492 and 869 cycles, respectively. In contrast, even 

when exposed to an internal pressure of 620.5 kPa (90.0 psi), the fatigue life of IRP, determined 

based on the maximum alternating stress in the circumferential direction and corresponding S-

N behaviour, exceeds one billion cycles. This is because the circumferential stresses that arise 

in an IRP system during bending are significantly lower than the axial stresses, as previously 

explained. The reason for this is that most IRP systems are designed to be stiffer and stronger 
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in the circumferential than in the longitudinal directions. Hence, it is considered acceptable to 

neglect the analysis of fatigue life during bending based on the circumferential stresses. In 

subsequent analysis, the estimation of fatigue life is therefore based solely on the longitudinal 

stresses.  

 

Fig. 15. Fatigue damage at the bottom midspan GFRP-1 with an internal pressure of (a) zero, 

(b) 30 psi, (c) 60 psi and (d) 90 psi during the service life (To facilitate clear visualisation, 

host pipe segments are hidden) 

 

According to the observed minimum fatigue lives, only the non-pressurized GFRP-1 

out of four different scenarios examined, seems to be capable of meeting the design life 

requirement of one million loading cycles, while the systems with 206.8 kPa (30.0 psi) or 

higher are susceptible to failure well before reaching the intended service life. The contour 

plots in Fig. 15 show the amount of fatigue damage experienced by GFRP-1 IRP systems over 

their intended design life, quantified as a damage factor. It is important to note that the damage 

factor represents the ratio of the fatigue life of the IRP system to its intended design life of one 
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million cycles. The fatigue damage contour plots reveal that, throughout its service life, the 

bottom of GFRP-1 IRP will undergo fatigue damage, with a damage factor greater than 1.0, 

exclusively at the discontinuity edges of host pipe segments when subjected to an internal 

pressure of 206.8 kPa (30.0 psi) as depicted in Fig. 15b. However, when exposed to an internal 

pressure of 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 psi), even bottom midspan GFRP-1 will 

be susceptible to damage as shown in Fig. 15c and d. As the internal pressure rises, the damage 

to the lower portion of the IRP expands in its circumferential direction. Linear interpolation 

reveals that the GFRP-1 with thicknesses of 4.1 mm (0.2 in) and exposed to a traffic load of 

14.8 kN (3.3 kips) will satisfy the design fatigue life if the internal pressure does not surpass 

121.3 kPa (17.6 psi). 

 

3.2 Effect of internal pressure with different repair thickness 

The effect of internal pressure on critical stress (i.e. longitudinal tensile stress) and 

fatigue life for different repair thicknesses of GFRP-1 ranging from 3.2 mm (0.1 in) to 9.5 mm 

(0.4 in) under a traffic load of 14.8 kN (3.3 kips) is shown in Fig. 16a and b, respectively. 

According to Fig. 16a, under the same level of traffic loading, the critical stress in IRP with 

repair thicknesses of 3.2 mm (0.1 in), 6.4 mm (0.3 in) and 9.5 mm (0.4 in) increases linearly as 

the internal pressure rises, similar to that of IRP with 4.1 mm (0.2 in). This is because an 

increase in the internal pressure amplifies the force that causes IRP to elongate in the 

longitudinal direction. This results in an increase in internal pressure-induced longitudinal 

stress, which combines with the bending stress to produce the overall tensile stress in the 

longitudinal direction.  

Additionally, with an internal pressure of 620.5 kPa (90.0 psi), the maximal tensile 

stress generated in the IRP with thicknesses of 3.2 mm (0.1 in) and 9.5 mm (0.4 in) are 

respectively 62.3% and 60.3% higher than corresponding repair systems with no internal 

pressure. On the other hand, as the internal pressure rises, fatigue life exhibits a nonlinear 

decrease for all IRP thicknesses considered, even on a semi-log scale (Fig. 16b). Furthermore, 

while the 9.5 mm (0.4 in) thick IRP achieves the design life of one million cycles even with an 

internal pressure of 620.5 kPa (90.0 ksi), the 3.2 mm (0.1 in) thick IRP is unable to meet the 

design requirement even without internal pressure. The IRP with thicknesses of 6.4 mm (0.3 

in), on the other hand, cannot achieve one million cycles when the internal pressure exceeds 

385.4 kPa (55.9 psi).  
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Fig. 16. Effect of internal pressure on (a) critical tensile stress and (b) minimum fatigue life 

of IRP repair systems with different repair thickness 

The influence of IRP thickness on the critical tensile stress in GFRP-1 under 14.8 kN 

(3.3 kips) of traffic load with multiple levels of internal pressure varying from zero to 620.5 

kPa (90.0 psi) is depicted in Fig. 17a and b, respectively. As can be seen from Fig. 17a, the 

critical tensile stress decreases nonlinearly as the IRP thickness increases from 3.2 mm (0.1 in) 

to 9.5 mm (0.4 in) for all the internal pressures considered. This is because the increasing IRP 

thickness can distribute the combined forces induced by both bending and internal pressure 

more evenly across the cross-section. Additionally, thicker IRP also has greater bending and 
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axial stiffness, which enables it to resist deformation and strain under combined loading. This 

also results in lower stress concentration at the discontinuity edge, as thicker IRP can better 

withstand the loading condition without experiencing excessive deformation. The greatest 

stress reduction (45.5%) occurs when the repair thickness increases under the highest internal 

pressure (620.5 kPa or 90.0 psi), while the lowest reduction (44.9%) is observed when there is 

no internal pressure in the system.  

 

 

Fig. 17. Effect of IRP thickness on (a) critical tensile stress and (b) minimum fatigue life 

of IRP systems with different internal pressure 

 

(a) 

(b) 
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3.3 Effect of internal pressure with different MOE of IRP materials 

Fig. 18 compares the effect of MOE on the critical tensile strain of 4.1 mm (0.2 in) thick 

IRP for different levels of internal pressure under the traffic load of 14.8 kN (3.3 kips). 

Regardless of the level of internal pressure, the strain undergoes a dramatic nonlinear decrease 

when the MOE increases from 1.7 GPa (246.6 ksi) to 7.9 GPa (1145.8 ksi), followed by a 

gradual reduction until it reaches a MOE of 38.6 GPa (5598.5 ksi). The reduction in strain with 

increasing MOE is consistent across all the internal pressure levels, with an overall reduction 

of 96.7%. When the MOE of IRP is at or below 2.4 GPa (348.1 ksi), 2.9 GPa (420.6 ksi) and 

3.2 GPa (464.1 ksi), respectively, the critical strain surpasses the design strain limitation of 

0.02 at internal pressures of 206.8 kPa (30.0 psi), 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 psi).  

Fig. 19 displays the response of critical stress of IRP with different levels of internal 

pressure as the MOE increases under a traffic loading of 14.8 kN (3.3 kips). The graph indicates 

that the critical stress remains almost constant at all internal pressures as the MOE of IRP 

increases from 1.7 GPa (246.6 ksi) to around 15.0 GPa (2175.6 ksi). However, from 15.0 GPa 

(2175.6 ksi) up to 30 GPa (4351.1 ksi) of MOE, the critical stress produced in the IRP without 

internal pressure and internal pressures of 206.8 kPa (30.0 psi) and 413.7 kPa (60.0 psi) 

nonlinearly decreases in a concave up manner, after which it remains stable until MOE of 38.6 

GPa (5598.5 ksi). On the other hand, the critical stress generated in the IRP with the internal 

pressure of 620.5 kPa (90.0 psi) decreases nonlinearly in a concave-down manner as MOE 

increases from 15.0 GPa (2175.6 ksi) to 38.6 GPa (5598.5 ksi). The decrease in stress is because 

the MOE is directly related to the stiffness or its ability to resist deformation under stress. When 

a stiffer IRP is used, it can more effectively distribute the load and resist deformation under the 

combined effect of internal pressure and traffic load than a more flexible IRP. As a result, the 

concentration of stress at the discontinuity edge diminishes, resulting in a reduction of 

maximum tensile stress.  
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Fig. 18. Effect of MOE on the critical tensile strain of IRP with different internal pressure 

 

Fig. 19. Effect of MOE on critical stress in 4.1 mm (0.2 in) thick IRP with different internal 

pressure  

Table 3 illustrates the fatigue life of IRP with different levels of internal pressures 

subjected to a traffic loading of 14.8 kN (3.3 kips) with varying MOE. It is evident that the IRP 

with MOE of 1.7 GPa (246.6 ksi), 3.7 GPa (536.6 ksi), and 7.9 GPa (1145.8 ksi) exhibits a 

significant increase in fatigue life as the internal pressure is raised from zero to 620.5 kPa (90.0 

psi). Among all the material systems evaluated, the polymeric IRP, which has the lowest MOE 

demonstrates the shortest fatigue life across all the internal pressure levels. The polymeric IRP 

lasts only 130 cycles and one cycle under conditions of zero internal pressure and internal 
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pressure of 206.8 kPa (30.0 psi), respectively. However, when the polymeric IRPs are exposed 

to an internal pressure of 413.7 kPa (60.0 psi) or above, they fail before even completing a 

single cycle because the alternating stress levels are too high compared to the maximum limit 

specified in the S-N curve. When the MOE of IRP is 7.9 GPa (1145.8 ksi) or higher, the design 

life requirement is met even at the highest internal pressure under consideration. Furthermore, 

to satisfy the design life criterion under internal pressures of zero, 206.8 kPa (30.0 psi), 413.7 

kPa (60.0 psi) and 620.5 kPa (90.0 psi), it is necessary for MOE of IRP with a thickness of 4.1 

mm (0.2 in) to be 3.5 GPa (507.6 ksi), 4.2 GPa (609.2 ksi), 4.8 GPa (696.2 ksi) and 5.3 GPa 

(768.7 ksi), correspondingly (using liner interpolation). 

 

Table 3. Minimum fatigue life of 4.1 mm (0.2 in) thick IRP with different MOE and levels of 

internal pressure   

Internal 

pressure 

Fatigue life cycles 

1.7 GPa 

(246.6 ksi) 

[Polymer] 

3.7 GPa 

(536.6 ksi) 

[GFRP-1] 

7.9 GPa 

(1145.8 

ksi) 

[GFRP-2] 

14.0 GPa 

(2030.5 ksi) 

[GFRP-3] 

26.4 GPa 

(3829.0 ksi) 

[GFRP-4] 

38.6 GPa 

(5598.5 

ksi) 

[GFRP-5] 

zero 130 2.7E+06 3.0E+11 >>1E+12 >>1E+12 >>1E+12 

206.8 kPa 

(30.0 psi) 
1 1.2E+05 5.2E+10 >>1E+12 >>1E+12 >>1E+12 

413.7 kPa 

(60.0 psi) 
0 8492 1.3E+10 >>1E+12 >>1E+12 >>1E+12 

620.5 kPa 

(90.0 psi) 
0 869 4.13E+09 >>1E+12 >>1E+12 >>1E+12 

 

3.4 Effect of internal pressure with different traffic loading levels 

The influence of internal pressure on critical tensile stress and fatigue life of GFRP-1 

with a repair thickness of 4.1 mm (0.2 in) under different levels of traffic loads is shown in Fig. 

20a and b, respectively.  As per Fig. 20a, critical stress in IRP increases linearly with the rise 

in internal pressure for traffic loads of 10.0 kN (2.2 kips), 20.0 kN (4.5 kips) and 25.0 kN (5.6 

kips), similar to the behaviour observed under the traffic load of 14.8 kN. It should be noted, 

however, that the design strain limit of 0.02 is exceeded by the repair system with the internal 

pressure of 620.5 kPa (90.0 psi) when subjected to a traffic load of 25.0 kN (5.6 kips). In 
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comparison to the non-pressurized system, the overall increase in maximal tensile stresses in 

IRP at 620.5 kPa (90.0 psi) under traffic loads of 10.0 kN (2.2 kips), 14.8 kN (3.3 kips), 20.0 

kN (4.5 kips) and 25.0 kN (5.6 kips) are 88.63%, 62.08, 47.8% and 38.7%, respectively. This 

suggests that an increase in internal pressure leads to a more pronounced impact on repair 

systems that are exposed to comparably lower traffic loads. This is due to the significant 

contribution of the longitudinal stress component produced by internal pressure in the resultant 

longitudinal tensile stress relative to the contribution of the bending stress induced by the traffic 

load. As illustrated in Fig. 20b, the fatigue life of IRP subjected to the traffic load of 10.0 kN 

(2.2 kips) decreases nonlinearly with increasing internal pressure from zero to 620.5 kPa (90.0 

psi), which is similar to the behaviour when subjected to a load of 14.8 kN, whereas those 

under 20.0 kN (4.5 kips) or higher decrease almost linearly. The IRP subjected to traffic loads 

of 10.0 kN (2.2 kips) exceeds one million cycles when the internal pressure is lower than 389.6 

kPa (56.5 psi). However, IRPs exposed to traffic loads of 20.0 kN (4.5 kips) or greater are 

unable to meet the design life requirement, even in the absence of internal pressure. 

 
(a) 
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Fig. 20. Effect of internal pressure on (a) critical tensile stress and (b) minimum fatigue life 

of IRP systems exposed to different levels of traffic loads 

Fig. 21a and b show the effect of traffic load on the critical tensile stress and service 

life of GFRP-1IRP with a thickness of 4.1 mm (0.2 in) under various levels of internal pressure 

ranging from zero to 620.5 kPa (90.0 psi). As can be seen from Fig. 21a, the critical tensile 

stresses experienced by non-pressurized, and all pressurized IRPs increase almost linearly as 

the traffic load rises from 5.0 kN (1.1 kips) to 25.0 kN (5.6 kips). The corresponding percentage 

increases in critical tensile stresses at an internal pressure of zero, 206.8 kPa (30.0 psi), 413.7 

kPa (60.0 psi) and 620.5 kPa (90.0 psi) are 523.1%, 244.9%, 189.9% and 149.8%, respectively. 

This is because an increasing traffic load causes a greater deformation of the IRP, which leads 

to a more pronounced change in stress distribution and a greater concentration of stress at the 

discontinuity edge. Additionally, compared to the system without internal pressure, the 

presence of internal pressure causes the IRP to expand, which can further change stress 

distribution and increase stress concentration at the discontinuity edge.  

Fig. 21b demonstrates that the fatigue lives of IRP, both with and without internal 

pressure, exhibit a slight nonlinear decrease as the traffic load is increased, even when 

represented on a semi-log scale. The IRP with a thickness of 4.1 mm (0.2 in) operating at zero, 

206.8 kPa (30.0 psi), 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 psi) internal pressure can only 

satisfy the design fatigue life criteria if the traffic load level remains below 15.8 kN (3.6 kips), 

12.4 kN (2.8 kips), 9.7 kN (2.2 kips) and 6.7 kN (1.5 kips), respectively.  

(b) 
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Fig. 21. Effect of traffic load level on (a) critical tensile stress and (b) minimum fatigue life 

of IRP with different levels of internal pressure 

3.5 Mathematical expressions for fatigue life prediction of IRP systems 

Two mathematical formulae were developed to predict the fatigue life and strain of an 

IRP under the combined effect of internal pressure and traffic load. The formulae are 

established based on the FEA results obtained from a comprehensive parametric study, with 

the aim of facilitating efficient design practice. The purpose of formulating an equation for 

estimating strain is to ensure that the IRP system is within the designated strain limit of 0.02 

prior to conducting predictions of fatigue life, which will be elaborated on subsequently. Both 

equations contain four independent variables, namely, MOE and thickness of IRP, traffic load, 

and internal pressure. The selection of the MOE range, from 1.7 GPa (246.6 ksi) to 7.9 GPa, is 

(a) 

(b) 
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based on finite fatigue life observation obtained from the parametric study. The repair 

thicknesses and internal pressures employed are in accordance with the ones detailed in section 

2.1. However, the scope of the traffic load, as described in section 2.1, has been expanded to 

cover a wide range of data. The expanded traffic load ranges from 5.0 kN (1.1 kips) to 40.0 kN 

(9.0 kips).  

Nonlinear regression analysis is adopted to fit the FEA dataset into nonlinear models 

and derive mathematical expressions. To ensure consistent and standardised comparison across 

different scales and to facilitate meaningful analysis and interpretation of data, the effect of 

distinct scales or units presented in variables is eliminated. This is accomplished by dividing 

both independent and dependent variables by their respective referenced values while ensuring 

consistency in units before model fitting and equation derivation. Through this process, 

dimensionless quantities are obtained, thereby ensuring normalisation and enhancing the 

validity of the derived equations. Eq. (3) and Eq. (4) present the model equations utilised in 

nonlinear regression analysis for fatigue life cycles (𝑁) and strain (𝜀), respectively, where 𝐸 

is the MOE of repair material in MPa, 𝑡  is the repair thickness in mm, 𝐹 is the traffic load in 

N, and 𝑝 is the internal pressure in MPa. The referenced values for MOE, repair thickness, 

traffic load, internal pressure, fatigue life cycles, and strain are denoted by 𝐸𝑟𝑒𝑓 , 𝑡𝑟𝑒𝑓, 𝐹𝑟𝑒𝑓, 

𝑝𝑟𝑒𝑓 , 𝑁𝑟𝑒𝑓, and 𝜀𝑟𝑒𝑓, respectively. The model equations for fatigue life cycles and strain are 

characterized by eight unknown dimensionless coefficients, denoted as 𝛼1‒ 𝛼8 for the former, 

and as 𝛽1‒ 𝛽8 for the latter. 

log10(𝑁)

log10(𝑁𝑟𝑒𝑓)
= 𝛼1 (

𝐸

𝐸𝑟𝑒𝑓
)

𝛼2

+ 𝛼3 (
𝑡

𝑡𝑟𝑒𝑓
)

𝛼4

+ 𝛼5 (
𝐹

𝐹𝑟𝑒𝑓
)

𝛼6

+ 𝛼7 (
𝑝

𝑝𝑟𝑒𝑓
)

𝛼8

 (3) 

 

𝜀

𝜀𝑟𝑒𝑓
= 𝛽1 (

𝐸

𝐸𝑟𝑒𝑓
)

𝛽2

+ 𝛽3 (
𝑡

𝑡𝑟𝑒𝑓
)

𝛽4

+ 𝛽5 (
𝐹

𝐹𝑟𝑒𝑓
)

𝛽6

+ 𝛽7 (
𝑝

𝑝𝑟𝑒𝑓
)

𝛽8

 (4) 

where, 

• 𝐸𝑟𝑒𝑓 = 3700 MPa (MOE of GFRP-1 IRP material) 

• 𝑡𝑟𝑒𝑓 = 4.1 mm  

• 𝐹𝑟𝑒𝑓 = 14800 N (Traffic load) 

• 𝑝𝑟𝑒𝑓 = 0.4 MPa (Operating internal pressure) 

• 𝑁𝑟𝑒𝑓 = 106 (Design life) 

• 𝜀𝑟𝑒𝑓 = 0.02 (Design strain limit) 
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The mathematical formulation obtained through the nonlinear regression analyses for 

predicting the fatigue life of the IRP in a logarithmic scale is presented in Eq. (5). Additionally, 

the formula for predicting the strain is given in Eq. (6). In order to assess the validity of the 

predictive capabilities of the derived Eqs. (5) and (6), a comparison was conducted between 

the predicted fatigue life and strain responses and corresponding FEA counterparts, as 

illustrated in Fig. 22 and Fig. 23, respectively. The comparisons indicate a favourable level of 

agreement between the FE responses and predicted responses for both fatigue life and strain, 

with only minor deviations, confirming the robustness of the proposed equations. The R-

squared values of Eqs. (5) and (6) are determined to be 0.96 and 0.95, respectively, 

demonstrating a strong correlation between predicted and FE responses for both fatigue life 

and strain. In addition, the root means square error (RMSE) and mean absolute error (MAE) of 

Eq. (5) are both found to be 0.4, whereas those of Eq. (6) are computed to be 0.001, showing a 

relatively close fit between the predicted and FEA responses. Overall, according to the 

comparison of FE and predicted responses and evaluated metrics, the generated Eq. (5) and (6) 

can be considered to have satisfactory accuracy and predictive capabilities. 

log10(𝑁) = 6 (0.79    (
𝐸

3700
)

1.15

+ 5.07 (
𝑡

4.1
)

0.09

− 5.01 (
𝐹

14800
)

0.13

− 0.2 (
𝑝

0.4
)

1.1

) 
(5) 

𝜀 = 0.02 ( −7.6 (
𝐸

3700
)

0.07

+ 7.22 (
𝑡

4.1
)

−0.04

+ 0.95 (
𝐹

14800
)

0.35

+ 0.12 (
𝑝

0.4
)

1.06

) 

(6) 

 

 

 

Fig. 22. A comparison between FE and predicted fatigue life cycles on a logarithmic scale 
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Fig. 23. A comparison between FE and predicted strain 

 

To facilitate the application of the derived formulations for generating design charts for 

the fatigue life of IRP systems, a MATLAB function was developed. The function enables the 

user to input the desired traffic load and internal pressure. It then calculates the maximum strain 

of the IRP system by utilizing Eq. (6) over a specified range of MOEs and thicknesses of the 

repair materials. Eq. (6) is constrained to ensure that it predicts the strain values within the 

design strain limit of 0.02. The function then extracts all possible combinations of MOE of IRP 

materials and IRP thickness that satisfy the design strain criteria, given a user-defined traffic 

load and internal pressure. The extracted parameters are subsequently applied to Eq. (7) to 

estimate the corresponding fatigue life cycles and generate a graphical representation of fatigue 

lives in the form of a contour plot for various combinations of MOE and IRP thicknesses.  

The predicted fatigue lives shown on the contour plots are limited to a minimum of 

1000 cycles and a maximum of 100 million cycles. This function enables users to input relevant 

parameters interactively and generate fatigue life plots, thereby exploring various combinations 

of MOE and IRP thicknesses that meet the desired service life. This feature facilitates engineers 

and designers to make informed decisions for selecting design parameters that meet the 

intended design life requirement. Employing the developed function, the obtained fatigue life 

contour plots for varying MOE and thickness exposed to a traffic load of 14.8 kN (3.3 kips) 

under internal pressures of zero, 206.8 kPa (30.0 psi), 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 

psi) are shown in Fig. 24- Fig. 27, respectively. 
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Fig. 24. (a) Strain and (b) fatigue life responses for varying MOE and thickness subjected to 

traffic load of 14.8 kN (3.3 kips) under zero internal pressure 

(a) 

(b) 

N > 100 million 

cycles 

N < 1000 

cycles 

113



 
 

 

Fig. 25. (a) Strain and (b) fatigue life responses for varying MOE and thickness subjected to a 

traffic load of 14.8 kN (3.3 kips) under internal pressure of 206.8 kPa (30.0 psi) 

 

(a) 

(b) 

N > 100 million 

cycles 

N < 1000 

cycles 
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Fig. 26. (a) Strain and (b) fatigue life responses for varying MOE and thickness subjected to 

traffic load of 14.8 kN (3.3 kips) under internal pressure of 413.7 kPa (60.0 psi) 

 

(a) 

(b) 

N > 100 million 

cycles 

N < 1000 

cycles 
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Fig. 27. (a) Strain and (b) fatigue life responses for varying MOE and thickness subjected to 

traffic load of 14.8 kN (3.3 kips) under internal pressure of 620.5 kPa (90.0 psi) 

(a) 

N > 100 million 

cycles 

N < 1000 

cycles 

(b) 
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4 Conclusion 

This study presents a process to numerically investigate the fatigue performance of 

internal replacement pipe (IRP) systems used for the rehabilitation of discontinuous legacy 

pipelines under the combined effect of traffic loading and internal pressure. The influence of 

repair thickness, modulus of elasticity (MOE) of the repair material, the magnitude of traffic 

load and the level of internal pressure on the fatigue performance was also analysed. The 

present study required simplifications for effective fatigue analysis under a variety of internal 

pressures and external load levels. This work assumed that the IRP remained fully bonded to 

the host pipe throughout fatigue loading, which is an important simplification but one that 

represents a worst-case scenario for the induced stress levels. The material assumptions 

included: linear elastic isotropic materials, failure strains of 0.02, and S-N curves developed 

from literature and limited experimental data. The use of the local stress opposed to the more 

rigorous HSS is justified. Future work to investigate these various aspects and expand on the 

presented methodology is encouraged. Considering these aforementioned simplifications, the 

following conclusions can be drawn from the outcomes of this study:  

• The rise in the internal pressure increases the longitudinal and hoop stresses in the invert 

of IRP, which is under tension due to bending but decreases the stresses in the crown of 

IRP, which is under compression. 

• Longitudinal stresses during bending are significantly greater than hoop stress at any 

location along IRP, regardless of the magnitude of internal pressure.  

•  The most critical stress during the bending of a fully bonded IRP system with any level of 

internal pressure is the longitudinal tensile stress at the bottom of IRP at the discontinuity 

edge. 

• The increased concentration of longitudinal tensile stresses at the discontinuity edges 

caused by the rise in internal pressure during bending can significantly shorten the fatigue 

life of the IRP. 

• The level of internal pressure changes the failure behaviour of IRP under bending fatigue. 

Bulging in the middle of the bottom portion of IRP between the discontinuity edges of the 

host pipe and bending slightly inward at the top is the failure of the repair system without 

internal pressure. However, as the internal pressure increases, the bulge at the bottom of 

IRP becomes more pronounced, while the inward bending at the top disappears. 

• The fatigue life of IRP exhibits a slight nonlinear decline with increasing internal pressure 

under constant traffic loading. GFRP-1 IRP system having a thickness of 4.1 mm (0.2 in) 
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and being subjected to a traffic load of 14.8 kN (3.3 kips) can last one million cycles of 

fatigue loading if the internal pressure remains below 121.3 kPa (17.6 psi). 

• The critical tensile stress of IRP systems, whether pressurised or non-pressurized, exhibits 

a nonlinear decline with increasing repair thickness. The most significant decrease in stress 

is observed when the repair thickness is increased under the highest internal pressure, 

whereas the least reduction is noted in the absence of internal pressure. 

• The fatigue life of both pressurised and non-pressurized IRP systems increases nonlinearly 

with respect to repair thickness. To satisfy the design fatigue life criteria at an internal 

pressure level of zero, 206.8 kPa (30.0 psi), 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 psi), 

the minimum repair thicknesses required for a traffic load of 14.8 kN (3.3 kips) are 3.7 mm 

(0.1 in), 5.3 mm (0.2 in), 7.1 mm (0.3 in) and 8.9 mm (0.4 in), respectively. 

• Polymeric IRP has low resistance under fatigue loading even without internal pressure. To 

achieve a design fatigue life of one million cycles when exposed to a traffic load of 14.8 

kN (3.3 kips) under internal pressures of zero, 206.8 kPa (30.0 psi), 413.7 kPa (60.0 psi) 

and 620.5 kPa (90.0 psi), it is necessary for the MOE of IRP with a thickness of 4.1 mm 

(0.2 in) be at least 3.5 GPa (507.6 ksi), 4.2 GPa (609.2 ksi), 4.8 GPa (696.2 ksi) and 5.3 

GPa (768.7 ksi), respectively. 

• Internal repair pipe systems subjected to relatively lower traffic loads are severely affected 

by a rise in internal pressure. When tested with a traffic load of 10.0 kN (2.2 kips), the 

GFRP-1 IRP system could satisfy the design life requirement under an internal pressure of 

no more than 389.6 kPa (56.5 psi). Without internal pressure, GFRP-1 IRP systems 

subjected to traffic loads of 20.0 kN (4.5 kips) or higher fail to continue functioning up to 

their intended service life.  

• Fatigue lives of IRP systems, regardless of the magnitude of internal pressure, demonstrate 

a slight nonlinear reduction with an increase in traffic load. GFRP-1 IRP system with a 

repair thickness of 4.1 mm (0.2 in) operating at internal pressure levels of zero, 206.8 kPa 

(30.0 psi), 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 psi), can only achieve the expected 

fatigue life if the traffic load level does not exceed 15.8 kN (3.6 kips), 12.4 kN (2.8 kips), 

9.7 kN (2.2 kips) and 6.7 kN (1.5 kips), respectively. 

• The developed simplified mathematical formulations and design charts for predicting the 

fatigue life of IRP systems can assist engineers and designers to make informed decisions 

for selecting design parameters that meet the desired design life requirement, as well as to 

achieve more efficient and optimised designs while reducing costs and time. 
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5.3. Links and implications 

The investigation conducted in Chapter 5 showed that the level of operating internal 

pressure changes the failure behaviour of IRP systems under bending. The increase in internal 

pressure causes a rise in longitudinal and hoop stresses in the invert of IRP, while 

simultaneously reducing the stresses in the crown of IRP. Regardless of the level of operating 

internal pressure applied, longitudinal stresses during bending fatigue are larger than the hoop 

stresses at any location along the IRP. During the bending of a fully bonded IRP system with 

any level of internal pressure, the most critical stress is the longitudinal tensile stress at the 

edges of the host pipe discontinuity. Additionally, the concentration of longitudinal tensile 

stress in fully bonded systems caused by the rise in internal pressure may significantly reduce 

the fatigue life of IRP. Consequently, the potential for mitigating high stress that develops at 

the discontinuity edges and enhancing the fatigue life of IRP systems by implementing various 

bonding levels at the interface between the host pipe and IRP was investigated in Chapter 6.   
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CHAPTER 6: PAPER 4 – INFLUENCE OF THE BONDING 

LEVEL ON THE BENDING FATIGUE BEHAVIOUR OF 

INTERNAL REPLACEMENT PIPE SYSTEMS 

6.1. Introduction 

Chapter 5 demonstrated that when IRP is fully bonded to the discontinuous host pipe 

segments, the operating internal pressure can cause a substantial increase in the concentration 

of longitudinal stress in IRP at the discontinuity edges under bending, resulting in premature 

fatigue failure. As discussed in Chapter 2, the existing research on IRP-repaired legacy gas 

pipeline systems subjected to internal pressure alone has shown that unbonded repair systems 

offer advantages over fully bonded systems in terms of reducing stress concentration at the 

damaged area of the host pipe and improving the structural capacity of the repair pipe. 

However, there is no research investigating the potential impact of varying bonding levels on 

the bending fatigue performance of IRP-repaired discontinuous legacy gas pipes. 

This chapter addressed Objective 4 by numerically investigating the impact of bonding 

level, specifically characterised by the unbonded length of IRP to the host pipe, on the flexural 

fatigue performance of IRP systems in both pressurised and non-pressurised scenarios. The 

analyses considered a wide range of unbonded lengths for each segment of discontinuous host 

pipe ranging from zero, signifying a fully bonded state, to 1518.9 mm (59.8 in), representing a 

completely unbonded state. This evaluation was conducted by considering various design 

parameters such as repair thickness, repair material, internal pressure levels and traffic loading, 

which were selected based on the findings of Chapter 5. An extensive discussion of the analysis 

and findings can be found in Section 6.2. 
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1 Introduction 

Pipelines are widely regarded as the most cost-effective method for transporting natural 

gas and crude oil over long distances (Bubbico 2018, Chen et al. 2022, Mao et al. 2022, Singh 

and Markeset 2009, Toh et al. 2018). During the transportation process, pipelines may 

experience failure due to various factors such as ageing, corrosion, third-party excavation, 

construction defects, and operational errors (Akram et al. 2020, Cao et al. 2019, Chen et al. 

2019, Su et al. 2021, Zhou et al. 2016). Such failures can result in loss of life, serious personal 

injuries, significant financial losses, and irreversible environmental damage (Cunha 2016, 

Shahriar et al. 2012, Shehata and El-Shamy 2023) and therefore require effective repair 

solutions. The aged underground pipelines are commonly located below busy roads, and the 

traditional method of replacing them can cause significant disruption to traffic flow and nearby 

businesses (Brown et al. 2008, Hsu and Shou 2022a, Yang et al. 2022). As a result, trenchless 

technologies have become increasingly popular for pipeline rehabilitation, as they allow for the 

installation of repair systems without the need for extensive excavation (Hsu and Shou 2022a, 

Lu et al. 2020). Other advantages of trenchless rehabilitation include lower comprehensive 

cost, shorter construction time, low construction noise, and less pollution (Li et al. 2023, 

Tetreault et al. 2018, Xia et al. 2022). Trenchless repair techniques have undergone significant 

advancement recently, specifically with the introduction of a novel pipeline rehabilitation 

approach known as internal replacement pipe (IRP) systems (Dixon et al. 2023, Tafsirojjaman 

et al. 2022, Wang et al. 2016). The utilisation of IRP systems enhances the performance and 

longevity of existing legacy pipelines.  

Fatigue failure induced by the ground vibration resulting from vehicle movement over 

road surfaces has been identified as a potential failure mode associated with host pipe and IRP 

systems, as stated in Ha et al. (2016), Wang et al. (2019), Tafsirojjaman et al. (2022), Zhang 

et al. (2022) and Dixon et al. (2023). Fatigue is a phenomenon that can cause a reduction in 

the strength of the material, potentially resulting in the fracture of the pipe walls and 

subsequently compromising pipeline integrity (Bajcar et al. 2012). Currently, there is a limited 

number of studies available in the open literature that have examined the fatigue behaviour of 

host pipes with circumferential discontinuities repaired using either cured-in-place pipe (CIPP) 

liners or spray-applied pipe liners (SAPL) under repetitive traffic loading (Ha et al. 2016, Jeon 

et al. 2004, Stewart et al. 2015). A few studies under internal pressure and static bending have 

demonstrated that the presence of circumferential discontinuities in the host pipe can have a 

detrimental effect on the IRP primarily due to the high stress concentration that arises at the 
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interface between the two pipes (Brown et al. 2014, Kiriella et al. 2023, Tien et al. 2023). The 

occurrence of such stress concentration during cyclic bending might potentially cause a 

decrease in fatigue life and lead to premature fatigue failure before reaching the intended 

service life.  

In an experimental investigation of the fatigue behaviour of cast iron host pipe with 

circumferential discontinuity repaired with CIPP liner, Jeon et al. (2004) observed that some 

level of debonding between the host pipe and the liner occurs, leading to a reduction in stress 

concentration at the crack edge. In this study, however, the level of debonding and the extent 

to which the stress concentration decreases, and fatigue life increases are not clearly 

demonstrated. When repairing damaged host pipes, IRP can be either partially bonded or 

completely unbonded to host pipes (Hsu and Shou 2022b, Kozman 2020, Zhong et al. 2018). 

Kozman (2020) and Hsu and Shou (2022b) demonstrated that the utilisation of an unbonded 

length could potentially mitigate stress concentrations and enhance the structural capacity of 

the IRP under internal pressure alone and static bending. However, research into how the 

bonding level might affect the bending fatigue behaviour of the pressurised and non-

pressurised IRP-repaired damaged host pipes remains unexplored. As a result, pipeline 

developers and designers are currently facing a knowledge gap regarding the optimal bonding 

level that should be implemented between the host pipe and the IRP to enhance the service life 

(Knight and Bontus 2018). 

Under a maximum allowable internal pressure of 1379 kPa (200 psi), Tien et al. (2023) 

used finite element analysis (FEA) to study the behaviour of 3.2 mm (0.1 in) thick IRP made 

from different materials with MOE ranging from 1.0 GPa (145.0 ksi) to 200.0 GPa (29,007.5 

ksi) installed in 323.9 mm (12.8 in) diameter host pipes with circumferential discontinuities in 

both fully bonded and unbonded conditions at their ends. The results of the study indicated that 

when IRP is fully bonded, the discontinuity edge of the host pipe can cause a significant 

concentration of longitudinal stresses in IRP. In unbonded systems, the portion of the unbonded 

IRP can slide relative to the host pipe, thereby decreasing the internal pressure-induced stress 

concentration in IRP at the discontinuity edges by up to 15%. The influence of the unbonded 

length on the behaviour of the repair system and the optimal unbonded length required to 

minimise stress concentrations and improve the service life may vary greatly depending on the 

loading type. For instance, an unbonded length which can increase the capacity of IRP under 

internal pressure or static bending alone may not be suitable for flexural fatigue. Since the 

internal pressure also has a detrimental effect on the longitudinal stress of the repair pipe, 
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particularly when the discontinuous host pipe segments are present, the optimum unbonded 

length that should be implemented into the repair systems to enhance the fatigue life during 

cyclic bending may also be affected by the level of internal pressure. This highlights the 

necessity of investigating the influence of bonding level on the flexural fatigue behaviour of 

IRP repair systems with varying levels of internal pressure. 

Studies have shown that the fatigue life of repaired pipes can be substantially influenced 

by their wall thickness, MOE, and the magnitude of the traffic load. In their numerical 

investigation of the fatigue behaviour of repair pipes made of various materials with MOE 

ranging from 1 GPa (145.0 ksi) to 200 GPa (29,007.5 ksi) and wall thicknesses varying from 

3.2 mm (0.1 in) to 25.4 mm (1.0 in) exposed to a repetitive traffic load of 17.4 kN (3.9 kips), 

Tafsirojjaman et al. (2022), demonstrated that increasing MOE and thickness can significantly 

extend the service life. Huang et al. (2020) demonstrated that carbon fibre polymer pipes with 

thicknesses of 5.0 mm (0.2 in) and 11.2 mm (0.4 in) subjected to 43.6 kN (9.8 kips) exhibited 

no failure even after one million cycles, whereas those subjected to relatively higher loads (87.0 

kN or 19.6 kips) failed before meeting their anticipated design life of one million cycles. These 

findings highlight the importance of conducting investigations on the influence of bonding 

level on flexural fatigue, considering different repair thicknesses, repair materials and traffic 

load levels. Therefore, the present study examines numerically the influence of bonding level, 

which is defined by the unbonded length of the IRP to the host pipe, on the flexural fatigue 

behaviour of IRP. The investigation was carried out by varying thickness and MOE of the IRP 

and the traffic loads. The findings of this study will provide significant new information and 

practical guidance in the development, design, and implementation of safe, reliable and cost-

effective IRP systems for the repair of damaged pipelines. 

 

2 Methodology 

2.1 Modelling and analysis of IRP systems  

Three-dimensional finite element (FE) four-point bending simulations are performed 

using ANSYS mechanical software (Ansys 2021) to examine the fatigue behaviour of IRP 

systems installed in host pipes with full circumferential discontinuities at the midspan. The 

simulations are performed under repetitive traffic loading conditions over a service life of 50 

years, which is equivalent to one million loading cycles. The simulation employs a loading 

configuration of 762-1016-762 mm (30-40-30 in), which is identical to the one utilised by 

Kiriella et al. (2023). In order to optimise computational efficiency, only one-quarter of the 
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system is modelled, taking advantage of symmetry. Appropriate boundary conditions in both 

longitudinal and transverse directions are applied accordingly.  

Throughout the investigation, it was ensured that the outer diameter and the thickness 

of the host pipe remained constant at 325.9 mm (12.8 in) and 6.4 mm (0.3 in), respectively. 

The outer diameter of the IRP is determined by the inner diameter of the host pipe, which 

measures 311.2 mm (12.3 in). The selection of these parameters is based on a prior 

investigation carried out by Tafsirojjaman et al. (2022). The current investigation uses a narrow 

discontinuity width of 12.7 mm (0.5 in), which is determined to be critical during an analysis 

of IRP under static bending, as stated in Kiriella et al. (2023). The width of this discontinuity 

represents the existence of a joint that has been pulled out but is still functioning in legacy 

pipes. A pinned support with a frictionless connection between the host pipe and clamps is 

employed to ensure an accurate representation of the experimental setup and to minimise 

convergence issues. The loading head is connected to a separate clamp by means of a pin-lug 

mechanism. All the components of the systems are modelled using standard SOLID186, 

higher-order 3D solid elements, each of which consists of 20 nodes. Steel is utilised for the 

host pipe as well as loading head, clamps, pins and lugs.  

 

 

Fig. 1. One-quarter of the FE model of an IRP installed in a host pipe with 

circumferential discontinuity at the midspan 

  

The study investigates the effect of varying bonding levels in the IRP system by 

utilizing predefined unbonded regions in both the host pipe segment and IRP. The analysis 

Host pipe 

IRP 

Circumferential 

discontinuity 

Clamp 

Loading head 

Blind 

flange 

Host pipe 

Clamp 

129



2.  

 

 

considers a wide range of lengths for the unbonded region (unbonded lengths), ranging from 

zero, which represents the fully bonded condition to 1518.9 mm (59.8 in), which represents the 

completely unbonded condition. A fully bonded connection involves adhering the IRP and the 

discontinuous host pipe segments along their entire interface. The unbonded length is applied 

uniformly throughout the entire circumference of both the host pipe and IRP. Additionally, it 

is important to note that the specified unbonded lengths are applied to each segment of the 

discontinuous host pipe. The bonded portion of the IRP and the host pipe segments are 

connected using the bonded connection type in ANSYS mechanical. On the other hand, a 

frictionless connection type is employed at the interface between the unbonded portion of the 

host pipe segments and IRP. Internal pressure levels utilised include 206.8 kPa (30.0 psi), 413.7 

kPa (60.0 psi) and 620.5 kPa (90.0 psi). These levels of internal pressure are selected to cover 

the highest operating internal pressure of the legacy steel pipe, which has been reported to be 

413.7 kPa (60.0 psi) by the Advanced Research Project Agency-Energy (Tien et al. 2023), as 

well as internal pressure levels above and below this limit by 206.8 kPa (30 psi), in addition to 

zero internal pressure condition.  

The investigation was carried out by varying thicknesses and materials of the IRP and 

traffic loadings. The repair thicknesses considered are 3.2 mm (0.1 in), 4.1 mm (0.2 in) and 6.4 

mm (0.3 in). The repair materials employed consist of a polymer, and two types of glass fibre-

reinforced polymer composite, i.e. GFRP-1 and GFRP 2 with MOE values of 1.7 GPa (246.6 

ksi), 3.7 GPa (536.6 ksi) and 7.9 GPa (1145.8 ksi), respectively. The different levels of traffic 

loading are 14.8 kN (3.3 kips), 20.0 kN (4.5 kips), 25.0 kN (5.6 kips) and 30 kN (6.7 kips), 

with a constant amplitude and a loading ratio of zero. These parameters are based on Kiriella 

et al. (2023). The analysis is conducted under the assumption that both polymeric and 

composites possess design strain limits of 0.02 (Tafsirojjaman et al. 2022). The study employs 

the stress-life (S-N) approach to estimate fatigue life, considering a design life of one million 

loading cycles. The stress-life data for polymeric and GFRP-2 materials were obtained from 

the studies conducted by Mellott and Fatemi (2014) and Zakaria et al. (2016), respectively. 

Additionally, the S-N curve for GFRP-1, as shown in Fig. 2, was established through tension-

tension fatigue testing conducted following the ASTM D 3479/D D3479M standards (ASTM 

2019). 
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Fig. 2. S-N curve of GFRP-1 repair material 

 

2.2 Mesh convergence study 

A mesh convergence study is performed in order to determine the ideal mesh size for 

generating accurate FEA outcomes. The reliability of the numerical results is evaluated by 

comparing the maximum normal stress obtained through FEA with the maximum theoretical 

stress of 18.8 MPa (2.7 ksi) calculated using the bending stress formula. To achieve this, an 

IRP alone with a MOE of 3.7 GPa (536.6 ksi) and dimensions as outlined in section 2.1 is 

subjected to a traffic load of 14.8 kN (3.3 kips). The number of elements in the direction of 

thickness is specified as three, while the surface element size of the pipe ranges from 25×25 

mm (1.0×1.0 in) to 2.0×2.0 mm (0.08×0.08 in). Fig. 3a illustrates the correlation between the 

maximum normal stress and the number of elements within the FE model. It is found that the 

FE result closely approximates the theoretical result of 18.8 MPa (2.7 ksi), with a deviation of 

only 1.6% when utilising an element size of 5.0×5.0 mm (0.2×0.2 in). To ensure the proper 

representation of potential stress concentration, a mesh refinement was implemented in the 

vicinity of the host pipe discontinuity. The determination of the ideal surface element size for 

the refined mesh was achieved by conducting a mesh sensitivity analysis, as shown in Fig. 3b. 

This was accomplished by analysing a steel host pipe with a 12.7 mm (0.5 in) wide 

circumferential discontinuity that has been repaired under a traffic loading of 14.8 kN (3.3 

kips). The IRP utilised in this analysis is identical to the one described in the mesh convergence 

study.  
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(a) (b) 

Fig. 3. (a) Mesh convergence and (b) Mesh sensitivity analysis  

 

 

Fig. 4. Mesh refinement in the vicinity of the host pipe discontinuity 

 

To optimise computational efficiency, the mesh refinement is conducted over a length 

that corresponds to the discontinuity width, along with an additional 76.2 mm (3.0 in) beyond 

the discontinuity edge. The surface element size of the refined mesh is varied during the 

sensitivity analysis between 6.4×6.4 mm (0.3×0.3 in) and 1.0×1.0 mm (0.04×0.04 in). Outside 

of this zone, the surface element size is set to 5.0×5.0 mm (0.2×0.2 in). The influence of 

different element sizes used for mesh refinement on the stress concentrated in IRP at the 

discontinuity edge is shown in Fig. 3b According to the figure, the localised stress begins to 

approach a finite value once the surface element size is decreased to 2.1×2.1 mm (0.08×0.08 

in). Based on the consideration of computational cost and the observation that the discrepancy 

in local stress at the discontinuity edge between the element sizes of 1.0×1.0 mm (0.04×0.04 

in) and 1.6×1.6 mm (0.06×0.06 in) is below 2.0%, the latter is selected for the mesh refinement. 

Fig. 4 depicts the mesh refinement of a quarter symmetry model of an IRP installed in a host 

pipe with a discontinuity width of 12.7 mm (0.5 in).   

132



2.  

 

 

2.3 Validating the FE model of an IRP system 

The accuracy of the FE model is ensured by validating the results with the outcomes 

obtained from a laboratory test conducted by the University of Colorado Boulder (CUB). The 

validation process includes a comparison of load-deflection behaviours and load-strain 

behaviours between FEA and physical testing. The comparison is conducted at various 

locations, both at the bottom and top of GFRP-1 IRP installed within a steel host pipe. The 

discontinuity width of the host pipe is 12.7 mm (0.5 in), and the cyclic lateral load applied is 

14.3 kN (3.2 kips) (Klingaman et al. 2022). Fig. 5a shows a strong correlation between the 

load-deflection behaviours obtained from FEA and experimental testing. The load-strain 

behaviours obtained from FEA also exhibit a good agreement with the corresponding 

experimental outcomes, as depicted in Fig. 5b.  

 

  

(a) Load-deflection behaviour (b) Load-strain behaviour 

Fig. 5. Comparison between FEA and experimental behaviours of IRP under cyclic traffic 

loading 

 

3 Results and discussion  

3.1 Longitudinal stress, hoop stresses and fatigue lives 

Under different levels of bonding, Fig. 6a, b, c and d show comparisons between the 

maximum longitudinal and hoop stresses in the GFRP-1 IRP with internal pressures of zero, 

206.8 kPa (30.0 psi), 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 psi), respectively when subjected 

to a traffic load of 14.8 kN (3.3 kips). In this analysis, the unbonded length varies from zero 

(fully bonded connection) to 1518.9 in (59.8 in) (totally unbonded state), while the repair 

thickness is kept at 4.1 mm (0.2 in). During the bending process, the top portion of the IRP 

system undergoes compression, while the bottom portion experiences tension. As shown in 

Fig. 6a-d, increasing the unbonded length from 0 to 579. 1 mm (22.8 in), the maximum 
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longitudinal tensile stresses in both pressurised and non-pressurised IRP decrease nonlinearly 

and gradually and then remain stable until the systems are completely unbonded. Based on the 

results, it is evident that increasing the unbonded length from 0 to 579. 1 mm (22.8 in) results 

in a more significant reduction in maximum longitudinal tensile stress when the internal 

pressure is lower. Regardless of the magnitude of the internal pressure, the greatest longitudinal 

tensile stress in a fully bonded IRP occurs at the discontinuity edge at the bottom (Fig. 7a). The 

amplification of longitudinal tensile stress at the discontinuity edge is caused by the sudden 

reduction in cross-sectional area, which creates stress concentration. 

When the unbonded length is within the load span, i.e., the distance between the centre 

of the load clamps, the maximum longitudinal tensile stress in GFRP-1 arises at the bottom, 

where the bonded and unbonded regions are separated (Fig. 7b, c and d). This is true for both 

non-pressurised and pressurised IRP systems. With increasing unbonded lengths, the maximum 

longitudinal tensile stress of a partially bonded repair system can be explained by the load 

transfer mechanism and concept of stress distribution. In a partially bonded system, the bonded 

region of the host pipe and IRP acts as a fixed boundary condition, while the unbonded section 

of IRP can slide relative to the host pipe. This creates a stress concentration point at the location 

where the bonded and unbonded regions meet.  

Additionally, the difference in stiffness also contributes to a higher stress level at the 

interface between the unbonded and bonded regions. As the unbonded length increases, the 

load transfer decreases, and the stresses generated at the bonded and unbonded interfaces 

become more evenly distributed along the length of IRP. The portion of IRP that is unbonded 

to the host pipe undergoes relatively greater deformation and strain compared to the bonded 

portion due to the lack of constraints. This increase in deformation experienced by IRP, as 

depicted in Fig. 8a, leads to the redistribution of the stresses away from the bonded and 

unbonded interfaces toward the midspan, resulting in a decrease in the longitudinal tensile 

stress that can be localised at the bonded and unbonded interface at the bottom of IRP (Fig. 7d, 

e and f). In partially bonded systems, the IRP that is not bonded has the ability to slide relative 

to the host pipe leading to a reduction in stress concentration at the discontinuity edges caused 

by both traffic load and internal pressure. Similar results were found by Tien et al. (2023) for 

the behaviour of longitudinal stress concentration at the discontinuity edge in bonded and 

unbonded systems when subjected to internal pressure alone. 
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(a) No internal pressure (b) Internal pressure of 206.8 kPa (30.0 psi) 

  

(c) Internal pressure of 413.7 kPa (60.0 psi) (d) Internal pressure of 620.5 kPa (90.0 psi) 

Fig. 6. Behaviours of maximum longitudinal and hoop stresses in GFRP-1 IRP with 

increasing unbonded under a 14.8 kN (3.3 kips) traffic load at different internal pressures 

 

 

  

(a) Fully bonded 

 

(b) Unbonded length of 50.8 mm (2.0 in) 
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(c) Unbonded length of 152.4 mm (6.0 in) (d) Unbonded length of 304.8 mm (12.0 in) 

 

  

(e) Unbonded length of 579.1 mm (22.8 in) (f) Completely unbonded condition 

 

Fig. 7. Longitudinal stress distribution in IRP with internal of 413.7 kPa (60.0 psi) 

subjected to traffic load of 14.8 kN (3.3 kips) at different unbonded length (host pipe 

segments are hidden) [Units: MPa] 

 

  

(a) (b) 

Fig. 8. Comparison of the behaviours of (a) maximum deflections and (b) fatigue lives 

of  GFRP-1 with increasing unbonded length at different internal pressures under a 14.8 

kN (3.3 kips) traffic load 

At zero internal pressure, when the interface between the bonded and unbonded region 

is located outside the load span, the location where the maximum longitudinal tensile stress 

arises shifts to the inner surface of IRP at the bottom midspan. This is because the load transfer 
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from the host pipe to IRP is negligible at this point; thus, there is no concentration of 

longitudinal tensile stress at the interface between bonded and unbonded regions. Therefore, 

IRP behaves more independently, and the maximum longitudinal tensile in IRP is primarily 

due to the bending stress induced by external loading. This can be explained by IRP acting as 

a cantilever beam, and the maximum longitudinal tensile stress occurs at the free end, which is 

the invert at the midspan due to the bending moment created by external loading. This leads to 

a consistent peak longitudinal tensile stress when the location where the bonded and unbonded 

region meets is beyond the loading span. Unlike the non-pressurised systems, the location of 

the maximum longitudinal tensile stress in the pressurised systems with this bonding condition 

varies depending on the levels of internal pressure present. At internal pressures of 206.8 kPa 

(30.0 psi), 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 psi), these locations are 107.0 mm (4.2 in) 

from the outer surface of the bottom midspan, 35.0 mm (1.4 in) from the outer surface of the 

bottom midspan, and the bottom midspan, respectively.  

The maximum longitudinal compressive stresses in the crown of IRP at internal 

pressures of zero, 206.8 kPa (30.0 psi) and 413.7 kPa (60.0 psi) gradually reduce when the 

unbonded length is extended from zero to 152.4 mm (6.0 in). Consequently, the reduction in 

maximum longitudinal compressive stress becomes less significant as the internal pressure 

rises. Under an internal pressure of 620.5 kPa (90.0 psi), the crown of IRP no longer 

experiences a decrease in maximum longitudinal compressive stress with an increase in 

unbonded length (Fig. 6d). The observed phenomenon can be attributed to the significant 

reduction in longitudinal compressive stress concentration in the crown of fully bonded IRPs 

at the discontinuity edges, as internal pressure rises. Under an internal pressure of 413.7 kPa 

(60.0 psi) or lower, the maximum longitudinal compressive stress experienced by IRP is 

observed at the interfaces between the bonded and unbonded regions at the top, for unbonded 

length between 0.25 in (the shortest unbonded length under consideration) and 152.4 mm (6.0 

in), similar to the tension side (Fig. 7b). This is due to the abrupt change in stiffness at the 

interface between bonded and unbonded regions at the top of IRP, which concentrates 

compressive stress at that location. This compressive stress concentration, however, diminishes 

as the unbonded length is extended, leading to a more uniform distribution of compressive 

stresses along the length of IRP.  

Once the unbonded length exceeds 152.4 mm (6.0 in), the maximum longitudinal 

compressive stresses under internal pressures of zero and 206.8 kPa (30.0 psi) experience a 

sudden and nonlinear increase that continues until the unbonded length reaches the boundary 
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of the loading clamp outside the load span. The reason for the change in the trend at an 

unbonded length of 152.4 mm (6.0 in) is attributed to the changing of the location where the 

maximum longitudinal compressive stress arises. At or beyond 152.4 mm (6.0 in), the 

concentration of longitudinal compressive stress at the top of IRP where the bonded and 

unbonded regions meet experiences a further reduction, while the concentration of stress at the 

top of IRP at the discontinuity edge of the host pipe becomes higher again. This causes the 

location of the highest longitudinal compressive stress in the crown of IRP to shift from the 

interface between bonded and unbonded regions to the discontinuity edge (Fig. 7b and c). 

However, once the unbonded length is increased beyond the load span, the maximum 

longitudinal compressive stress in IRP under internal pressure of 206.8 kPa (30.0 psi) or below 

remains constant until the system is completely unbonded, which is similar to the behaviour of 

maximum longitudinal tensile stress. In this case, the longitudinal compressive stress in IRP 

remains concentrated at the discontinuity edge, while there is no concentration of longitudinal 

compressive stress in IRP at the bonded and unbonded interface (Fig. 7d, e and f).  

Non-pressurised GFRP-1 experiences a gradual decrease in its maximum tensile hoop 

stress as the unbonded length is extended from 0 to 579. 1 mm (22.8 in), followed by a stable 

state until the system is completely unbonded (Fig. 6a). The observed behaviour in maximum 

tensile hoop stress is similar to that of the maximum longitudinal tensile stress. However, in 

the cases where the pressure within IRP is 206.8 kPa (30.0 psi) or above, the highest tensile 

hoop stress reduces only to an unbonded length of approximately 152.4 mm (6.0 in). Upon 

exceeding this limit, the maximum tensile hoop stress observed in IRP subjected to an internal 

pressure of 206.8 kPa (30.0 psi) remains relatively constant, while that in IRP exposed to an 

internal pressure of 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 psi) displays a minor nonlinear 

increase until an unbonded length of roughly 254.0 mm (10.0 in) and 579.1 mm (22.8 in), 

respectively, before stabilising. Regardless of any internal pressure level, it can be observed 

that all the partially bonded IRPs experience the greatest amount of tensile hoop stress at the 

bottom, where the interface between the bonded and unbonded regions is located, while in the 

case of completely unbonded IRP, it is observed at the bottom midspan. The maximum 

compressive hoop stresses experienced by both pressurised and non-pressurised systems 

demonstrate a nonlinear increase as the unbonded length is extended from 0 to 579. 1 mm (22.8 

in), after which they stabilise until the systems are completely detached. Unlike tensile hoop 

stress, the compressive hoop stress in IRPs that are fully bonded, partially bonded or 
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completely unbonded, and with or without internal pressure, always reaches its peak at the 

crown, where the discontinuity edges of host pipe segments are located. 

In non-pressurised IRPs, the longitudinal tensile stress is the highest when the unbonded 

length is less than 254.0 mm (10.0 in). In the cases where the unbonded length exceeds 254.0 

mm (10.0 in), the maximum longitudinal compressive stress surpasses the longitudinal tensile 

stress and remains critical until the system is completely unbonded (Fig. 6a). Additionally, the 

maximum compressive hoop stress exceeds the longitudinal tensile stress when the unbonded 

length reaches approximately 381.0 mm (15.0 in) while remaining below the maximum 

longitudinal compressive stress. The observed behaviours can be attributed to the fact that, in 

the absence of internal pressure, when the ratio of the unbonded length to the host pipe length 

within the load span exceeds 0.5, the deformation in the unbonded section becomes more 

pronounced at the crown of IRP than at its bottom. This is because the bottom of IRP is more 

constrained by support, which limits its deformation and reduces maximum tensile stress. The 

increased deformation at the crown resulted in a higher concentration of both longitudinal and 

hoop compressive stress at the discontinuity edge compared to longitudinal tensile stress. 

Under an internal pressure of 206.8 kPa (30.0 psi), the maximum longitudinal compressive in 

IRP approaches the corresponding maximum tensile stress after an unbonded length of 579. 1 

mm (22.8 in), while the maximum compressive hoop stress remains below the longitudinal 

stresses at any unbonded length.  

With an internal pressure of 413.7 kPa (60.0 psi) or above, the maximum longitudinal 

tensile stress at any unbonded length is much greater than both maximum longitudinal and 

hoop compressive stresses (Fig. 6c and d). Both maximum longitudinal and hoop compressive 

stresses stay even below the corresponding maximum tensile hoop stress for any unbonded 

length at the highest internal pressure under consideration. Therefore, the presence of internal 

pressure greater than 206.8 kPa (30.0 psi) causes the maximum longitudinal tensile stress in 

IRP to become dominant across all the unbonded lengths. This is because, at higher internal 

pressure, a relatively larger proportion of the resultant longitudinal stress is contributed by 

internal pressure. Unlike non-pressurised systems, pressurised IRPs exhibit the highest 

difference between the maximum longitudinal tensile and compressive stresses when they are 

fully bonded. Although the bottom of IRP in a fully bonded state results in the formation of 

bulging between the discontinuity edges of the host pipe (Fig. 7a), this bulging disappears once 

an unbonded length is implemented, due to the reduction in tensile stresses, as illustrated in 

Fig. 7b-f.  
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Fig. 8b shows a comparison of the minimum fatigue life of a 4.1 mm (0.2 in) thick 

GFRP-1 with varying unbonded lengths under a traffic load of 14.8 kN (3.3 kips) with different 

internal pressures. Even on a semi-log plot, the minimum fatigue lives of both pressurised and 

non-pressurised GFRP-1 exhibit a significant increase as the unbonded length is extended from 

0 to 304.8 mm (12.0 in). The location where the bonded and unbonded regions meet at the 

bottom span of IRP, which experiences the highest stress, controls the minimum fatigue life of 

the non-pressurised system from the shortest unbonded length up to approximately 254.0 mm 

(10.0 in) (Fig. 9b, c and d). Thus, the reduction in maximum longitudinal tensile stress 

amplitude at this particular location within the given range of unbonded length is directly 

correlated with the increase in fatigue life. Subsequently, until an unbonded length of 579.1 

mm (22.8 in) is reached, the fatigue life of the non-pressurised system declines nonlinearly by 

64.9%, while that of all the pressurised systems continues to increase gradually.  

Additionally, implementation of an unbonded length of 304.8 mm (12.0 in) or greater 

drops the service life of non-pressurised IRP below that of pressurised IRP operating at 206.8 

kPa (30.0 psi). When the unbonded length reaches 304.8 mm (12.0 in) or more, the service life 

of non-pressurised repair systems is primarily determined by the crown of IRP (compressive 

side) at the discontinuity edge, where the stress concentration becomes critical. In the absence 

of internal pressure, the rise in longitudinal compressive stress amplitude at this specific 

location, with an unbonded length between 304.8 mm (12.0 in) and 579.1 mm (22.8 in), is 

directly correlated with the reduction in fatigue life. Interestingly, these unbonded lengths are 

almost equal to one time and two times, respectively the external diameter of the IRP. In 

contrast, the fatigue life of IRP with internal pressure at any unbonded length is determined by 

the tension side (bottom span) (Fig. 9).  

Increasing the unbonded length from 579.1 mm (22.8 in) until the repair systems are 

completely detached from their host pipes, the service lives of both pressurised and non-

pressurised systems remain nearly constant. This is due to the relatively constant maximum 

longitudinal stresses in IRP. The longest fatigue life of non-pressurised GFRP-1 is 1.3E+09 

cycles with an unbonded length of at least 304.8 mm (12.0 in), nearly 500 times larger than 

that of the fully bonded case. On the other hand, the longest fatigue life of a pressurised IRP 

with an unbonded up to a length of 579.1 mm (22.8 in) is greater than that of corresponding 

fully bonded systems. While GFRP-1 system without internal pressure satisfies the design life 

requirement even with a fully bonded connection, those operating at internal pressures of 206.8 

kPa (30.0 psi), 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 psi) necessitate unbonded lengths of 
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at least 94.0 mm (3.7 in), 154.9 mm (6.1 in) and 279.4 mm (11.0 in), respectively, to achieve 

the design life of 1 million cycles. As the internal pressure to which the system is exposed 

during cyclic bending rises, it leads to an increase in the minimum unbonded length required 

to meet the design life.   

 

  

(a) Fully bonded (b) Unbonded length of 50.8 mm (2.0 in) 

  

(c) Unbonded length of 152.4 mm (6.0 in) (d) Unbonded length of 304.8 mm (12.0 in) 

  

(e) Unbonded length of 579.1 mm (22.8 in) (f) Completely unbonded condition 

 

Fig. 9. Minimum fatigue life of IRP with internal pressure of 413.7 kPa (60.0 psi) 

subjected to traffic load of 14.8 kN (3.3 kips) with different bonding levels (host pipe 

segments are hidden) 

 

3.2 Effect of unbonded length with different repair thickness  

Fig. 10a, b, c and d compare the behaviour of the maximum longitudinal tensile stress 

(𝜎𝑡_𝑚𝑎𝑥) and maximum compressive stress (𝜎𝑐_𝑚𝑎𝑥) generated in the GFRP-1 with different 
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thicknesses (𝑡) under varying levels of bonding and internal pressure. This analysis is 

conducted under a traffic load of 14.8 kN (3.3 kips) with repair thicknesses of 3.2 mm (0.1 in), 

4.1 mm (0.2 in) and 6.4 mm (0.3 in). With increasing unbonded length, the maximum 

longitudinal tensile stresses in both pressurised and non-pressurised IRP systems with repair 

thicknesses of 3.2 mm (0.1 in) and 6.4 mm (0.3 in) display comparable trends to those observed 

in IRP with a thickness of 4.1 mm (0.2 in) under the same internal pressure conditions. An 

increase in the unbonded length of both pressurized and non-pressurised systems from 0 to 

579.1 mm (22.8 in) leads to a more pronounced reduction in the maximum longitudinal tensile 

stress when the repair thickness is relatively higher. The findings of this analysis confirm that, 

under four points bending with all repair thicknesses considered, longitudinal tensile stress 

concentration in a partially bonded system, whether pressurised or non-pressurised, occurs 

exclusively at the bonded and unbonded interfaces, as long as it is located within the loading 

span. However, extending the unbonded length beyond the boundary of the loading clamp does 

not yield a noticeable effect on the maximum longitudinal tensile stress generated in either 

pressurised or non-pressurised IRP systems with any repair thickness. 

With increasing repair thickness, there is a corresponding rise in the reduction of 

maximum longitudinal compressive stress at an internal pressure of 413.7 kPa (60.0 psi) or 

lower. At all repair thicknesses, the rise in maximum longitudinal compressive stress beyond 

152.4 mm (6.0 in) of unbonded length is comparatively more pronounced for IRPs that are not 

pressurised, indicating that the increase in the maximum longitudinal compressive stress 

becomes less significant as the repair thickness increases. At an internal pressure of 206.8 kPa 

(30.0 psi), the maximum longitudinal compressive in IRP with a repair thickness of 6.4 mm 

(0.3 in) exceeds the corresponding maximum longitudinal tensile stress at an unbonded length 

of approximately 381.0 mm (15.0 in). At this level of internal pressure, maximum longitudinal 

compressive in IRP with a repair thickness of 3.2 mm (0.1 in) only reaches, but never exceeds, 

the magnitude of corresponding maximum tensile stress after an unbonded length of 579.1 mm 

(22.8 in), which is consistent with the findings for repair thickness of 4.1 mm (0.2 in).  

Maximum longitudinal compressive stresses in IRP with thicknesses of 3.2 mm (0.1 in) 

and 6.4 mm (0.3 in) under internal pressures of 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 psi) 

remain well below the corresponding maximum longitudinal tensile stress at any unbonded 

length (Fig. 10c and d), as observed for repair thickness of 4.1 mm (0.2 in). Therefore, the 

presence of internal pressure greater than 206.8 kPa (30.0 psi) causes the maximum 

longitudinal tensile stress in IRP to become dominant across all the unbonded lengths for all 
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repair thicknesses. Interestingly, Fig. 10a, b, c and d demonstrate that as the unbonded length 

is increased, the maximum stresses in IRP with varying repair thicknesses at the same internal 

pressure level follow a similar trend, regardless of their magnitudes. This could possibly be 

attributed to the similar ratios of the unbonded length to the host pipe length within the load 

span. 

The fatigue lives of the GFRP-1 with varying unbonded lengths for different repair 

thicknesses under internal pressures of zero, 206.8 kPa (30.0 psi), 413.7 kPa (60.0 psi) and 

620.5 kPa (90.0 psi) and subjected to a traffic load of 14.8 kN (3.3 kips), are compared in Fig. 

11a, b, c and d, respectively. The service life of non-pressurised systems exhibits a consistent 

trend across different repair thicknesses wherein the unbonded length increases, as shown in 

Fig. 11a. The fatigue lives of pressurised systems against unbonded length also follow a similar 

trend. Based on these results, it can be concluded that an increase in unbonded length results 

in a greater improvement in fatigue life for the thicker IRP than it does for the thinner IRP. 

This observation indicated that, in the absence of internal pressure, an increase in unbonded 

length from 304.8 mm (12.0 in) to 579.1 mm (22.8 in) causes a comparatively greater decline 

in fatigue lives of thinner IRPs as opposed to thicker IRPs.  

Based on Fig. 11a, when no internal pressure exists, the GFRP-1 IRP, with a thickness 

of 3.2 mm (0.1 in), can only satisfy the design life requirement if an unbonded length of at least 

109.8 mm (4.3 in) is employed. Under an internal pressure of 206.8 kPa (30.0 psi), while IRP 

with a thickness of 6.4 mm (0.3 in) can fulfil the design life requirement even with a fully 

bonded connection, repair thicknesses of 3.2 mm (0.1 in) need at least an unbonded length of 

154.9 mm (6.1 in) to achieve one million loading cycles. To satisfy the anticipated service life 

under an internal pressure of 413.7 kPa (60.0 psi), IRP with thicknesses of 3.2 mm (0.1 in) and 

6.4 mm (0.3 in) requires a minimum unbonded length of  271.8 mm (10.7 in) and 50.8 mm (2.0 

in), respectively. Under an internal pressure of 620.5 kPa (90.0 psi), although the IRP with a 

thickness of 6.4 mm (0.3 in) is capable of meeting the design life requirement when it is 

unbonded from the host pipe for at least 81.3 mm (3.2 in) length, a repair thickness of 3.2 mm 

(0.1 in) will never meet the design life requirement even if the unbonded length is extended 

beyond the load span. Therefore under the same internal pressure level, lowering the IRP 

thickness increases the minimum unbonded length required for achieving the design life cycles. 

Further, the minimum unbonded length that must be implemented at each repair thickness 

increases as the internal pressure to which the system is exposed rises. 
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(a) No internal pressure (b) Internal pressure of 206.8 kPa (30.0 psi) 

  

(c) Internal pressure of 413.7 kPa (60.0 psi) (d) Internal pressure of 620.5 kPa (90.0 psi) 

Fig. 10: Comparison of the maximum tensile and compressive stress behaviour of GFRP-

1 with different thicknesses as the unbonded length increases at different internal 

pressures 

 

  

(a) No internal pressure (b) Internal pressure of 206.8 kPa (30.0 psi) 
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(c) Internal pressure of 413.7 kPa (60.0 psi) (d) Internal pressure of 620.5 kPa (90.0 psi) 

Fig. 11 Comparison of the behaviour of minimum fatigue life of GFRP-1 with different 

thicknesses as unbonded length increases at different internal pressures 

 

3.3 Effect of unbonded length with different repair materials 

In Fig. 12a, b, c and d, comparisons are made between the behaviours of IRPs with 

different materials in terms of their minimum fatigue life as the unbonded length increases 

under bending, considering different levels of internal pressure. This investigation employs a 

thickness of 4.1 mm (0.2 in) and IRP made from polymer, GFRP-1 and GFRP-2 composites, 

along with a traffic load of 14.8 kN (3.3 kips). Due to polymeric material exceeding the design 

strain limit of 0.02 for all the unbonded lengths at an internal pressure of 413.7 kPa (60.0 psi) 

or above, only GFRP-2 is compared with GFRP-1 in Fig. 12c and d. According to Fig. 12a, in 

the absence of internal pressure, the fatigue lives of polymeric and GFRP-2 with MOE of 1.7 

GPa (246.6 ksi) and 7.9 GPa (1145.8 ksi), respectively, exhibit a trend similar to that of GFRP-

1 with a MOE of 3.7 GPa (536.6 ksi), as the unbonded length is increased. The potential reason 

for this could be associated with the identical proportions between the unbonded length and the 

length of the host pipe within the load span. Extending the unbonded length from zero to 304.8 

mm (12.0 in) increases the minimum fatigue lives of non-pressurised IRP with MOE of 1.7 

GPa (246.6 ksi), 3.7 GPa (536.6 ksi) and 7.9 GPa (1145.8 ksi), by factors of 2031, 505 and 25, 

respectively, relative to fully bonded systems.  

The reason why IRP with lower MOE experiences a relatively greater improvement in 

minimum fatigue life with an increase in unbonded length from 0 to 304.8 mm (12.0 in) 

compared to IRP with higher MOE is because of their higher ability to redistribute the stress 

along repair pipe. IRPs with lower MOE are more flexible and can deform more easily than 

stiffer IRPs, which allows them to better redistribute the stress concentration caused by the 

unbonded length. This ability of better redistribution of stress ultimately leads to a greater 
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improvement in minimum fatigue life. Conversely, stiffer IRPs have a limited ability to 

redistribute stress, resulting in a lower improvement in minimum fatigue life with an increase 

in unbonded length. Extending the unbonded length from 304.8 mm (12.0 in) to 579.1 mm 

(22.8 in) reduces the minimum fatigue life of non-pressurised IRP.  

The findings suggest that an increase in unbonded length from 304.8 mm (12.0 in) to 

579.1 mm (22.8 in) results in a relatively greater reduction in minimum fatigue life of non-

pressurised IRPs having lower MOE compared to systems having higher MOE. This is because 

once the unbonded length exceeds a certain threshold, i.e. the ratio of the unbonded length to 

the host pipe length is greater than 0.5, the stress at the crown at the discontinuity edge becomes 

excessive for IRP to handle, even if they possess greater flexibility. In this situation, IRP may 

be able to better resist the stresses due to their higher stiffness, resulting in a smaller reduction 

in minimum fatigue life compared to repair materials with lower MOE.   

 

  

(a) No internal pressure (b) Internal pressure of 206.8 kPa (30.0 psi) 

  

(c) Internal pressure of 413.7 kPa (60.0 psi) (d) Internal pressure of 620.5 kPa (90.0 psi) 

Fig. 12. Comparison of the behaviour of minimum fatigue life of IRP with different 

MOE with increasing unbonded length at different internal pressures 
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Fig. 12b, c and d show that at internal pressures of 206.8 kPa (30.0 psi), 413.7 kPa (60.0 

psi) and 620.5 kPa (90.0 psi), the fatigue life of GFRP-2 increases considerably from an 

unbonded length of zero to approximately 304.8 mm (12.0 in) before remaining stable, which 

is quite similar to the behaviour of GFRP-1 at the same level of internal pressure. At an internal 

pressure of 206.8 kPa (30.0 psi), the improvement in the service life of a polymeric system that 

has the lowest MOE, on the other hand, continues until an unbonded length of 579.1 mm (22.8 

in) is reached before it becomes stable. In comparison to the fully bonded state, the fatigue 

lives of IRPs improved upon extending the unbonded length from zero to 579.1 mm (22.8 in). 

Similar to the GFRP-1, the maximum compressive stresses in IRP made from polymeric and 

GFRP-2 materials in the presence of internal pressure do not exceed their respective maximum 

longitudinal tensile stresses, and the minimum fatigue life of all IRPs at any unbonded length 

is governed by the tension side. This is why, unlike non-pressurised materials systems, there is 

no reduction in fatigue life for pressurised IRP with any repair materials with an unbonded 

length from 304.8 mm (12.0 in) to 579.1 mm (22.8 in).  

Fig. 12a also shows that the longest service life attainable by the non-pressurised 

polymeric system, with a thickness of 4.1 mm (0.2 in) and under a traffic load of 14.8 kN (3.3 

kips), is only 2.6E+05 cycles at an unbonded length of 304.8 mm (12.0 in). This indicates that 

unlike GFRP-1 and GFRP-2, implementing even the optimum unbonded length into a non-

pressurised polymeric system does not meet the design life requirement. On the other hand, a 

polymeric system that is subjected to an internal pressure of 206.8 kPa (30.0 psi) has the 

capability of satisfying the design life requirement by unbonding IRP to the host pipe by at 

least 490.2 mm (19.3 in). This is because, in contrast to scenarios where internal pressure is 

absent, the maximum longitudinal compressive stress does not surpass the corresponding 

maximum longitudinal tensile stress when internal pressure is present, resulting in no reduction 

in service life after an unbonded length of 304.8 mm (12.0 in).  

 

3.4 Effect of unbonded length with different lateral loading levels 

Fig. 13a, b, c and d compare the variation of maximum longitudinal tensile and 

compressive stresses in the GFRP-1 IRP, with a repair thickness of 4.1 mm (0.2 in), with 

increasing unbonded length under different levels of traffic load and internal pressure. As 

increasing unbonded length, the maximum longitudinal tensile stresses in both pressurised and 

non-pressurised IRP under 20.0 kN (4.5 kips), 25.0 kN (5.6 kips) and 30.0 kN (6.7 kips) exhibit 

trends similar to that seen under 14.8 kN (3.3 kips) with the same internal pressure condition. 
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When the bonding condition is altered from a fully bonded state to an unbonded length of 579.1 

mm (22.8 in), the maximum longitudinal tensile stresses at the bottom span decrease. As 

unbonded length is increased, it appears that the ultimate reduction in maximum longitudinal 

tensile stress in non-pressurised IRP remains relatively consistent across different levels of 

applied load while it increases with increasing traffic load in pressurised repair systems.  

As the unbonded length is increased from zero to 152.4 mm (6.0 in), there is a nearly 

identical overall percentage reduction in compressive stress in non-pressurised IRP under 

different loading levels. However, when the unbonded length is increased from 152.4 mm (6.0 

in) to 579.1 mm (22.8 in), the percentage increase in maximum compressive stresses in non-

pressurised IRP systems becomes more prominent with higher loading magnitude. This is 

because, beyond 152.4 mm (6.0 in), the bending stress induced by external loading becomes 

the primary factor in determining the maximum longitudinal compressive stresses that occur at 

the crown of non-pressurised IRP at the discontinuity edge. Additionally, when subjected to 

traffic load levels of 20.0 kN (4.5 kips), 25.0 kN (5.6 kips) and 30.0 kN (6.7 kips), the maximum 

longitudinal tensile stress in non-pressurised IRP systems is critical only when the system is 

fully bonded or has an unbonded length of less than 254.0 mm (10.0 in); beyond this limit, the 

maximum longitudinal compressive stress becomes dominant as observed under the load of 

14.8 kN (3.3 kips). 

In the presence of internal pressure of 206.8 kPa (30.0 psi) (Fig. 13b), the maximum 

longitudinal compressive stress in IRP under a traffic load of 14.8 kN (3.3 kips) never exceeds 

the corresponding maximum tensile stress values at any unbonded length. It does however 

exceed the longitudinal tensile stress and becomes the dominant stress type at unbonded lengths 

of 304.8 mm (12.0 in), 254.0 mm (10.0 in) and 203.2 mm (8.0 in) under traffic loads of 20.0 

kN (4.5 kips), 25.0 kN (5.6 kips) and 30.0 kN (6.7 kips), respectively. This is because 

increasing the traffic load under the same internal pressure reduces the effect of internal 

pressure on the resultant longitudinal stress distribution in IRP by a significant amount. With 

internal pressure of 413.7 kPa (60.0 psi), the maximum compressive stress experienced by IRP 

under a traffic load of 20.0 kN (4.5 kips) stays below the corresponding maximum longitudinal 

tensile stress at any unbonded length, similar to that experienced under a traffic load of 14.8 

kN. Under the same internal pressure, increasing the traffic load to 25.0 kN (5.6 kips) leads to 

maximum longitudinal compressive stress approaching the corresponding maximum 

longitudinal tensile stress after an unbonded length of 579.1 mm (22.8 in).  
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Under the condition of an internal pressure of 413.7 kPa (60.0 psi), a traffic load of 30.0 

kN (6.7 kips) results in the maximum compressive stress exceeding the corresponding 

maximum tensile stress at an unbonded length of 381.0 mm (15.0 in). In the presence of an 

internal pressure of 620.5 kPa (90.0 psi), the dominant stress experienced by IRP at any 

unbonded length, even when exposed to a traffic load of 25.0 kN (5.6 kips), is longitudinal 

tensile stress. This phenomenon occurs due to the potential of high internal pressure becoming 

the significant factor in the distribution of resultant longitudinal stress at any unbonded length, 

despite the existence of a relatively high traffic load. It is important to note that when subjected 

to a traffic load of 30.0 kN (6.7 kips) along with an internal pressure of 413.7 kPa (60.0 psi) 

and 25.0 kN (5.6 kips) along with an internal pressure of 620.5 kPa (90.0 psi), the maximum 

longitudinal tensile strain in systems with unbonded lengths less than 73.7 mm (2.9 in) and 

43.2 mm (1.7 in), respectively exceed the design strain limit of 0.02.  

 

  

(a) No internal pressure (b) Internal pressure of 206.8 kPa (30.0 psi) 

  

(c) Internal pressure of 413.7 kPa (60.0 psi) (d) Internal pressure of 620.5 kPa (90.0 psi) 

Fig. 13. Maximum tensile and compressive stress behaviour in GFRP-1 under different 

levels of traffic loads with increasing unbonded length at different internal pressures 
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The fatigue lives of 4.1 mm (0.2 in) thick GFRP-1 with increasing unbonded length are 

compared in Fig. 14a, b, c and d at internal pressures of zero, 206.8 kPa (30.0 psi), 413.7 kPa 

(60.0 psi) and 620.5 kPa (90.0 psi), respectively. The service life of non-pressurised IRP 

exhibits a consistent trend across all the traffic loads as unbonded length increases, as shown 

in Fig. 14a. The fatigue life of pressurised systems against unbonded length across all the traffic 

loads also shows a similar trend. Similar to the system under the traffic of 14.8 kN (3.3 kips), 

these service lives are observed when the non-pressurised repair systems are unbonded up to a 

length of 304.8 mm (12.0 in) and are greater than those of corresponding fully bonded non-

pressurised systems. On the other hand, the longest fatigue lives of pressurised IRP can be 

observed when the repair system is unbonded up to a length of 579.1 mm (22.8 in). Also, IRP 

demonstrates a relatively greater improvement in fatigue life under higher loads at each internal 

pressure level. This can be attributed to the fact that when subjected to higher traffic loads, 

stress amplitude is already relatively high, and therefore even a minor reduction in stress range 

can lead to a relatively substantial rise in the number of cycles required to induce fatigue failure.  

The effect of reduction in stress range is more pronounced for higher loads, leading to 

a comparatively greater enhancement in service as opposed to lower loads, where the stress 

range is narrower, and the material may be subjected to more cycles of loading before it fails. 

The results also suggest that pressurised IRP under each traffic load exposed to relatively lower 

internal pressure levels experience a relatively more significant increase in minimum fatigue 

life when increasing unbonded length from 0 to 579.1 mm (22.8 in). On the other hand, 

increasing the unbonded length from 304.8 mm (12.0 in) to 579.1 mm (22.8 in) reduces the 

minimum fatigue life of non-pressurised IRP. 

 

  

(a) No internal pressure (b) Internal pressure of 206.8 kPa (30.0 psi) 
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(c) Internal pressure of 413.7 kPa (60.0 psi) (d) Internal pressure of 620.5 kPa (90.0 psi) 

Fig. 14. Comparison of the behaviour of minimum fatigue life of GFRP-1 under different 

levels of traffic loads with increasing unbonded length at different internal pressures 

 

The findings in Fig. 14a suggest that to reach one million cycles in the absence of 

internal pressure, the GFRP-1 exposed to a traffic load of 20.0 kN (4.5 kips) necessitates an 

unbonded length of no less than 170.2 mm (6.7 in), whereas that under 25.0 kN (5.6 kips) 

should range between 294.6 mm (11.6 in) – 381.0 mm (15.0 in). In contrast, the non-pressurised 

IRP which undergoes a 30.0 kN (6.7 kips) load is unable to withstand one million loading 

cycles even if the optimal unbonded length of 304.8 mm (12.0 in) is utilised. Under an internal 

pressure of 206.8 kPa (30.0 psi), IRP subjected to 20.0 kN (4.5 kips) and 25.0 kN (5.6 kips) 

are capable of enduring one million loading cycles with an unbonded length of at least 182.9 

mm (7.2 in) and 292.1 mm (11.5 in), respectively, but those subjected to 30.0 kN (6.7 kips) are 

incapable of withstanding such condition with any unbonded length. On the other hand, with 

an internal pressure of 413.7 kPa (60.0 psi), the IRP system exposed to 20.0 kN (4.5 kips) can 

complete one million cycles with an unbonded length of at least 10.6 in, while those exposed 

to 25.0 kN (5.6 kips) or higher fail to meet this criterion. At an internal pressure of 620.5 kPa 

(90.0 psi), it is observed that any system exposed to a traffic load exceeding 14.8 kN (3.3 kips) 

is unable to complete one million loading cycles, even if the unbonded length is extended 

beyond the load span. 

 

4 Conclusions 

This study investigated numerically the influence of bonding level, represented by 

unbonded length, on the flexural fatigue performance of internal replacement pipe (IRP) for 

repairing steel pipelines with circumferential discontinuities. The effect of thickness and 
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modulus of elasticity (MOE) of IRP, magnitude of traffic loads, and internal pressure are 

investigated. The following conclusions can be drawn from the outcomes of this study. 

• IRP systems with a diameter of 311.2 mm (12.3 in), whether pressurised or non-

pressurised will have improved fatigue lives when the unbonded length is extended from 0 

to 304.8 mm (12.0 in) due to a reduction in maximum longitudinal tensile stress. 

• The minimum fatigue life is directly correlated to the maximum tensile stress of 

partially bonded pressurised and non-pressurised IRPs with unbonded lengths less than 

304.8 mm (12.0 in), which occurs at the bonded and unbonded regions on the bottom outer 

surface of IRP. 

• As the unbonded length is extended beyond 304.8 mm (12.0 in), the fatigue life of the 

non-pressurised system experiences a nonlinear decrease, whereas the fatigue lives of all 

the pressurised systems increase continuously. When the unbonded length is between this 

range, the service life of non-pressurised repair systems is predominately influenced by the 

discontinuity edge at the crown of IRP (compressive side). The increase in longitudinal 

compressive stress at the discontinuity edge located at the crown of IRP, as unbonded length 

is extended up to the boundary of the loading clamp outside the load span, is directly 

correlated with a decrease in the fatigue life in the absence of internal pressure. 

• The minimum fatigue life of all pressurised IRP systems with any unbonded length is 

governed by the tensile failure of the bottom outer surface of IRP.  

• Unbonding to a length of 304.8 mm (12.0 in) or at least one IRP diameter provides the 

longest service lives for non-pressurised repair systems, whereas unbonding at least up to 

the boundary of the loading clamp beyond the load span results in the longest fatigue lives 

for all pressurised systems. The relative improvement in fatigue due to an increase in 

unbonded length is greater for the thicker IRP than it is for the thinner IRP at any internal 

pressure level. 

• The minimum fatigue life of flexible IRP material systems without internal pressure 

demonstrates a more significant improvement when the unbonded length is increased from 

0 to 304.8 mm (12.0 in), compared to stiffer IRP material systems. This statement holds true 

for any pressurised systems that undergo an increase in their unbonded length from 0 to 

579.1 mm (22.8 in), which is equal to twice the diameter of the IRP. 

• When the unbonded length is increased, pressurised IRPs subjected to relatively lower 

internal pressure levels tend to exhibit a more substantial improvement in their fatigue lives. 
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• Even if the unbonded length is increased beyond the load span, any IRP subjected to a 

traffic load greater than 14.8 kN (3.3 kips) at an internal pressure of 620.5 kPa (90.0 psi) is 

unable to complete one million loading cycles. 
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6.3. Links and implications 

The study conducted in Chapter 6 found that the IRP systems with unbonded 

conditions, whether they are pressurised or not, exhibit significantly longer fatigue life 

compared to their fully bonded state due to a substantial reduction in concentration of 

longitudinal stresses at the discontinuity edges. The minimum fatigue life of all pressurised 

systems, regardless of the bonding level, is governed by the tensile failure of the outer bottom 

surface of IRP. The longest service life for non-pressurized IRP systems is achieved by 

unbonding IRP from the host pipe segments to a length on each side, measured from the 

discontinuity edge that is at least equal to the diameter of the IRP. On the other hand, unbonding 

the pressurised systems to a distance from the discontinuity edge that is at least twice the 

diameter of the IRP will maximize their fatigue life. The significant findings in Chapter 6 and 

other studies presented in previous chapters are highlighted in the Conclusion section. 
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CHAPTER 7: CONCLUSION AND RECOMMENDATION 

Trenchless rehabilitation technology has advanced significantly in recent years, 

particularly with the introduction of internal replacement pipe (IRP) systems that use a range 

of materials including polymers, fibre-reinforced composites and metals. Despite the great 

potential of IRP systems as a viable trenchless solution for rehabilitating legacy gas and oil 

pipelines with full circumferential cracks or discontinuities, their implementation has still been 

limited by the lack of established design procedures and standards. This thesis conducted a 

comprehensive investigation into the lateral deformation and fatigue behaviour of IRP systems 

installed in discontinuous host pipes under static and repetitive traffic loading, respectively. 

These loading conditions have been identified as the most critical for both IRPs and host pipes, 

as per the existing literature. Due to the high cost and time constraints associated with full-

scale laboratory experiments, this study employs numerical and analytical approaches for the 

investigations. Additionally, the influence of various design parameters was also systematically 

evaluated. The primary outcomes of this study are provided in the following sections. 

 

7.1. State-of-the-art review of bending behaviour of pipe repair systems 

Internal replacement pipe systems have emerged as an innovative trenchless technique, 

gathering significant attention for the rehabilitation of legacy gas and oil pipelines with full 

circumferential cracks or discontinuities. Based on the available literature, lateral deformation 

and fatigue failure caused by vehicular traffic loading have been identified as the most 

detrimental conditions for host pipes and IRP systems. However, the knowledge of the static 

and fatigue behaviour of IRP systems installed in discontinuous host pipes under traffic loading 

is currently limited due to a lack of studies in this area. Based on the comprehensive review 

conducted, the subsequent findings have been derived.   

• The static and cyclic surface loads encountered by pipelines are often attributed to 

overhead vehicular traffic. The worst possible damage that can occur in the host pipe is 

a full circumferential crack or discontinuity resulting from excessive deterioration or 

joint pull-out failure. 

• The available simplified analytical model for assessing the maximum deformation of 

the repaired legacy pipes with circumferential cracks under the traffic loading does not 

consider any structural contribution of the repair system. This oversimplification is no 

longer applicable in structural repair systems due to the novel IRP materials having 

relatively higher stiffness than CIPP liners. 
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• Available studies on the repair systems of legacy pipes with circumferential cracks or 

discontinuities focused solely on low-modulus liners. New and emerging IRP systems 

are now under development, employing a variety of repair materials such as polymeric 

coating, thermoplastics, FRP composites and metals. Numerous studies have shown 

that the static and fatigue performance of these materials exhibit significant variations 

because of differences in their strength, stiffness, toughness, and resistance to cracking 

and fracture. Consequently, an in-depth understanding of the static and fatigue 

behaviour of legacy pipes rehabilitated utilizing IRP made from a variety of materials 

is important. 

• Several studies on different pipe repair systems have demonstrated that static and 

fatigue behaviour of pipes can be affected by factors such as defect size, wall thickness 

and level of applied load. However, most of these studies focused either on single pipes 

or continuous host pipe systems with surface corrosion defects. Therefore, the potential 

impact of these design parameters on the performance of IRP systems in the presence 

of discontinuous host pipe segments has yet to be investigated.  

•  Internal pressure can lead to a concentration of stresses at the damaged location of the 

pipes with repair systems. However, no research has explicitly demonstrated how 

varying operating internal pressure levels might impact the bending fatigue behaviour 

of IRP systems in discontinuous host pipe segments. 

• Detaching the repair pipe from the host pipe to a particular distance from the damaged 

area can reduce the stress concentration and enhance the capacity of the repair pipe. 

However, investigations into how the varied bonding levels might affect the bending 

fatigue behaviour of IRP-repaired discontinuous host pipes have not been studied. 

 

The literature review reveals a growing interest in the utilisation of IRP systems for 

rehabilitating legacy gas and oil pipelines primarily composed of cast iron and bare steel. 

However, there remains an insufficient understanding regarding their performance under 

various loading conditions, including the static and fatigue behaviour induced by vehicular 

traffic. Furthermore, there is a lack of established design procedures and standards for this 

specific trenchless technology. Therefore performing in-depth investigations of the static and 

fatigue behaviour of IRP systems is necessary to ensure their safe and reliable design and 

development.  
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7.2. Lateral deformation behaviour of structural internal replacement pipe repair 

systems 

This study focused on the numerical investigation of the flexural behaviour of IRP 

systems installed in legacy pipes with full circumferential cracks or discontinuities caused by 

excessive deterioration and joint pull-out failure under vehicular traffic loading. A systematic 

evaluation was conducted to assess the impact of the discontinuity width of the host pipe, repair 

thickness, repair material and magnitude of traffic load on the bending behaviour of IRP-

repaired damaged host pipe systems. Additionally, a simplified and robust analytical model 

which can accurately replicate the lateral deformation behaviour of different IRP systems 

including host pipe with circumferential discontinuity repaired with IRP, continuous host pipe 

with IRP and standalone IRP was developed. The established analytical model was 

subsequently employed to predict the performance of various IRP systems and compared 

against the outcomes obtained from both FE simulations and full-scale laboratory testing. 

Based on the findings obtained from the investigations, the following conclusions can be made.  

• The host pipe has the greatest effect on the lateral deformation behaviour of a 

continuous steel pipe with IRP. The failure of the system is initiated by the yielding of 

the host pipe, which is then followed by the occurrence of local compressive buckling 

of the IRP. Although the incorporation of the IRP does not enhance the load at the 

yielding of the host pipe, it does result in an 11% increase in ultimate load and a 23% 

increase in the maximum deflection capacity of the system. 

• The lateral deformation behaviour of an IRP installed in a host pipe with a narrow 

discontinuity width is predominantly influenced by the host pipe, whereas in a system 

with a wider discontinuity width, it is primarily governed by the IRP. The repair system 

experiences a reduction in strength and stiffness as the width of the host pipe 

discontinuity increases. Regardless of the discontinuity width, the failure mode is 

attributed to the localised outward buckling of the crown of IRP between the edges of 

discontinuity.  

• The mechanical contribution of the IRP systems was found to be an important factor in 

the analysis of their bending behaviour. As a result, the existing analytical models, 

which disregard the structural contribution of the repair pipe, are no longer considered 

valid.  

• The flexural capacity of the system is enhanced by increasing the thickness of the IRP, 

exhibiting a nonlinear increase for the systems with wide discontinuity widths and a 
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linear increase for the systems with narrow discontinuity widths. The thickness of the 

IRP has a greater influence on the lateral deformation behaviour of systems with wider 

discontinuity widths compared to the systems with narrower discontinuity widths.  

• The midspan deflection of an IRP system experiences a significant decrease when the 

MOE of IRP is increased from 1 GPa (145 ksi) to 24.5 GPa (3,553 ksi). The variation 

in MOE of IRP has a more pronounced impact on the lateral deformation of the systems 

when the discontinuities are relatively wider.  

• The simplified FMA demonstrated a consistent ability to accurately forecast the lateral 

deformation behaviour of the IRP system within host pipes that contain wider 

circumferential discontinuities. The use of factored FMA, which considers the ratio of 

average normal FEA stresses along the discontinuity width to that of the corresponding 

average FMA stresses, provides an accurate prediction of the load midspan deformation 

behaviour of systems with narrow discontinuities. 

The aforementioned outcomes have demonstrated that the structural performance of 

IRP installed in legacy pipes with narrow and wider discontinuities varies during static bending 

tests. However, given the cyclic nature of traffic load, understanding the fatigue behaviour of 

these systems is essential to ensure their long-term performance. 

 

7.3. Bending fatigue behaviour of internal replacement pipe systems  

The bending fatigue behaviour of IRP-repaired discontinuous legacy pipe systems 

under the influence of the repeated nature of vehicular traffic loading was studied using FE 

numerical simulations. In the FE models, the IRP and the host pipe segments are adhered 

together along their entire interface. Several important design parameters, such as discontinuity 

width of the host pipe, repair thickness, repair material and level of traffic load were examined 

in detail regarding fatigue performance The evaluated parameters were subsequently ranked 

based on their relative contribution to the fatigue strength using multiple regression analysis. 

The following conclusions can be made based on the findings of this study.   

• Discontinuous legacy pipe segments that are repaired using IRP with a fully bonded 

connection between their interface can pose a critical issue in bending fatigue. This is 

because the presence of these discontinuities induces a high stress concentration in IRP 

at the discontinuity edges leading to a decrease in fatigue life or an increased risk of 

failure before achieving the intended design life.  
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• The stresses that arise in IRP during bending are stabilized by the continuity of the host 

pipe, thereby significantly extending its fatigue life. 

• The stress and the fatigue life experienced by the midspan of the IRP system in host 

pipes with wide discontinuities tend to align more closely with those of standalone 

IRPs. 

• The level of stress concentration in the IRP at the edge of the host pipe discontinuity is 

not significantly affected by the discontinuity width. This suggests that the fully bonded 

IRP systems with different discontinuity widths may experience fatigue failure at 

approximately the same service life.  

• An increase in repair thickness and MOE of repair material are shown to significantly 

extend the fatigue lives of IRP systems installed in discontinuous host pipe by reducing 

the potential stress concentration at the discontinuity edges of host pipe segments.  

• The level of traffic load is found to be the most influential factor in determining the 

maximum stress produced in IRP during bending fatigue, followed by repair thickness, 

MOE of repair material and discontinuity width. However, the contribution to the 

fatigue life by MOE of IRP is identified as the highest, followed by the level of load 

repair thickness and the discontinuity width.  

 

In contrast to static bending, the fatigue performance of IRP installed in a legacy pipe 

under repeated traffic loading is independent of the width of the host pipe discontinuity. 

Understanding the long-term performance of IRP systems under the concurrent application of 

repetitive action of traffic loading and internal pressure, on the other hand, is critical for 

effectively integrating them into the rehabilitation process of legacy pipelines. 

7.4. Effect of internal pressure on the flexural fatigue behaviour of internal replacement 

pipe systems 

This study focused on investigating the bending fatigue performance of IRP-repaired 

discontinuous host pipes by analysing the combined effect of operating internal pressure and 

repetitive traffic loading. This was achieved by changing the critical design parameters 

identified in the previous investigation. Additionally, a bonded condition along the entire 

interface between IRP and host pipe was also employed. Using the data collected from in-depth 

parametric studies, mathematical expressions that accurately predict the fatigue life of IRP 

systems under the combined influence of internal pressure and recurrent traffic loading were 

established. The derived equations were subsequently employed to generate design charts 
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encompassing a range of internal pressure and traffic load combinations. The outcomes of this 

study yield the following conclusions.  

• An increase in internal pressure during the process of bending leads to an elevation in 

tensile stress in both the longitudinal and circumferential directions at the invert of IRP, 

while a reduction in the compressive stresses in both the longitudinal and 

circumferential directions at the crown of IRP. 

• Regardless of the level of internal pressure, the longitudinal stresses experienced during 

bending fatigue surpass the hoop stress anywhere along the IRP.  

• Under any internal pressure level, the longitudinal tensile stress that develops at the 

discontinuity edge is the dominating stress during the bending of a fully bonded IRP 

system. 

• As internal pressure rises during bending, the fatigue life of an IRP is significantly 

decreased due to the amplification of the longitudinal tensile stress concentration at the 

discontinuity edges. It is essential that longitudinal tensile stress concentration at the 

discontinuity edge be kept to a minimum to avoid premature fatigue failure when 

designing an IRP system for installation in host pipes with a full circumferential 

discontinuity. 

• The failure behaviour of IRP during bending fatigue is influenced by the magnitude of 

internal pressure. In the absence of internal pressure, the failure of the IRP repair system 

is characterised by a bulging of invert and a minor inward bending of the crown of IRP 

between discontinuity edges. As internal pressure increases, the bulge of the invert of 

IRP becomes more prominent, whereas the inward bending of the crown of IRP 

diminishes. 

• Similar to the non-pressurised systems, the concentration of tensile stress in pressurised 

IRP at the discontinuity edge of the host pipe demonstrated a nonlinear reduction as the 

repair thickness increased, leading to a nonlinear increase in the fatigue life of IRP. The 

increase in repair thickness under the highest operating internal pressure under 

consideration resulted in the most significant reduction in stress concentration, whereas 

the reduction is least pronounced in the absence of internal pressure.  

• Under the combined effect of traffic load and internal pressure, polymeric IRP has 

much lower resistance to fatigue failure than GFRP systems with higher MOE. 

• The rise in internal pressure severely affected the fatigue life of IRP under relatively 

lower traffic loading.  
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• The simplified mathematical formulations and design charts to predict the fatigue life 

of IRP systems can provide valuable assistance to engineers and designers in making 

informed decisions regarding the selection of optimal design parameters that meet the 

desired design life requirement. 

The above findings indicate that when complete bonding is present at the interface 

between IRP and host pipe, simultaneous application of repetitive traffic load and internal 

pressure can significantly accelerate longitudinal tensile stress concentrations at the 

discontinuity edge and thereby induce premature fatigue failure of IRP. Therefore, research 

into the effectiveness of varying bonding levels at the interface between the IRP and the host 

pipe in reducing potential stress concentrations and increasing the fatigue life of IRP was 

subsequently carried out.  

 

7.5. Influence of bonding level on the bending fatigue behaviour of internal replacement 

pipe systems 

The impact of the bonding level, defined by the unbonded length of IRP to the host 

pipe, on the bending fatigue performance of IRP-repaired legacy steel pipes with 

circumferential discontinuities subjected to repetitive traffic loading under both pressurised and 

non-pressurised conditions was numerically examined. The analysis encompassed a wide range 

of unbonded length which is applied to each segment of the host pipe. These lengths varied 

from zero indicating a fully bonded state, to 1518.9 mm (59.8 in), which represents a 

completely unbonded state. The evaluation was performed by considering the different design 

parameters, which were chosen according to the outcome of the prior investigation. The 

findings of this investigation lead to the following conclusions.  

• The fatigue life of IRP systems regardless of their level of internal pressure, improves 

significantly when unbonded length is increased from zero to one pipe diameter owing 

to a decrease in the maximal longitudinal stresses. 

• The minimum fatigue life of partially bonded pressurised and non-pressurized IRPs 

with any unbonded length shorter than one pipe diameter is directly proportional to the 

maximum tensile stress that develops on the bottom outer surface of IRP where the 

bonded and unbonded regions meet. 

• When the unbonded length exceeds one pipe diameter, the fatigue life of the non-

pressurised system exhibits a nonlinear decrease, while all pressurised systems 

demonstrate a continuous increase. When the unbonded length falls within this range, 
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the service life of non-pressurised repair systems is primarily determined by the crown 

of the IRP at the discontinuity edge. In the absence of internal pressure, the reduction 

in fatigue life as unbonded length is increased toward the boundary of the loading clamp 

beyond the load span is directly proportional to the rise in the compressive stress in the 

crown of IRP at the discontinuity edges.  

• The fatigue life of pressurised IRP systems with any bonding level is determined by the 

tensile failure of the bottom outer surface of the IRP. 

• In the case of non-pressurised repair systems, the fatigue life is maximised when the 

unbonded length is equivalent to the diameter of the IRP. However, for pressurised 

systems, a minimum unbonded length of twice the diameter of the IRP is required to 

achieve the longest fatigue life.  

• Regardless of the level of operating pressure, the fatigue life improvement resulting 

from an increase in unbonded length is more pronounced for relatively thicker IRPs. 

• The fatigue life of flexible non-pressurised IRP material systems shows a greater 

improvement when the unbonded length is extended from zero to one pipe diameter, as 

compared to stiff IRP material systems. This statement holds true for any pressurised 

system in which the unbonded length is increased from zero to twice the pipe diameter. 

• An increase in the unbonded length results in a more significant enhancement in fatigue 

life for pressurised systems experiencing relatively lower internal pressure levels. 

 

7.6. New opportunities and future research 

 

• The research findings presented in this study were derived from a standard in-service 

legacy steel natural gas pipeline system located in the United States. Therefore, 

consideration of legacy pipes with other possible dimensions and other materials such 

as cast iron can yield supplementary enhancement to the reliability of these findings.  

 

• The FMA analytical model was originally developed to accurately capture the lateral 

deformation behaviour of fully bonded IRP systems in response to surface load until 

the material reaches its ultimate strain. However, the scope of this model can be 

broadened to include predictions of the capacity of the IRP systems against local failure 

modes. Additionally, it can also be extended to account for complex scenarios involving 

the influence of combined loading and the effect of different bonding levels.  
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• The fatigue behaviour of partially and completely unbonded systems in this study was 

investigated under the assumption of frictionless contact along the unbonded interface 

between the host pipe and IRP. However, further analysis can be implemented to 

explore how different levels of friction at the unbonded interface can affect the overall 

fatigue performance of the repair pipe. 

 

• In order to address the issue of concentration of stresses during bending fatigue, this 

research examined the effect of incorporating varying levels of bonding between the 

host pipe and IRP. Therefore, it is recommended that future research attempts explore 

alternating approaches that may effectively tackle this issue, such as investigating the 

impact of roundness of the end of host pipe segments. 

 

• This study assumed that there is no progressive debonding between the IRP and the 

host pipe during bending fatigue, which represents the worst-case scenario. However, 

it is encouraged that future studies incorporate the effect of progressive debonding 

between IRP and host pipe in both static and fatigue loading scenarios.  

 

• Due to the challenges posed by the complexities associated with conducting 

experiments on IRP systems that are debonded from the host pipe, the FE model used 

in the analysis in Chapter 6 was validated using an experiment involving a fully bonded 

configuration. As a result, it is recommended that future studies should evaluate the 

findings from Chapter 6 by conducting laboratory experiments involving debonded 

configurations. 
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ABSTRACT: Internal replacement pipe (IRP) system is an emerging trenchless pipeline repair technology. 

Vertical bending caused by surface loads from vehicular traffic is considered to be the worst condition for IRP 

systems, particularly for host pipes with circumferential discontinuities. However, available studies on the flexural 

behaviour of IRP systems installed host pipes with discontinuities are limited. Moreover, a simplified and robust 

analytical model that can reliably predict the behaviour of discontinuous host pipes repaired with IRP systems 

subject to bending is not available. Consequently, a simplified analytical model based on fibre model analysis 

(FMA) was developed to examine the load-deflection behaviour of IRP systems in host pipes with circumferential 

discontinuities. Finite element analysis (FEA) was also performed to simulate the bending behaviour of the IRP 

system and to validate the FMA results. FMA showed a good correlation between the linear and non-linear load-

deflection behaviours of the IRP in a host pipe with different discontinuity widths. The findings of this study will 

give the research community and construction specialities a better knowledge of the bending behaviour of IRP 

systems installed in gas pipelines with discontinuities resulting from circumferential cracking to scenarios where 

longitudinal sections are effectively missing. The FMA analytical model, which was calibrated and validated with 

experimental, and FEA numerical results, will be a very reliable and simple tool for predicting the flexural 

behaviour of IRP systems for trenchless repair, in contrast to expensive and time-consuming laboratory 

experiments and extensive FEA. 

 

1. INTRODUCTION  

 

Corrosion of oil and gas pipelines, often made from legacy cast iron and bare steel presents a major issue for the 

energy industry (Zhang and Zhou 2014; Ossai et al. 2015). Failure of these pipelines can result in catastrophic 

damage to people and property due to the highly combustible materials contained within (Yang et al. 2016; Biezma 

et al. 2020). Consequently, oil and gas pipeline systems that have either reached or approaching their intended 

service life are in need of economical repair methods to restore their originally designed operational capacity, 
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maintain their structural integrity, and prolong their operational life. These circumstances have led to the 

investigation of various pipe repairing techniques that are appropriate for either conventional open trench or 

trenchless installations (Wu et al. 2021). The trenchless approach has gained popularity as the main choice for 

repairing pipes in many countries due to its ability to minimise damage to the environment and excavation 

procedures, resulting in greater reliability and cost efficiency (Jung and Sinha 2007; Yu et al. 2008). This repair 

technique has advanced significantly in recent years, employing a novel approach called internal replacement pipe 

(IRP) (Tafsirojjaman et al. 2022; Tien et al. 2022; Dixon et al. 2023).  

Failure mechanisms of both host pipes and IRP systems are significantly influenced by loading conditions. The 

bending deformation caused by surface load from vehicular traffic is regarded as the most severe loading condition 

for both host pipes and IRP systems, among various other loading conditions (Jeon et al. 2004; Tafsirojjaman et 

al. 2022). The worst type of discontinuity that can occur along a host pipe is a complete circumferential cracking 

or a pipe joint (Stewart et al. 2015). In the presence of circumferential discontinuities on the host pipe, the IRP 

may be at risk from stresses, displacements and rotations resulting from traffic loading. The existing research 

related to vertical bending behaviours of discontinuous host pipes repaired by IRP systems is very limited (Jeon 

et al. 2004; Allouche et al. 2012; Stewart et al. 2015; Shou and Chen 2018). Importantly, there is a lack of a 

simplified and reliable analytical model that can accurately predict the bending behaviour of discontinuous host 

pipes repaired by IRP systems under surface loading. Insufficient research has led to a limited understanding of 

the bending behaviour of IRP systems in host pipes that have undergone damage. In addition, the majority of 

existing models have been developed specifically for individual materials or continuous IRP systems 

(Tafsirojjaman et al. 2022). In practical scenarios, pipes requiring repair systems typically exhibit pre-existing 

damages such as circumferential discontinuities resulting from the presence of joints. Due to the potential impact 

of discontinuities in the host pipe on the functionality of the IRP system, it is essential to conduct in-depth 

investigations to address this issue appropriately.  

 

The comprehensive evaluation of different design parameters of IRP repair systems subjected to loading such as 

traffic is challenging to accomplish exclusively through full-scale laboratory testing due to their high cost and 

time demands. Numerical simulations through finite element analysis (FEA) on the other hand are cost and time-

effective but need to be validated by physical experiments. However, FEA is a complex and extensive process 

that necessitates specialised expertise. This may pose a constraint for professionals involved in material 

development within the industry who desire to gain a better understanding of how their IRP material systems 

respond when subjected to loads. Therefore, the development of a simplified analytical model that can still 

accurately capture the bending behaviour of IRP systems would be highly advantageous since it would require 

less execution time and expertise in comparison to advanced FEA. The present study utilised simple fibre model 

analysis (FMA) as described by Manalo et al. (2010) to investigate analytically the performance of IRP systems 

that span between discontinuities in the host pipes when subjected to bending deformations generated by traffic 

loads. In addition, analytical predictions are verified through experimentation and compared to outcomes from 

finite element analysis (FEA) to facilitate an in-depth understanding of the actual bending behaviour of IRP 

systems. The findings of this study provide construction professionals with enhanced insight into the bending 

deformation behaviour of discontinuous gas pipelines that have been repaired with IRP systems. Unlike expensive 

and time-consuming laboratory experiments and extensive FEA, the FMA analytical model, which was calibrated 

and validated with experimental, and FEA results, will be a highly reliable tool for predicting the bending 

behaviour of IRP systems under surface loading. 

 

2. FIBRE MODEL ANALYSIS (FMA) 

 

A simplified theoretical prediction of the load-deflection behaviour of the IRP system under bending was 

performed using FMA (Manalo 2011), considering the stress-strain behaviour of IRP and host pipe materials in 

tension and compression. The current study has implemented the analysis using MATLAB, although it is possible 

to develop this computational method in a Microsoft Excel spreadsheet. The bending behaviour of IRP systems 

in steel host pipes with circumferential discontinuity widths ranging from 12.7 mm (0.5 in) ‒ 152.4 mm (6.0 in) 
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is assessed using FMA. The experimental setup utilised for this purpose is a four-point bending test, developed at 

the University of Colorado Boulder (CUB) (Figure 1a) following wheel load configuration as suggested in 

AASHTO (Klingaman et al. 2022). The dimensions of the test setup are 762-1016-762 mm (30 -40 -30 in) (Figure 

1b). The outer diameter and the thickness of the host pipe are 324.0 mm (12.8 in.) and 6.4 mm (0.3 in) respectively. 

The outer diameter of IRP was established as 311.2 mm (12.3 in) in accordance with the inner diameter of the 

host pipe. The thickness of the IRP ranges between 3.2 mm (0.1 in) and 9.5 mm (0.4 in) and the modulus of 

elasticity (MOE) varies between 1.0 (145.0 ksi) and 200.0 GPa (29,0007.5 ksi). The parametric investigation 

considered multiple materials for IRP covering polymers, thermoplastics, glass fibre-reinforced polymer (GFRP) 

composites, and metallic (cast iron and steel) materials. The selection of these parameters was influenced by a 

prior investigation conducted by Tafsirojjaman et al. (2022) in the context of IRP systems. It is important to note 

that the analysis is conducted under the condition of zero internal pressure, which can be considered as the worst-

case scenario, particularly when the system is subjected to bending.  

 

Figure 1. (a) Actual set-up and  (b) schematic view of four-point bending test of IRP systems (Kiriella et al. 

2023) 

The nonlinear load-deflection behaviour of the IRP system is determined by dividing its cross-section and loading 

length into small segments. The basic assumptions of FMA are illustrated in Figure 2.  In the diagram, the outer 

diameter of IRP is denoted as  Dp(out), and the inner diameter of IRP as Dp(in). The tensile stress and tensile strain 

of the host pipe material are represented by  𝜎ℎ(𝑡)  and 𝜀ℎ(𝑡) , respectively, while the compressive stress and 

compressive strain of the host pipe materials are represented by 𝜎ℎ(𝑐) and 𝜀ℎ(𝑐) , respectively. The tensile failure 

strength and strain of IRP material are denoted by 𝜎𝑝(𝑡) and 𝜀𝑝(𝑡), respectively, whereas the compressive failure 

strength and strain of IRP material are indicated by  𝜎𝑝(𝑐) and 𝜀𝑝(𝑐) , respectively. A detail description of the 

analysis can be found in a journal article by the authors of this paper,  Kiriella et al. (2023). Figure 3 presents a 

schematic diagram of IRP within a host pipe that contains a discontinuity at the midspan. The diagram illustrates 

the following variables:  𝛥max is maximum deflection; L is the length of the IRP between supports; 
(L−l)

2
 is the 

length of the host pipe half;  𝑙 is the discontinuity width;  𝑃 is half of the applied load; 𝑎 is the loading length;  𝑛 

is the total number of segments into which the loading length is subdivided, 𝑤𝑖  is the length to the right boundary 

of each segment from the left support, (𝐸𝐼)𝑒𝑓𝑓𝑖
 is the equivalent effective secant stiffness of the cross-section of 

each segment of IRP with host pipe over the loading length measured from the left support to the left loading 

point and  𝑏 is the length measured from the left support to the point where the deflection requires to be computed. 

The FMA model employs Equation     [11 to determine the maximum midspan deflection of IRPs in host pipes 

with circumferential discontinuities. The deflection along its length,  0 ≤ 𝑏 ≤ 𝑎 , a≤ 𝑏 ≤
(𝐿−𝑙)

2
  and  

(𝐿−𝑙)

2
  ≤ 𝑏 ≤

𝐿

2
  is determined by Equation 2, 3and 4, respectively.  

(a) (b) 
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Figure 2. Fundamental assumptions of FMA (Kiriella et al. 2023)  

 
Figure 3. Schematic illustration of IRP in host pipe with a central discontinuity 
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(𝐿 + 𝑙)2

4
]}

+ ∑ {
𝑃𝑏

((𝐸𝐼)𝑒𝑓𝑓)
′

𝑖

[𝐿(𝑤𝑖 − 𝑤𝑖−1) − (𝑤𝑖
2 − 𝑤𝑖−1

2) +
1

3𝐿
(𝑤𝑖

3 − 𝑤𝑖−1
3)]}

𝑛

𝑖=1
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𝛥
( 

𝐿−𝑙
2

 ≤ 𝑏 ≤  
𝐿
2

)
= ∑ {

𝑃 (1 −
𝑏
𝐿

) (𝑤𝑖
3 − 𝑤𝑖−1

3)

3(𝐸𝐼)𝑒𝑓𝑓𝑖

}

𝑛

𝑖=1

+
𝑃𝑎

8(𝐸𝐼)𝐸𝐹𝐹

[(𝐿 − 𝑙)2 − 4𝑎2] +
𝑃𝑎 (1 −

𝑏
𝐿

) [4𝑏2 − (𝐿 − 𝑙)2]

8(𝐸𝐼)𝑆𝐼𝑅𝑃

+
𝑃𝑎𝑏 {

𝐿 + 𝑙
2

− 𝑏 −
(𝐿 + 𝑙)2

8𝐿
+

𝑏2

2𝐿
}

(𝐸𝐼)𝑃𝐼𝑃
+

𝑃𝑎𝑏

(𝐸𝐼)𝐸𝐹𝐹
{(

𝐿

2
− 𝑎 −

𝑙

2
) −

1

2𝐿
[(𝐿 − 𝑎)2 −

(𝐿 + 𝑙)2

4
]}

+ ∑ {
𝑃𝑏

((𝐸𝐼)𝑒𝑓𝑓)
′

𝑖

[𝐿(𝑤𝑖 − 𝑤𝑖−1) − (𝑤𝑖
2 − 𝑤𝑖−1

2) +
1

3𝐿
(𝑤𝑖

3 − 𝑤𝑖−1
3)]}

𝑛

𝑖=1

 

[4] 

 

where 𝛥(0 ≤ 𝑏 ≤ 𝑎), 𝛥(𝑎 ≤ 𝑏 ≤ 
𝐿−𝑙

2
)
 and 𝛥

( 
𝐿−𝑙

2
 ≤ 𝑏 ≤  

𝐿

2
)
 are the deflection at any point along 0 ≤ 𝑏 ≤ 𝑎 , 𝑎 ≤ 𝑏 ≤

(𝐿−𝑙)

2
  

and  
(𝐿−𝑙)

2
≤ 𝑏 ≤

𝐿

2
  of IRP, respectively,  𝑛𝑏 and  (𝑛 − 𝑛𝑏) are the number of segments over length 𝑏 and length 

(𝑎 − 𝑏), respectively, (𝐸𝐼)𝑒𝑓𝑓(𝑎−𝑏)𝑖
is the equivalent effective secant stiffness of the cross-section of each IRP with 

host pipe segment over length (𝑎 − 𝑏) from length  𝑏  to the loading point and ((𝐸𝐼)𝑒𝑓𝑓)
′

𝑖
 is the equivalent 

effective secant stiffness of the cross-section of each IRP with host pipe segment over the length 𝑎 (on the right 

side half of the system) from the loading point to support. 

 

3. FINITE ELEMENT ANALYSIS 

 

The primary purpose of utilising FEA in this study is to compare the outcomes obtained from the FMA analytical 

model with those produced by FEA models. FEA models are generated by employing ANSYS/Mechanical 

software.  

Figure 4 illustrates a typical repair scenario where an IRP is used to repair a steel host pipe with 152.4 mm (6.0 

in) wide discontinuity at the midspan. To simplify the analysis, a quarter model is used, which involves applying 

quarter symmetric boundary conditions in both longitudinal and transverse directions. The system is modelled 

using the standard SOLID 186. The ends of the system are enclosed by blind flanges made of steel. The 

experimental setup is represented by pinned supports and connecting the loading head with the pipe clamps 

through the pin-lug system, as displayed in  

Figure 4. The host pipe and IRP systems are fully bonded. The contacts between the host pipe and the supports 

are established using a frictionless connection type. The contact pairs comprise clamp-pipe and lug-pin. A force 

equivalent to one-fourth of the total force is exerted vertically downward on the loading head of the setup. 

 
 

Figure 4. Geometry and boundary conditions of quarter FE model of IRP in host pipe with 152.4 mm (6.0 in) 

wide discontinuity  

 

Clamps 
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4. RESULTS AND DISCUSSION 

 

4.1          FMA for IRP systems with wider crack widths 

The behaviour of IRP repair systems in host pipes with wider discontinuities is evaluated by comparing the load 

and midspan deflection from the FMA and FEA prediction. Figure 5a compares FMA and FEA predictions of the 

load-midspan deflection behaviour of IRP in a host pipe with discontinuity widths of 101.6 mm (4.0 in), 152.4 

mm (6.0 in) and 203.2 mm (8.0 in) under the applied loading. The load-deflection relationship for discontinuity 

widths of 101.6 mm (4.0 in), 152.4 mm (6.0 in) and 203.2 mm (8.0 in), is found to be linear in FMA results up to 

loadings of 16.8 kN (3.8 kips),16.6 kN (3.7 kips) and 16.2 kN (3.6 kips), respectively. After that, there is a slight 

nonlinear decrease in stiffness until the point of failure which occurred at loadings of 28.9 kN (6.5 kips), 27.7 kN 

(6.2 kips) and 27.0 kN (6.1 kips) for the respective discontinuity widths. This overall behaviour of FMA 

corresponds well with FEA, exhibiting a maximum discrepancy of under 6%. Also, the findings suggest that an 

increase in discontinuity width in the host pipe leads to a decrease in the ultimate loading capacity of the IRP, 

while simultaneously causing a corresponding increase in maximum deflection. Additionally, as per FEA, the 

ultimate failure of an IRP in a host pipe with a wider discontinuity subjected to bending is governed by buckling 

at the crown of the IRP between the edges of the discontinuity (Figure 6). This failure mechanism is identical to 

the ultimate failure of IRP alone as reported in Tafsirojjaman et al. (2022). Consequently, it is evident that the 

load-carrying capacity and failure of the IRP in a host pipe with wider discontinuities are primarily controlled by 

the IRP. The deflection along the left half lengths of IRPs installed in host pipes with previous discontinuity 

widths, under a load of 15.0 kN (3.4 kips) is shown in Figure 5b. According to the results, when the discontinuity 

widens, the IRP repair experiences an increase in deformation even under the same loading level. Both FMA and 

FEA results demonstrate a nearly linear deflection response over the length of the pipe up to the edge of the 

discontinuity. However, as one moves from support to the discontinuity edge, the difference between the 

predictions of the two methods increases gradually. This difference can reach up to 9.3% at the edge of a 101.6 

mm (4.0 in) wide discontinuity. The discrepancy observed between the outcomes obtained from FMA and FEA 

of the IRP system with 101.6 mm (4.0 in) wide discontinuity is over double the variation identified at the midspan 

(4.4%) under the same load. The difference between FMA and FEA is due to the change in geometry of IRP 

induced by local buckling, which is not captured by the current FMA model. 

  

 
Figure 5. (a) Load-midspan deflection behaviour (b) deflection from left support to midspan of IRP in host pipe 

with 101.6, 152.4 mm (6.0 in) and 203.2 mm (8.0 in) discontinuity widths 

(a) (b) 
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Figure 6.  Failure modes of IRP installed in a host pipe with wider discontinuity widths, i.e.  (a) 101.6 mm (4.0 

in), (b) 152.4 mm (6.0 in) and (c) 203.2 mm (8.0 in) 

 

The effect of the repair thickness on the midspan deflection of ALTRA10 IRP installed in the host pipe with a 

152.4 mm (6.0 in) wide discontinuity under an applied loading of 15.0 kN (3.4 kips) as estimated by both FMA 

and FEA are presented in 

Figure 7a. The findings indicate that, under the same loading conditions, the deformation of ALTRA10 IRP repair 

systems, as predicted by both FMA and FEA models, exhibits a nonlinear reduction as the repair thickness 

decreases. This is attributed to the increased stiffness of IRP. Overall, an increase in repair thickness from 3.2 mm 

(0.1 in) to 9.5 mm (0.4 in) yielded a decrease in midspan deflection by 61% and 57%, as determined by FMA and 

FEA, correspondingly. On the other hand, under an applied loading of 15.0 kN (3.4 kips), 

Figure 7b shows the anticipated midspan deflection of a host pipe with a 152.4 mm (6.0 in) wide discontinuity 

that has been repaired using a 4.1 mm (0.2 in) thick IRP with MOE ranging from 1.0 GPa (145.0 ksi) to 200 GPa 

(29,007.5 ksi). The results suggest that an increase in the MOE of IRP from 1.0 GPa (145.0 ksi) to 24.5 GPa 

(3,553.4 ksi) leads to a reduction in midspan deflection by 94%, as observed from both FMA and FEA. With an 

increase in the MOE of the IRP from 24.5 GPa (3,553.4 ksi) to 200 GPa (29,007.5 ksi), the midspan deflection is 

reduced by 71% and 72%, as per FMA and FEA calculations, respectively. As a result, the alteration in the MOE 

(a) (b) (c) 

Single buckling wave Two buckling waves 

(a) (b) 

(a) (b) 
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of repair material has a significant effect on the vertical bending of the IRP system when the host pipe 

discontinuities are wider.   

 

Figure 7. Effect of (a) repair thickness and (b) MOE of repair material on the midspan deflection of a 4.1 mm 

(0.2 in) thick IRP installed in a host pipe with 152.4 mm (6.0 in) gap width under 15.0 kN (3.4 kips) load 

 

4.2          Factored FMA for IRP systems with very narrow crack widths  

 

While FMA is capable of accurately predicting non-linear load-deflection behaviours of IRP in host pipe with 

wider discontinuities, high average stresses over very narrow discontinuities resulting from stress concentrations 

at the discontinuity edges of host pipe segments lead to a significant discrepancy between initial FMA and 

FEA/experimental outcomes. In order to address this issue, an average stress factor (ASF) was formulated and 

integrated into the original FMA. The ASF was determined by dividing the average normal stress along the bottom 

of IRP between discontinuity edges of host pipes, as obtained from FEA by the corresponding average stress 

obtained by FMA. Parametric studies were conducted to develop an equation for predicting ASF. The study 

considered different repair thicknesses ranging from 3.2 mm (0.1 in) to 12.7 mm (0.5 in), discontinuity widths 

ranging from 12.7 mm (0.5 in) to 152.4 mm (6.0 in) and MOE of repair material ranging from 1.0 GPa (145.0 ksi) 

to 200 GPa (29,007.5 ksi). The results of the parametric investigation indicate that the ASF is primarily influenced 

by the geometry of the discontinuity, specifically the width of the discontinuity and the thickness of IRP. 

Conversely, the MOE of repair material does not significantly affect the ASF. Thus, by considering the ASFs as 

a function of two governing dimensionless parameters, namely the ratio of discontinuity widths (l) to IRP wall 

thicknesses and the ratio of total wall thicknesses (IRP and host pipe thickness) to IRP thickness, a mathematical 

formulation for the ASF was derived through nonlinear regression analysis as shown in Equation 5, where 𝑡𝑡𝑜𝑡𝑎𝑙   

is the total wall thickness of the host pipe plus the repair and 𝑡𝑟𝑒𝑝𝑎𝑖𝑟  is the repair thickness. The factored FMA 

deflection, which takes into account the influence of stress concentration on average stresses across discontinuity 

width, was then obtained through the multiplication of the initially predicted FMA deflection by the ASF.  

 

𝐴𝑆𝐹 = 1.097𝑒
−0.015(

𝑡𝑡𝑜𝑡𝑎𝑙
𝑡𝑟𝑒𝑝𝑎𝑖𝑟

)
+ 1.461𝑒

−0.337(
𝑙

𝑡𝑟𝑒𝑝𝑎𝑖𝑟
)
 

[5] 

 

The validation of the factored FMA results for very narrow discontinuities is carried out by utilizing the outcomes 

from both FEA and full-scale laboratory tests conducted by CUB, as illustrated in Figure 8. The load-deflection 

behaviours of an IRP system with a 12.7 mm (0.5 in) discontinuity width, as predicted by factored FMA, are 

consistent with those observed in both FEA and experimental results. The graph demonstrates a linear relationship 

between deflection and applied load on the IRP systems across all scenarios. Based on Figure 8, the discrepancies 

between factored FMA and FEA results for the deflection of IRP at the discontinuity edge and loading point, when 

subjected to a load of 14.8 kN (3.3 kips) are roughly 1.9% and 2.2%, respectively. Moreover, for the same load, 

(a) (b) 
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the maximum differences between the factored FMA and the experimental outcomes for the deflection at the 

discontinuity edge and point load are 4.7% and 10.8%, respectively.  

 
Figure 8. Comparison of FMA, FEA and experimental load-displacement behaviours of ALTRA10 IRP in host 

pipe with 12.7 mm (0.5 in) opening 

The graphical representation in Figure 9 illustrates the correlation between discontinuity widths, ranging from 

12.7 mm (0.5 in) to 203.2 mm (8.0 in), and the midspan deflection of IRP obtained from factored FMA and FEA 

under loading of 15.0 kN (3.4 kips). Under the same loading condition, the midspan deflection of the IRP repair 

system determined by factored FMA exhibits a nearly linear increase as the discontinuity width of the host pipe 

widens, which is very similar to the behaviour predicted by FEA. According to the results of both factored FMA 

and FEA, increasing the discontinuity width from 12.7 mm (0.5 in) to 203.2 mm (8.0 in) resulted in an 81% 

increase in midspan deflection This is due to the fact that, unlike IRP in host pipe systems with wider discontinuity 

widths, the overall load-deflection behaviour of IRP systems with narrow discontinuity widths is primarily 

controlled by the host pipe, which has a higher stiffness than IRP and hence results in significantly lower 

deformations. 

 
Figure 9. Effect of discontinuity width of host pipe on maximum midspan deflection of ALTRA10 IRP system 

under loading of 15.0 kN (3.4 kips) load 
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5. CONCLUSION 

 

This study investigated analytically the bending behaviour of IRP in a host pipe with narrow and wider 

discontinuity widths and compared it with FEA outcomes. From the results of these analyses and investigations, 

the following conclusions can be drawn: 

 

• The vertical bending of the IRP in host pipe with a wider discontinuity width is higher than one with a 

narrower discontinuity width indicating that IRPs with wider discontinuity widths have a higher tendency 

to fail due to buckling of the crown of the IRP at the midspan.  

• The load-deflection behaviour of IRP systems with wider discontinuity widths is primarily controlled by 

the IRP, while that of narrow discontinuity widths is mainly governed by the host pipe. 

• IRP repair system in a host pipe with a very narrow discontinuity width similar to a circumferential crack 

experiences significant average stress over the discontinuity width caused by stress concentration at the 

discontinuity edge compared with a wider discontinuity width.  

• The MOE and the thickness of the IRP have a significant influence on the vertical bending of the IRP 

systems. 

• The comparisons between FEA and FMA reveal that FMA is capable of providing a similar 

understanding of the flexural behaviour of different IRP systems to FEA up to the ultimate loading in a 

considerably shorter time and agrees well with the FEA outcomes.  

• The factored FMA prediction of load-midspan deflection behaviour and the deflection along the pipe 

length using the mechanical properties of the constitutive materials established from coupon tests is also 

found to be in good agreement with the experimental results, giving confidence in the validity of the 

underlying assumptions.   
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APPENDIX C: RANKING OF THE PERFORMANCE 

OBJECTIVES AND ASSOCIATED FAILURE MECHANISMS 

OF IRP SYSTEMS 

 

The project employed an analytical hierarchy process to rank the performance 

objectives and associated failure mechanisms of IRP systems. The results of this ranking can 

be found in Table 1 to Table 3. Accordingly, the lateral deformation is identified as the most 

critical performance objective on global priority, in addition to being determined by the 

thickness and MOE criteria of the IRP system, for all three design pressures under 

consideration, i.e., 60 psi (413.7 kPa), 100 psi (689.5 kPa) and 200 psi (1379.0 kPa). When the 

design pressure is set to 60 psi (413.7 kPa), the global ranking for the remaining critical 

performance objectives is impact loading, repetitive surface loading, axial deformation, hoop 

stress, and cross-section ovalization, respectively. On the other hand, when the design pressure 

is considered to be 100 psi (689.5 kPa), the global ranking for the remaining critical 

performance objectives for the IRP system is impact loading, hoop stress, repetitive surface 

loading, axial deformation and cross-section ovalization, respectively.  However, if the design 

pressure is increased to 200 psi (1379.0 kPa), the global ranking switches to hoop stress, impact 

loading, repetitive surface loading, axial deformation and cross-section ovalization, 

respectively. However, it is important to note that the analysis conducted to assess the ranking 

of the critical performance objectives in this study did not consider the potential impact of 

damaged host pipe segments. Comprehensive information regarding this ranking is available 

in Tafsirojjaman et al. (2022). 
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Table 1. Ranking of critical performance objectives of IRP for design internal pressure of 60 

psi (413.7 kPa)  

Criteria 
Global priority 

Thickness MOE 

Rank 
Performance 

objective 

Priority 

(%) 
Rank 

Performance 

objective 

Priority 

(%) 
Rank 

Performance 

objective 

Priority 

(%) 

1 
Lateral 

deformation 
21.3 1 

Lateral 

deformation 
20.8 1 

Lateral 

deformation 
21.1 

2 Puncture 19.1 2 Puncture 16.7 2 Puncture 18.9 

3 

Repetitive 

surface 
loads 

19.1 3 

Repetitive 

surface 
loads 

18.8 3 

Repetitive 

surface 
loads 

17.9 

4 
Axial 

deformation 
14.9 4 Hoop stress 14.6 4 

Axial 

deformation 
14.7 

5 Hoop stress 12.8 5 
Axial 
deformation 

14.6 5 Hoop stress 13.7 

6 

Cross-

section 

ovalization 

12.8 6 

Cross-

section 

ovalization 

14.6 6 

Cross-

section 

ovalization 

13.7 

 

 

Table 2. Ranking of critical performance objectives of IRP for design internal pressure of 100 

psi (689.5 kPa) 

Criteria 
Global priority 

Thickness MOE 

Rank 
Performance 

objective 

Priority 

(%) 
Rank 

Performance 

objective 

Priority 

(%) 
Rank 

Performance 

objective 

Priority 

(%) 

1 
Lateral 

deformation 
20.4 1 

Lateral 

deformation 
21.7 1 

Lateral 

deformation 
21.1 

2 Puncture 18.4 2 Puncture 19.6 2 Puncture 19.0 

3 

Repetitive 

surface 

loads 

18.4 3 Hoop stress 17.4 3 Hoop stress 16.9 

4 Hoop stress 16.3 4 

Repetitive 

surface 

loads 

15.2 4 

Repetitive 

surface 

loads 

16.8 

5 
Axial 

deformation 
14.3 5 

Axial 

deformation 
13.0 5 

Axial 

deformation 
13.7 

6 
Cross-
section 

ovalization 

12.2 6 
Cross-
section 

ovalization 

13.0 6 
Cross-
section 

ovalization 

12.6 
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Table 3. Ranking of critical performance objectives of IRP for design internal pressure of 200 

psi (1379.0 kPa) 

Criteria 
Global priority 

Thickness MOE 

Rank 
Performance 

objective 

Priority 

(%) 
Rank 

Performance 

objective 

Priority 

(%) 
Rank 

Performance 

objective 

Priority 

(%) 

1 
Lateral 

deformation 
20.8 1 

Lateral 

deformation 
0.2 1 

Lateral 

deformation 
20.4 

2 Hoop stress 18.8 2 Hoop stress 0.18 2 Hoop stress 18.4 

3 Puncture 16.7 3 Puncture 0.18 3 Puncture 17.3 

4 

Repetitive 

surface 

loads 

16.7 4 

Repetitive 

surface 

loads 

0.16 4 

Repetitive 

surface 

loads 

16.3 

5 
Axial 
deformation 

16.6 5 
Axial 
deformation 

0.14 5 
Axial 
deformation 

14.3 

6 

Cross-

section 

ovalization 

12.5 6 

Cross-

section 

ovalization 

0.14 6 

Cross-

section 

ovalization 

13.3 
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APPENDIX D: FATIGUE BEHAVIOUR OF DIFFERENT IRP 

MATERIALS  

The following is a discussion of the fatigue properties of potential IRP materials. 

 

Fatigue behaviour of polymer coating 

Polymer coatings (generally epoxy systems, polyurethanes, or polyureas) are one of the 

primary IRP material types used in SAPL (Selvakumar et al. 2013; Najafi 2016). Also, the 

fatigue life of polymeric materials is influenced by a variety of parameters. Unlike metals, the 

fatigue behaviour of polymers is governed by the viscoelastic effect (Chandran 2016). Other 

factors include stress/strain amplitude, mean stress, frequency, presence of stress concentration 

or initial defects in the component, temperature, test environment, and molecular 

characteristics (Pruitt 2000). Softening and melting occur at higher frequencies, and fatigue 

failure is primarily determined by the test frequency (Pruitt 2000). Fatigue failure becomes less 

sensitive to test frequency at lower frequencies, and failure occurs as a result of fracture 

initiation and propagation (Crawford et al. 1974; Skibo et al. 1978). These characteristics of 

the polymer come from the production of hysteresis energy during fatigue. Some of this energy 

is released as heat, a portion of which is dissipated, but the majority is absorbed by the sample, 

raising its temperature (Crawford et al. 1974; Pruitt 2000; Chandran 2016). The increase in 

temperature causes material degradation and a reduction in the fatigue life of polymer materials 

(Crawford et al. 1974; Pruitt 2000; Chandran 2016). 

 

Fatigue behaviour of thermoplastics 

Thermoplastic materials have some unfavourable properties, including a lower modulus 

of elasticity, lower tensile strength, narrow operating temperature range, and a tendency to 

soften due to self-heating (Mellott 2012). In the condition that ultimately leads to fatigue 

failure, the nonlinear viscoelastic behaviour becomes predominant, since thermoplastics which 

is a class of polymeric materials are subjected to a large amplitude of imposed strain that is 

greater than that of the linear viscoelastic limit (Jo et al. 1993; Mellott 2012). As a result, it is 

reasonable to consider that the mechanism of fatigue failure of thermoplastics is related to their 

nonlinear viscoelastic behaviour (Jo et al. 1993; Mellott 2012). When a thermoplastic material 

is subjected to cyclic load/stress, its temperature rises, resulting in failure by one of the two 

fundamentally distinct processes (Crawford et al. 1974). In the first type of failure, the 

temperature rises for a short period of time before stabilising and allowing a conventional crack 
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initiation and propagation process to occur, whereas, in the second type of failure, the 

temperature continues to rise, resulting in a thermal softening failure of the material (Crawford 

et al. 1974). Due to self-heating, high frequency cycles may play a significant role in the fatigue 

behaviour of thermoplastics, leading to softening of the materials and premature failure 

(Mellott 2012; Mellott et al. 2014; Mortazavian et al. 2015). Fatigue of the thermoplastic 

material with mean tensile stress results in a shorter fatigue life as compared to the tests 

performed under fully reversed conditions (Mellott 2012; Mellott et al. 2014). 

 

Fatigue behaviour of FRP composites 

Due to the anisotropic nature of FRP composite, their fatigue behaviour is more 

complicated than homogenous and isotropic materials such as plastics and metals (Amiri 2012). 

The most typical failure mechanisms generated by the fatigue of FRP composite materials are 

matrix cracking, fibre debonding, delamination, and fibre fracture in addition to crack initiation 

and crack propagation (Nguyen et al. 2000; Samanci et al. 2008; Samanci et al. 2012; Malpot 

et al. 2015; Shanmugam et al. 2021). The damage grows in small increments during the first 

stage of fatigue, then maintains a constant growth rate before accelerating in the final stage 

(Muc 2000; Paepegem et al. 2001; Chen et al. 2002). Unlike metal fatigue, the stiffness loss of 

the composite is visible from the early stage of the fatigue loading and may lead to significant 

stiffness degradation over the subsequent fatigue process (Lian et al. 2010; Colombi et al. 

2012). Most composites do not have an endurance limit (Amiri 2012).  

The fatigue life of composite material is influenced by several main factors, material 

properties (including matrix material and fibre material), fibre orientation, fibre volume 

fraction, applied maximum stress, stress amplitude, stress ratio, and loading frequency (Albouy 

et al. 2014; Ferdous et al. 2020; Huang et al. 2020). Because of their brittle nature, polymer-

based composite fails at low strains, making it difficult to study stress-controlled fatigue. In the 

case of glass fibres, S-glass has greater strength and stiffness than other glass fibres (Ansari et 

al. 2018). The fatigue performance of high-modulus carbon fibre-reinforced polymer (CFRP) 

is better compared to that of low-modulus CFRP. Carbon fibres with relatively high modulus 

retain large stress along their lengths, causing longitudinal matrix cracking (Zhao et al. 2016). 

The matrix properties have a major impact on the fatigue strength of the GFRP composite. In 

most cases, fatigue damage initiates as a crack in the matrix. In comparison to thermosetting 

resin, thermoplastic resin has a much longer fatigue life (Ansari et al. 2018). The fibre volume 

fraction has a significant impact on the crack path. The fatigue performance of the composite 

improves as the fibre volume fraction increases (Mini et al. 2012; Belmonte et al. 2017). 
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Fatigue behaviour of the metallic systems 

The fatigue damage of metallic material systems begins with crack initiation, followed 

by crack propagation, and ends in ultimate failure. A predominant single crack is the most 

typical failure mechanism of metals, as a significant portion of the fatigue process is spent on 

propagating a single crack (Risicato et al. 2014). The tensile/yield strength of the metal has a 

strong influence on the fatigue strength in the crack initiation phase, but not in the crack 

propagation phase (Pedersen 2018). Conversely, it has been shown that the crack propagation 

rate is more dependent on the elastic modulus (Pedersen 2018). The crack propagation phase 

is longer due to the strain hardening of the metals. As a crack attempts to propagate through 

the metal, plasticity occurs at the crack tip, resulting in crack blunting and strain hardening. 

The crack blunting, strain hardening, and crack propagation process can be repeated for several 

thousands of cycles (Jollivet et al. 2013; Risicato et al. 2014; Mughrabi 2015). A metallic 

material, no matter how ductile, might fail in a fatigue test with no visible external deformation, 

similar to a brittle material (Orowan 1939). Under high cycle fatigue loading, void defects and 

microstructural irregularities can adversely affect metallic materials and significantly reduce 

their fatigue life (Danninger et al. 2003). Some low-strength ferrous alloys can exhibit a 

horizontal asymptote in the S-N curve, indicating a fatigue limit below which there appear to 

be infinite cycles that would never cause failure (Pang et al. 2014). Other metallic materials, 

such as high-strength ferrous alloys and non-ferrous metals, do not have a distinct horizontal 

asymptote and will fail as the number of cycles increases (Pang et al. 2014). This different 

behaviour of IRP material systems is important in understanding the fatigue behaviour of 

repaired pipelines.  
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APPENDIX E: INSTRUMENTATION OF BENDING TEST 

SETUP 

Fig. 16. Actual bending test setup, showing the positions of Linear Variable 

Differential Transformers (LVDTs) and strain gauges (CUB) 

Fig. 17. Schematic diagram of the bending test setup, showing the positions of LVDTs and 

strain gauges (CUB) [Units: in] 

Host pipe segment on left side Host pipe segment on right side 

Top side of the host pipe 

Bottom side of the host pipe 
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