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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).  
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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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