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ABSTRACT

Internal replacement pipe (IRP) systems are a novel trenchless technique that is gaining interest in the reha-
bilitation of damaged legacy pipelines distributing natural gas. Performance evaluation of IRP systems under
repetitive loads transmitted from vehicular traffic is essential to ensure their optimal and safe design. This study
conducted numerical simulations to examine the impact of internal pressure on the bending fatigue behaviour of
IRP systems that are fully bonded to legacy gas pipes with circumferential discontinuities. Other design pa-
rameters include the thickness and modulus of elasticity of IRP and the level of transmitted traffic load. The
findings indicate that the operating internal pressure has a greater impact on the longitudinal stresses than the
circumferential stresses of IRP when subjected to cyclic bending. The level of internal pressure changes the
failure behaviour of IRP under fatigue. Based on the results obtained from extensive parametric simulations,
mathematical expressions were formulated to predict the fatigue life of the IRP systems. Contour plots were
generated to represent fatigue life response for different combinations of internal pressure levels and transmitted

traffic loads.

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 (Deng et al., 2022; El-Abbasy et al., 2015;
Shamsuddoha et al., 2013; Alabtah et al., 2021; Rohem et al., 2016).
Underground pipelines are susceptible to damage and failure during
their service life because of various factors, including but not limited to
ageing, corrosion, construction defects, third-party disruption and
operational errors (Velazquez et al., 2022; Kraidi et al., 2019; Xu et al.,
2023; Chen et al., 2019; Chin and Lee, 2005; Abd-Elhady et al., 2020;
Zhang and Wong, 2023). Circumferential crack is the most prevalent
failure in pipes with a smaller diameter (< 380 mm or 14.96 in) (Makar
et al., 2001). 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 corrosion can also cause circum-
ferential cracks in legacy pipes (Akhi and Dhar, 2021; Shirazi et al.,
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2023). Internal replacement pipe (IRP) systems are a novel and devel-
oping trenchless rehabilitation technology that has been introduced for
repairing bare steel and cast-iron legacy gas pipelines with circumfer-
ential cracks, discontinuities, or pulled-out joints (Dixon et al., 2023; Fu
et al.,, 2022). This repair technique involves the insertion of a new
structural pipe into existing pipes that contain defects and discontinu-
ities. 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 (Allouche et al., 2014; Lu et al.,
2020; Li et al., 2023; Fuselli et al., 2022; Yahong et al., 2023). However,
the design and the development of IRPs should ensure their ability to
endure various forms of loading, throughout their service life.

Based on the existing literature, the most common failure mecha-
nisms related to IRPs in host pipe systems are as follows: fatigue failure
caused by repetitive traffic loading (Guo et al., 2005; Tafsirojjaman
et al., 2022; Wang et al., 2019), lateral deformation due to surface loads
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(Jeon et al., 2004; Tafsirojjaman et al., 2022; Argyrou et al., 2019;
Vasseghi et al., 2021; Vazouras et al., 2012; Liu et al., 2019; Melissianos
et al., 2017; Alzabeebee et al., 2018), localised fracture and leakage due
to internal pressure (Tafsirojjaman et al., 2022; Mattos, H.d.C., J.M.L.
Reis, L.M. Paim, M.L.d. Silva, R.L. Junior, and V.A. Perrut, 2016; Budhe
et al., 2020) and axial deformation resulting from thermal stresses
(Tafsirojjaman et al., 2022; Bokaian, 2004; Zhong et al., 2018). Among
these failure modes, fatigue failure caused by high cyclic/repetitive
surface loads from vehicular traffic is considered one of the most severe
conditions for the host pipes and IRP system (Dixon et al., 2023; Taf-
sirojjaman et al., 2022). The wheel loads, which are directly above the
pipes and move parallel to their longitudinal axis, are transmitted to
underground pipes through the soil (Jeon et al., 2004; Stewart et al.,
2015). When such loads are applied, the IRP system may be susceptible
to maximum deformation and stress at the weakest discontinuity in the
host pipeline. Prolonged exposure to cyclic stresses can reduce the
strength of an IRP system and can compromise its structural integrity.
This process can lead to fatigue failure, where the IRP may fracture even
under stress levels lower than its ultimate strength. Thus, having an in-
depth understanding of fatigue behaviour and accurate life estimation of
IRP systems is a crucial aspect in the design and development of new and
emerging IRP systems.

Currently, there is a lack of comparable standards or guidelines
related to internal composite pipe repair systems (Tafsirojjaman et al.,
2022). In addition, only a few studies have been conducted on the
bending fatigue behaviour of legacy pipes that have undergone repair
utilizing liners, especially in cases where the host pipes have circum-
ferential crack discontinuities or pulled-out joints (Jeon et al., 2004;
Stewart et al., 2015; Ha et al., 2016). New and emerging IRP systems are
currently under development, utilising a range of materials such as
polymeric coating, thermoplastic, and fibre-reinforced polymer (FRP)
composite (Tafsirojjaman et al., 2022). However, there are only a
limited number of studies available on these systems. The existing
studies primarily focus on either cured-in-place pipe (CIPP) liners (Jeon
etal., 2004; Stewart et al., 2015) or spray-applied pipe liners (SAPL) (Ha
et al., 2016) with low elastic modulus and low thickness in comparison
to the host pipe. By conducting experimental three-point cyclic bending
tests, Jeon et al. (2004) 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. (2015) 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 joints under one
million loading cycles with maximum deflections of 1.52 mm (0.06 in)
and 1.78 mm (0.07 in), respectively while maintaining an operating
pressure of 102 kPa (14.8 psi). These systems were subjected to a pre-
determined number of cycles in accordance with service life re-
quirements, rather than being cycled until failure, during which a
decrease in stiffness was observed. The flexural fatigue behaviour of a
150.0 mm (5.91 in) diameter steel host pipe with a 25.0 mm (0.98 in)
wide circumferential crack that was repaired with 3.0 mm (0.12 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.
(2016). Despite the observation of stiffness degradation in the system
throughout the testing, Ha et al. (2016) found no failure or leakage in
the lined pipe.

Available studies on the fatigue behaviour of repaired pipes were
conducted under low internal pressure levels. According to Tien et al.
(2023), 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. (2023)
investigated the effect of crack edges on a steel host pipe with a diameter
of 323.85 mm (12.75 in) on the behaviour of a thermoplastic IRP under
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an internal pressure of 1379.0 kPa (200.0 psi). The IRP had a thickness
of 3.175 mm (0.125 in) and a modulus of elasticity (MOE) of 5.0 GPa
(725 ksi). The width of the crack opening was measured to be 914.4 mm
(36.0 in). It was found that under internal pressure alone, the IRP un-
derwent 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. The results of these studies suggest that the fatigue life of IRP may
be negatively affected by the application of internal pressure during
cyclic bending, particularly, in cases where the host pipe has circum-
ferential cracks or discontinuities.

Brown et al. (2014) used finite element analysis (FEA) to examine the
performance of a 5.0 mm (0.2 in) thick CIPP liner placed in a circum-
ferentially cracked CI host pipe under an internal pressure of 689.5 kPa
(100 psi). The analysis revealed a significant concentration of axial
stresses in the liner along the edge of the host pipe, where its structural
integrity had been compromised. Shou and Chen (2018) and Shou and
Huang (2020) 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 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 (3.94 in) and were located either on
the upper or lateral surface. Shou and Chen (2018) and Shou and Huang
(2020) 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 shown that under static bending, the internal
pressure causes a localized accumulation of longitudinal stresses at the
damaged area.

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. (2022) 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 3.175 mm (0.125 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 (0.44 in), Huang et al.
(2020) 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 combined effect of surface load and internal pressure, Shou
and Chen (2018) found that reducing the thickness of CIPP liner from
10.0 mm (0.39 in) to 5.0 mm (0.2 in) greatly increased the stress at the
circular corrosion defect, while Shou and Huang (2020) 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 (0.15 in) to 6.2 mm (0.24 in)
led to a reduction in stress concentration at the circular corrosion defect.
The effects of these parameters on IRP used for rehabilitating host pipes
with circumferential discontinuities need to be investigated under fa-
tigue loading.

The studies from the literature indicated that the flexural fatigue
phenomenon creates a bottleneck in the design and development of new
and emerging IRP systems 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 cyclic loads
transmitted from vehicular traffic, along with the selection of the most
appropriate material and geometric properties must be thoroughly
examined. The objective of this study is to numerically investigate how
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Fig. 1. (a) Actual four-point bending test setup developed by CUB, (b) pipe end and support, (c) circumferential host pipe discontinuity at the midspan
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Fig. 2. Schematic diagram of the bending test setup with the locations of strain gauges and linear variable differential transformers (LVDTs) (CUB) [Units: in].
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Fig. 3. Quarter symmetry FE model of an IRP installed within a host pipe that has a circumferential discontinuity at its midspan.

internal pressure influences the bending fatigue behaviours of IRPs that
are fully bonded to the host pipes with circumferential discontinuities at
the midspan under repetitive loads transmitted from vehicular traffic.
The investigations were carried out by varying design parameters such
as the thickness and MOE of the IRP and the level of the transmitted
traffic load. 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 trans-
mitted traffic loads. The outcomes of this study will assist pipeline de-
velopers and designers in delivering safe, reliable and cost-effective
trenchless IRP repair systems, which are in high demand within the
pipeline industry.

. Symmetry Region Y

(a) Constrained translational degree of freedom
perpendicular to the XZ symmetry plane

2. Methodology
2.1. Finite element modelling and analysis

Finite element (FE) models of four-point bending test in three di-
mensions (3D) are executed using ANSYS Mechanical (Ansys, 2021) to
replicate the experimental configuration of IRP-repaired host pipe sys-
tems with discontinuities under transmitted traffic loading over 50 years
of service life. The simulations employ parameters that are identical to
those used in the four-point bending test setup developed by the Uni-
versity of Colorado Boulder (CUB), as shown in Figs. 1 and 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 that was identified as critical under static bending of IRP

. Symmetry Region X

(b) Constrained translational degree of freedom
perpendicular to the YZ symmetry plane

Fig. 4. Symmetry planes and constraints.
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Table 1 Table 2
Properties of IRP and host pipe materials. Data sources for the S-N curves and stress ratios of IRP materials.
Component  Material ~MOE Poisons Reference Material Stress Reference
ratio ratio
GPa ksi Polymer -1 Mellott and Fatemi (2014)
i j K GFRP-1 0.1 Laboratory testing
IRP Polymer 1.7 246.6 0.11 Y(Vlzzllzt)t and Fatemi GFRP-2 01 Zakaria et al. (2016)
GFRP-1 37 5366 0.23 Laboratory testing GFRP-3 0.1 Huh et al. (2012)
i ’ : ’ GFRP-4 0.1 Huh et al. (2012
GFRP-2 7.9 11458  0.25 Zakaria et al. (2016) uhetal (2012)
GFRP-5 0.1 Huh et al. (2012)
GFRP-3 14.0 2030.5 0.25 Huh et al. (2012)
GFRP-4 26.4 3829.0 0.25 Huh et al. (2012)
GFRP-5 38.6 5598.5 0.25 Huh et al. (2012) . . . . .
ANSYS Mechanical is employed to simulate the fatigue induced by re-
petitive loading. This tool computes the effective alternating stresses by
Host pipe Steel 200 29007.5 0.29 Preedawiphat et al.

(2020)

systems in an investigation conducted by Kiriella et al. (2023). This
discontinuity width indicates the presence of a pulled-out but opera-
tional joint in legacy pipelines. The host pipe has an outer diameter of
323.85 mm (12.75 in) and a wall thickness of 6.35 mm (0.25 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 311.15 mm (12.25 in), the wall thickness is
varied during the investigation.

Due to the symmetry of the geometry, material orientation, loading,
boundary conditions, and expected responses about both XZ and YZ
planes, only one-quarter of the actual bending setup is modelled (Fig. 3).
This reduces the analysis run time and memory requirement while
increasing the accuracy of the results by using a finer mesh. The trans-
lational degree of freedom perpendicular to the XZ and YZ symmetry
planes (mirror planes) of the quarter symmetry model is constrained
using the symmetry region feature in ANSYS Mechanical (Fig. 4). 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. The models imple-
mented 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 level of
load transmitted through soil from vehicular traffic (14.8 kN (3.3 kips))
as determined by Klingaman et al. (2022). In their evaluation of trans-
mitted traffic load, Klingaman et al. (2022) followed the procedure
recommended by Petersen et al. (2010) for assessing the live load dis-
tribution on buried concrete culverts. This level of loading, when
repeated one million cycles, is representative of the transmitted traffic
load that an IRP system is anticipated to experience during a 50-year
service life. It should be noted that, due to the implementation of a
quarter symmetry model, only a load that is equal to one-fourth of the
total load is exerted on the loading head.

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 IRP materials, including unreinforced polymer, and
glass fibre-reinforced polymer (GFRP) composites are employed
(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 (Tafsirojjaman et al.,
2022; Sirimanna et al., 2015).

The current investigations employ the stress-life approach, consid-
ering that the anticipated design life of IRP is one million loading cycles
(Jeon et al., 2004; Stewart et al., 2015). The stress life approach involves
analysing the model under static loading conditions to determine the
stresses generated in the IRP. Subsequently, the fatigue tool available in

taking into account the maximum and minimum stresses obtained from
the static analysis. The extent of the damage caused by a loading cycle is
determined based on both the alternating stresses and mean stress (Fajri
etal., 2021; Nieslony and Bohm, 2013). In the current study, Goodman’s
mean stress correction theory (Fajri et al., 2021; Puigoriol-Forcada et al.,
2018; Ferdous et al., 2020; Zhang et al., 2018; Susmel et al., 2005) is
applied to account for the effect of mean stress on the stress amplitude.
The corrected alternating stress also referred to as effective alternating
stress, is subsequently mapped onto the Stress-life (S-N) curves of the
IRP material to identify the alternating stress at the point of failure and
determine the corresponding number of cycles. If the number of cycles is
below 1 million, it is considered that the IRP will fail before the design
life is reached. The fatigue life analysis, considering the combined in-
fluence of traffic load and internal pressure, relies on S-N curves derived
from uniaxial fatigue testing conducted in both longitudinal and trans-
verse orientations. This approach was chosen due to the high cost and
complexity associated with conducting multiaxial fatigue tests. S-N
curves for polymeric, GFRP-2, GFRP-3, GFRP-4 and GFRP-5 repair ma-
terials were gathered from the literature (Table 2), while the stress-life
behaviour of GFRP-1 material in both the longitudinal and transverse
directions (as shown in Fig. 5(a) and (b), respectively) was generated by
conducting fatigue tests according to ASTM D3479/D 3479 M (ASTM,
2019). The stress ratio of the polymeric IRP is —1, while that of all GFRP
materials is 0.1 (Table 2). In this investigation, the applied loading has a
constant amplitude and a zero-based loading ratio.

The analysis conducted focuses on IRP systems that are fully bonded
to the discontinuous host pipes. To establish a completely bonded
connection between the two components in the FE model, the IRP and
host pipe segments are connected together along their entire interface
using the “bonded” connection type in ANSYS Mechanical. The bonded
connection type ensures that there is no sliding or separation between
the faces or edges of the components. The normal and tangential forces
exert significant resistance against external forces that could potentially
cause relative motion between surfaces. During the process of cyclic
bending, it is possible for debonding to occur at the discontinuity,
leading to a reduction in stress concentration at the discontinuity edges.
In the present study, however, 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. This assumption
is made to ensure that the current study focuses on analysing the most
critical condition that can be caused by high-stress concentrations as
was observed in previous studies (Kiriella et al., 2023; Kiriella et al.,
2024).

Fig. 6 shows the mesh that was generated for the FE model with
quarter symmetry. A 10.0 mm (0.39 in) element size is employed for the
loading head, clamps and blind flange. A refined mesh with an element
size of 1.6 x 1.6 mm (0.06 x 0.06 in) is applied to IRP within the
discontinuity and to both IRP and host pipe across a length of 76.2 mm
(3.0 in) beyond the edge of the discontinuity to accurately capture the
potential stress concentrations. Outside these refined regions, an
element size of 5.0 x 5.0 mm (0.2 x 0.2 in) is used. The mesh size along
the wall thickness of the two pipes is set at three elements. These
element sizes for the mesh of each component are selected based on a
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Fig. 5. 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
3.739 GPa or 542 ksi) and (b) circumferential direction of IRP (MOE of 9.7 GPa or 1407 ksi).

mesh convergence and sensitivity analysis conducted by Kiriella et al.
(2024).

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. (2023), 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 IRP thicknesses consid-
ered are 3.175 mm (0.125 in), 4.115 mm (0.162 in), 6.35 mm (0.25 in)
and 9.525 mm (0.375 in), while the MOE values are 1.744 GPa (253 ksi)
(polymer), 3.739 GPa (542 ksi) (GFRP-1), 7.9 (1146 ksi) (GFRP-2),
14.03 GPa (2035 ksi) (GFRP-3), 26.4 GPa (3833 ksi) (GFRP-4) and 38.63
GPa (5603 ksi) (GFRP-5). The different levels of transmitted 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. (2024).

2.2. Effectiveness of using hot-spot stress and localized stress for
determining fatigue life

The effectiveness of employing hot-spot stress (HSS) and the local-
ized stress at the discontinuity edge of IRP-repaired host pipe systems for
fatigue life estimation is examined under the combined influence of
bending and internal pressure in accordance with the study conducted
by (Kiriella et al. (2024)). To accomplish this, IRP installed in discon-
tinuous host pipe systems are subjected to a transmitted traffic load of
14.8 kN (3.3 kips) while their internal pressure remains constant at zero,
206.8 kPa (30.0 psi), 413.7 kPa (60.0 psi) and 620.5 kPa (90.0 psi). As
shown in Fig. 7, a comparison is made between the resulting HSS and
localised stress in IRP at the discontinuity edge on the tension side. The
figure shows that when the internal pressure is increased, both HSS and
localized stress at the discontinuity edge exhibit a comparable trend.
The maximum discrepancy between the HSS and the localized stress is
approximately 8%, which is deemed negligible for this type of scenario.
While the HSS approach is widely acknowledged as suitable for deter-
mining the maximum stress at a discontinuity of a segment, its appli-
cation for the extensive parametric investigation of fatigue life in the
current study is found to be more challenging and time-consuming. This
is because each scenario requires the manual computation of the highest
alternating stress and the corresponding fatigue life. However, if local-
ised stress is considered, the minimum fatigue life of the system can be
directly obtained from the ANSYS fatigue tool. Consequently, even if the
localised stress may be slightly over-conservative, falling within an 8%
range of the HSS value, it can still be considered a reasonable estimate.
Therefore, instead of HSS, local stress is used 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.

2.3. Validating the numerical model

The accuracy of the FE results is ensured through validation with
laboratory experimental results from the University of Colorado
Boulder. The present study consists of a comparison between the
load-strain (Fig. 8) and load—deflection (Fig. 9) 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. 8 and Fig. 9 are measured
from the midspan. The load-strain and load-deflection behaviours ob-
tained from FEA are in good agreement with experimental results, as
depicted in Fig. 8 and Fig. 9, respectively.

3. Results and discussion
3.1. Longitudinal stresses, hoop stresses and fatigue lives

The IRP repair system undergoes a combination of bending stress
caused by bending moment and hoop stress resulting from the internal
pressure when it is under internal pressure and exposed to cyclic
bending. The longitudinal and hoop stress at the discontinuity edge and
the midspan of the IRP, as the internal pressure increases, are demon-
strated in Fig. 10. GFRP-1 is utilized to conduct this analysis with a
repair thickness of 4.115 mm (0.162 in) while the internal pressure is
varied between zero and 620.5 kPa (90.0 psi) under a transmitted traffic
loading of 14.8 kN (3.3 kips). The figure shows that longitudinal and
hoop stresses at the discontinuity edge and the midspan at the bottom of
IRP (invert) are in tension and increase almost linearly, while those at
the top (crown) are in compression and decrease linearly. The reason for
such behaviour is that when internal pressure is present, it creates forces
along the pipe length, which elongate IRP in the axial direction,
inducing longitudinal stresses. In the tensile region (bottom), this
additional longitudinal stress induced by internal pressure couples to the
bending stress, producing a relatively higher tensile stress than in the
system without 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 than in the
system without internal pressure. Since the magnitude of the longitu-
dinal stress induced is proportional to the internal pressure applied, an
increasing internal pressure under the same level of transmitted traffic
load leads to arise in longitudinal stresses, which ultimately results in an
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Fig. 6. Mesh refinement of quarter symmetry FE model of an IRP inserted in host pipe with 12.7 mm (0.5 in) wide discontinuity.

overall increase in tensile stresses while a decrease in compressive
stresses 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. 11). 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. 11. 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 longitudi-
nal compressive stress (Fig. 12). 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.
(2023), 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.

Table 3 presents a comparison of fatigue life between the circum-
ferential and longitudinal stresses for a 4.115 mm (0.162 in) thick GFRP-
1 IRP subjected to a transmitted 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 corre-
sponding 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
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Fig. 8. Comparison of load-strain behaviours of IRP from FEA and laboratory experiments.

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 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. 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 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, exclu-
sively 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. 13b (It is
important to note that the damage value represents the ratio of the fa-
tigue life of the IRP system to its intended design life of one million
cycles). However, when exposed to an internal pressure of 413.7 kPa
(60.0 psi) and 620.5 kPa (90.0 psi), even the bottom midspan of GFRP-1

will be susceptible to damage as shown in Fig. 13c 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 4.115 mm (0.162 in) and exposed to a transmitted
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 3.175 mm (0.125 in) to 9.525 mm (0.375 in) under a
transmitted traffic load of 14.8 kN (3.3 kips) is shown in Fig. 14a and b,
respectively. According to Fig. 14a, under the same level of transmitted
traffic loading, the critical stress in IRP with repair thicknesses of 3.175
mm (0.125 in), 6.35 mm (0.25 in) and 9.525 mm (0.375 in) increases
linearly as the internal pressure rises, similar to that of IRP with 4.115
mm (0.162 in). This is because an increase in the internal pressure
amplifies the force that causes IRP to elongate in the longitudinal di-
rection. This results in an increase in internal pressure-induced
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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 3.175 mm (0.125 in) and 9.525
mm (0.375 in) are respectively 62.3 % and 60.3 % higher than corre-
sponding 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. 14b).
Furthermore, while the 9.525 mm (0.375 in) thick IRP achieves the

design life of one million cycles even with an internal pressure of 620.5
kPa (90.0 psi), the 3.175 mm (0.125 in) thick IRP is unable to meet the
design requirement even without internal pressure. The IRP with
thicknesses of 6.35 mm (0.25 in), on the other hand, cannot achieve one
million cycles when the internal pressure exceeds 385.4 kPa (55.9 psi).

The influence of IRP thickness on the critical tensile stress in GFRP-1
under 14.8 kN (3.3 kips) of transmitted traffic load with multiple levels
of internal pressure varying from zero to 620.5 kPa (90.0 psi) is depicted
in Fig. 15a and b, respectively. As can be seen from Fig. 15a, the critical
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Fig. 11. Contour plots of longitudinal and hoop stresses on the outer surface of non-pressurised IRP (mirrored results on symmetry planes).
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Fig. 12. Contour plots of longitudinal and hoop stresses on the outer surface of pressurized IRP (413.7 kPa or 60.0 psi) (mirrored results on symmetry planes).

tensile stress decreases nonlinearly as the IRP thickness increases from distribute the combined forces induced by both bending and internal
3.175 mm (0.125 in) to 9.525 mm (0.375 in) for all the internal pres- pressure more evenly across the cross-section. Additionally, thicker IRP
sures considered. This is because the increasing IRP thickness can also has greater bending and axial stiffness, which enables it to resist
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Table 3
Fatigue life comparison between the circumferential and longitudinal stresses.

Internal Fatigue life (cycles)
pressure ) X N -
Based on maximum alternating Based on maximum alternating
stress in longitudinal direction stress in circumferential direction
and corresponding S-N and corresponding S-N behaviour
behaviour (MOE of 3.739 GPa (MOE of 9.7 GPa or 1407 ksi)
or 542 ksi)
Zero 2.7E+06 >1.0E+09
206.8 kPa 1.2E+05 >1.0E+09
(30.0
psi)
413.7 kPa 8492 >1.0E+09
(60.0
psi)
620.5 kPa 869 >1.0E+09
(90.0
psi)

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

No damage to IRP at the discontinuity
(damage value < 1.0)

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 154 (2024) 106111

or 90.0 psi), while the lowest reduction (44.9%) is observed when there
is no internal pressure in the system. However, as shown in Fig. 15b, the
fatigue life exhibits a nonlinear increase, even on a semi-log scale, as the
repair thickness increases from 3.175 mm (0.125 in) to 9.525 mm (0.375
in) under all the internal pressures. When subjected to the transmitted
traffic load of 14.8 kN (3.3 kips), in order 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 required IRP
thicknesses should be 3.7 mm (0.15 in), 5.3 mm (0.21 in), 7.1 mm (0.28
in) and 8.9 mm (0.35 in), respectively. Therefore, the minimum IRP
thickness necessary to meet the design life requirement with an internal
pressure of 620.5 kPa (90.0 psi) is 2.4 times greater than that required
for a non-pressurized state.

3.3. Effect of internal pressure with different MOEs of IRP materials

Fig. 16 compares the effect of MOE on the critical tensile strain of
4.115 mm (0.162 in) thick IRP for different levels of internal pressure
under the transmitted 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 1.744 GPa (253 ksi) to 7.9 (1146
ksi), followed by a gradual reduction until it reaches a MOE of 38.63 GPa
(5603 ksi). The reduction in strain with increasing MOE is consistent
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the vicinity of the discontinuity
edges (damage value >1.0)
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Fig. 13. Contour plots of fatigue damage on the bottom midspan of pressurized and non-pressurized GFRP-1 IRPs during their service life (To facilitate clear vis-

ualisation, host pipe segments are hidden).
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Fig. 14. Effect of internal pressure on (a) critical tensile stress and (b) minimum fatigue life of IRP repair systems with different repair thickness.

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 ksi), 2.9 GPa
(421 ksi) and 3.2 GPa (464 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. 17 displays
the response of critical stress of IRP with different levels of internal
pressure as the MOE increases under a transmitted 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 1.744
GPa to around 15 GPa (2176 ksi). However, from 15 GPa (2176 ksi) up
to 30 GPa (4351 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 38.63 GPa (5603 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 GPa (2176 ksi) to 38.63 GPa
(5603 ksi). The reduction in stress is attributed to the fact that 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 transmitted 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.

Table 4 illustrates the fatigue life of IRP with different levels of in-
ternal pressures subjected to a transmitted traffic loading of 14.8 kN (3.3
kips) with varying MOE. It is evident that the IRP with MOE of 1.744
GPa (253 ksi), 3.739 GPa (542 ksi), and 7.9 GPa (1146 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
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Fig. 15. Effect of IRP thickness on (a) critical tensile stress and (b) minimum fatigue life of IRP systems with different internal pressure.

only 130 cycles and one cycle under conditions of zero internal pressure
and internal 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
(1146 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 4.115 mm (0.162 in) to be 3.5 GPa (508
ksi), 4.2 GPa (609 ksi), 4.8 GPa (696 ksi) and 5.3 GPa (769 ksi), corre-
spondingly (using liner interpolation).

3.4. Effect of internal pressure with different loading levels transmitted
from vehicular traffic

The influence of internal pressure on critical tensile stress and fatigue

13

life of a 4.115 mm (0.162 in) thick GFRP-1 under different levels of
transmitted traffic loads is shown in Fig. 18a and b, respectively. As per
Fig. 18a, critical stress in IRP increases linearly with the rise in internal
pressure for transmitted 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
transmitted traffic load of 14.8 kN. It should be noted, however, that the
design strain limit of 0.02 is exceeded by the repair systems with the
internal pressure of 620.5 kPa (90.0 psi) when subjected to a transmitted
traffic load of 25.0 kN (5.6 kips). In comparison to the non-pressurized
system, the overall increase in maximal tensile stresses in IRP at 620.5
kPa (90.0 psi) under transmitted 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 88.6%, 62.1,
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 transmitted traffic loads. This is because,
in comparison to the contribution of the bending stress induced by the
transmitted traffic load, the longitudinal stress component produced by
internal pressure makes a substantial contribution to the resultant
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Fig. 17. Effect of MOE on critical stress in 4.115 mm (0.162 in) thick IRP with different internal pressure.

Table 4
Minimum fatigue life of 4.115 mm (0.162 in) thick IRP with different MOE and levels of internal pressure.
Internal Fatigue life cycles
pressure 1.744 GPa (253 ksi) 3.739 GPa (542 ksi) 7.9 (1146 ksi) 14.03 GPa (2035 ksi) 26.43 GPa (3833 ksi) 38.63 GPa (5603 ksi)
[Polymer] [GFRP-1] [GFRP-2] [GFRP-3] [GFRP-4] [GFRP-5]
zero 130 2.7E+06 3.0E+11 >1E+12 >1E+12 >1E+12
206.8 kPa (30.0 1 1.2E405 5.2E+10 S1E+12 >1E+12 S1E+12
psi)
4137 kPa (60.0 0 8492 1.3E410 S1E+12 >1E112 >1E+12
psi)
620.5kPa (90.0 0 869 4.13E409 S1E+12 >1E112 >1E+12
psi)

14



S. Kiriella et al.

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 154 (2024) 106111

Internal pressure (kPa)

0 100 200 300 400 500 600
90 T . . . T r
so b - 1 12
0 et —mmmmT T 1 10
60 T -
< —_— 18 =
S50t - g
£ 40 16%
) . x
30 ——10.0kN 22kips) | 4
20 | — — 14.8 kN (3.3 kips)
200kN(@4.5kips) 4 2
wr 25.0 kN (5.6 kips)
0 1 1 1 1 0
0 20 40 60 80 100
Internal pressure (psi)
(a)
Internal pressure (kPa)
0 100 200 300 400 500 600
1E+09 T T T T T T
——10.0 kN (2.2 kips)
LE+08 — — 148 kN (3.3 kips)
’gb 1.E+07 } 20.0 kN (4.5 kipS)
< TN m==-- 25.0 kN (5.6 kips)
i} 1.E+06 -\\\ .................................................................................................
Q ~
& =~
p 1LE+0S ~—~_ _
‘0 1E+04 | =~
& ~—__
o 1LE+03 | =~
LE+02 | el
1.E+01 L L L |‘~§“~¢ L L 1 1
0 10 20 30 40 50 60 70 80 90 100

Internal pressure (psi)

(b)

Fig. 18. Effect of internal pressure on (a) critical tensile stress and (b) minimum fatigue life of IRP systems exposed to different levels of loads transmitted from

vehicular traffic.

longitudinal tensile stress. As illustrated in Fig. 18b, the fatigue life of
IRP subjected to the transmitted traffic load of 10.0 kN (2.2 kips) de-
creases 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 transmitted 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
transmitted 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.

Fig. 19a and b show the effect of transmitted traffic load on the
critical tensile stress and service life of GFRP-1IRP with a thickness of
4.115 mm (0.162 in) under various levels of internal pressure ranging
from zero to 620.5 kPa (90.0 psi). As can be seen from Fig. 19a, the
critical tensile stresses experienced by non-pressurized, and all pres-
surized IRPs increase almost linearly as the transmitted traffic load rises
from 5.0 kN (1.1 kips) to 25.0 kN (5.6 kips). The corresponding
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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 transmitted 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 in-
ternal pressure causes the IRP to expand, which can further change
stress distribution and increase stress concentration at the discontinuity
edge. Fig. 19b demonstrates that the fatigue lives of IRP, both with and
without internal pressure, exhibit a slight nonlinear decrease as the
transmitted traffic load is increased, even when represented on a semi-
log scale. The IRP with a thickness of 4.115 mm (0.162 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
transmitted 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.
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Fig. 19. Effect of transmitted 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 transmitted 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,
transmitted traffic load, and internal pressure. The selection of the MOE
range, from 1.744 GPa (253 ksi) to 7.9 (1146 ksi), is 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 transmitted
traffic load, as described in section 2.1, has been expanded to cover a

wide range of data. The expanded transmitted traffic load ranges from
5.0 kN (1.1 kips) to 40.0 kN (9.0 kips). To ensure consistent and
standardised comparison across different scales and to facilitate mean-
ingful 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.

The mathematical formulations were derived by fitting the FEA
dataset into parameterized user-defined functions using the nonlinear
least square curve fitting method. This was accomplished using the
Isqcurvefit solver, which is available in the MATLAB optimization
toolbox. The Isqcurvefit solver starts by using initial guesses and de-
termines the coefficients that provide the best fit for the nonlinear
function to the given dataset, using the least-square approach. This can

16
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Fig. 20. A comparison between FE and predicted fatigue life cycles on a log-
arithmic scale.

be represented by Eq. (1), where fun represents the function used for
fitting, x represents the coefficients of the function, x, represents the
initial guesses for the coefficients, xdata represents the independent
variables, and ydata represents the dependent variables.

x = Isqcurvefit(fun, xo, xdata, ydata) (@D)]

The user-defined nonlinear functions that are employed to fit the models
where the dependent variable is fatigue life cycles (N) and strain (¢) are
respectively as Eq. (2) and Eq. (3). In these equations, E represents the
MOE of repair material in MPa, t is the repair thickness in mm, F is the
load transmitted from vehicular traffic in N, and p is the internal pres-
sure in MPa. The referenced values for MOE, repair thickness, trans-
mitted traffic load, internal pressure, fatigue life cycles, and strain are
denoted by Eref, trer, Fref, Dref, Nrer, and ery, respectively. The model
equations for fatigue life cycles and strain are characterized by eight
unknown dimensionless coefficients, denoted as @; —ag for the former,
and as f8; —fg for the latter.

logyo(N) ( E ) ( t ) (F ) p\”
———==a|— ] +a +tos| — | +or|— 2
10g10( ref) ! Eref % tref ° Fref 7 Dref
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rof = 3739 MPa(MOE of GFRP-1 IRP material)
® Gy =4.115 mm
e F,; = 14800 N(Transmitted traffic load)
® prs = 0.414 MPa(Operating internal pressure)
rf = 10%(Design life)
® g = 0.02(Design strain limit)

Following the process of model fitting, the mathematical expressions
for predicting the fatigue life (as expressed on a logarithmic scale) and
strain of IRP were derived as shown in Eq. (4) and Eq. (5), respectively.
In order to assess the validity of the predictive capabilities of the derived
Egs. (4) and (5), a comparison was conducted between the predicted
fatigue life and strain responses and corresponding FEA counterparts, as
illustrated in Fig. 20 and Fig. 21, 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 Egs. (4) and (5) are determined to be 0.96 and 0.95, respec-
tively, 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. (4) are both
found to be 0.4, whereas those of Eq. (5) are computed to be 0.001,
showing a relatively close fit between the predicted and FEA responses.
Overall, according to the comparison of actual and predicted responses
and evaluated metrics, the generated Egs. (4) and (5) can be considered
to have satisfactory accuracy and predictive capabilities.

g o\ 115 £ 1009 Fo\O013
loglO(N)6<O.79 (ﬁ) +5‘07(ﬁ> 75.01<m>

o5y

4

E O\ £\ 004 Fo\03
—0.02 22(-L o5(—
€=00 ( 7 6(3700) +722(57) 4095 (14800)

+0.12(()1’7)1'06>

A
£ P E ro ! t fa ny F Po ny P ’ 3 To facilitate the application of the derived formulations for generating
| \Ery 3\ s 5\ Fref 7\ Drey design charts for the fatigue life of IRP systems, a MATLAB function was
developed. The function enables the user to input the desired trans-
where, mitted traffic load and internal pressure. It then calculates the maximum
strain of the IRP system by utilizing Eq. (5) over a specified range of
MOEs and thicknesses of the repair materials. Eq. (5) is constrained to
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Fig. 21. A comparison between FE and predicted strain.
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Fig. 22. (a) Strain and (b) fatigue life responses for varying MOE and thickness subjected to transmitted traffic load of 14.8 kN (3.3 kips) under zero inter-

nal pressure.

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 transmitted traffic load and internal pressure. The extrac-
ted parameters are subsequently applied to Eq. (4) to estimate the cor-
responding 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 MATLAB 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
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to make informed decisions for selecting design parameters that meet
the intended design life requirement. Employing the developed MAT-
LAB function, the obtained fatigue life contour plots for varying MOE
and thickness exposed to a transmitted 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. 22-25, respectively.

4. Conclusion

This study presents a process to numerically investigate the fatigue
performance of fully bonded internal replacement pipe (IRP) systems
used for the trenchless rehabilitation of discontinuous legacy pipelines
under the combined effect of transmitted traffic loading and internal
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Fig. 23. (a) Strain and (b) fatigue life responses for varying MOE and thickness subje:
206.8 kPa (30.0 psi).

pressure. The influence of thickness and modulus of elasticity (MOE) of
the IRP, the magnitude of transmitted traffic load and the level of in-
ternal pressure on the fatigue performance were 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 rep-
resents 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
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cted to a transmitted traffic load of 14.8 kN (3.3 kips) under internal pressure of

aforementioned simplifications, the following conclusions can be drawn
from the outcomes of this study:

e 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.

e Longitudinal stresses during bending are significantly greater than
hoop stress at any location along IRP, regardless of the magnitude of
internal pressure.

e 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.
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Fig. 24. (a) Strain and (b) fatigue life responses for varying MOE and thickness subjected to transmitted traffic load of 14.8 kN (3.3 kips) under internal pressure of

413.7 kPa (60.0 psi).

e 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.

e 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 transmitted traffic

loading. GFRP-1 IRP system having a thickness of 4.115 mm (0.162

in) and being subjected to a transmitted traffic load of 14.8 kN (3.3

20

kips) can last one million cycles of fatigue loading if the internal

pressure remains below 121.3 kPa (17.6 psi).
e 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 transmitted traffic load of
14.8 kN (3.3 kips) are 3.7 mm (0.15 in), 5.3 mm (0.21 in), 7.1 mm
(0.28 in) and 8.9 mm (0.35 in), respectively.
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Fig. 25. (a) Strain and (b) fatigue life responses for varying MOE and thickness subjected to transmitted traffic load of 14.8 kN (3.3 kips) under internal pressure of
620.5 kPa (90.0 psi).

21



S. Kiriella et al.

e 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 transmitted 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 4.115 mm (0.162 in) be at least 3.5 GPa (508
ksi), 4.2 GPa (609 ksi), 4.8 GPa (696 ksi) and 5.3 GPa (769 ksi),
respectively.

Internal repair pipe systems subjected to relatively lower transmitted
traffic loads are severely affected by a rise in internal pressure. When
tested with a transmitted traffic load of 10.0 kN (2.2 kips), the GFRP-
1 IRP system could satisfy the design life requirement under an in-
ternal pressure of no more than 389.6 kPa (56.5 psi). Without in-
ternal pressure, GFRP-1 IRP systems subjected to transmitted 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 transmitted traffic load. GFRP-1 IRP system with a repair thickness
of 4.115 mm (0.162 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 transmitted 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 outcomes of extensive parametric investigations have led to the
development of simplified mathematical formulas and design charts that
aid in predicting the fatigue life of IRP systems. This study will provide
valuable insights for engineers and designers, enabling them to make
well-informed decisions when selecting the design parameters for IRP
systems. By doing so, they can meet the desired design life requirement
and achieve more efficient and optimized designs, while reducing cost
and time for large-scale experimental testing and evaluation.
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