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Highlights

e Polyethylene (PE) pipes account for up to 90-95% of new gas distribution pipelines in
Europe and the United States.

e The failure of a PE pipe is a multivariate problem that can occur due to pre-existing
defect growth, material aging, or foundation settlement.

e Long-term hydrostatic strength test results are extrapolated to predict the lifetime
performance of the pipeline; however, this method does not account for the effects of
material aging.

e The use of ultrasonic testing is highly restricted to the welded sections of PE pipes,
relative to its versatile usage in inspecting steel pipes.

e PE demonstrates poor adhesion properties due to its low surface energy, making it
challenging to develop adhesion-based repair techniques for incipient surface defects.
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Abstract

Polyethylene (PE) pipes are widely used for natural gas distribution due to their good durability
and low costs. To ensure the integrity of PE pipelines, it is crucial to develop a comprehensive
understanding of pipe failure mechanisms and to recognize the benefits and limitations of
different pipeline monitoring strategies. This review provides an overview of different types of
pipe failures in the context of their response to operational loads and material degradation. It
also covers the details of mechanical tests for predicting the long-term performance of pipes,
theoretical models for studying defect growth, examines different defect detection methods,
and concludes with an assessment of pipe repair techniques.

The findings highlight the importance of investigating the effects of existing defects on the
operational performance of the pipeline. This indirectly emphasizes the need to develop time-
and cost-efficient strategies to detect defects in the early stages. There is a clear gap in the
inclusion of PE aging effects in the lifetime performance models. In addition, given the large
number of inspection techniques, a regulated selection of pipeline inspection methods is highly
desired, specific to the defect type. Further research in advancing adhesive-based repair of
incipient defects is crucial to prevent catastrophic defect growth.

Keywords: Polyethylene; Natural gas pipeline; Lifetime prediction models; Pipe failure; Slow
crack growth; Ductile failure

1. Introduction
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PE pipes account for up to 90-95% of new gas distribution pipelines in Europe and United
States [1]. PE as a pipe material offers well-recognized advantages such as lightweight, higher
flexibility, and resistance of chemical attack compared to steel pipelines. These pipes are
further recognized for their ability to create stronger than material joints typically done through
butt fusion and electrofusion welding. Considering the use of PE pipes for natural gas
transportation to densely populated commercial and residential properties, explosions due to
pipeline failure can have serious consequences to human lives and economic loss. Therefore,
the concerns associated with pipeline failure are of top priority to address. It is crucial to
develop methodologies for quantitative assessment of pipeline integrity with understanding of
the material properties of PE and available techniques for testing and monitoring of such pipes.

PE being a semicrystalline polymer is composed of long chain like molecules of various
lengths and side branches [2, 3]. The performance matrix of PE pipes is generally determined
by material density (base resin), molecular weight (MW) of polymeric chains, and their
distribution [4]. Due to polymeric structure, PE demonstrates viscoelastic behavior resulting in
complex creep-stress relaxation behavior [5, 6]. Therefore, short term performance tests such
as tensile tests are limited in determining long-term performance of PE pipes. PE response to
load is time-dependent in nature and thus long-term hydrostatic test are needed to predict the
failure mechanism [7].

For pressurized pipe in operating conditions, the long-term creep rupture curve for a PE
pipe that represents the relationship between the applied stress and failure time can be used to
describe three prominent failure modes: ductile, quasi-brittle, and brittle failure [8]. The
development of different failure modes is dependent on morphology of PE polymeric bonds
which are sensitive to service loads and material degradation in extreme environments. Ductile
failure dominates at high hoop stress level and has shorter failure time, generally a result of
plastic deformation before ultimate failure. The creep rupture curve transitions into most
common quasi-brittle failure stage through a mechanical knee at a relatively lower hoop stress
and longer failure time [9], and is typically represented with slow crack growth (SCG). This
quasi-brittle failure is widely accepted as the benchmark to project the long-term service time
of PE pipes. However, considering the large-scale chemical aging of PE polymer in extreme
environments, brittle failure can occur in a nearly stress-independent manner shown as a
transition through chemical knee [10]. To quantify the in-service performance of the pipe,
widely accepted lifetime prediction methods such as hydrostatic testing, and extrapolation
techniques mentioned in 1ISO 9080 and ASTM D2837 are typically used. In addition, various
fracture mechanics-based investigations have been reported to investigate the crack
propagation in PE pipes [11, 12].

Besides material related failures, other common causes for PE pipe failure include poor
fusion of PE joints, third-party damage, and foundation settlement [13, 14]. PE joints are
usually prepared through butt-fusion or electro-fusion welding techniques [15, 16]. The success
of these joints is subjective to the material inherent properties and the ability of manufacturers
to follow the fusion protocols. Insufficient fusion time can result in ductile and brittle failures,
whereas joint contamination can result in interfacial voids [17]. The challenges of cold fusion,
voids, and cracks in PE joints are most inspected with non-destructive methods such as
ultrasonic testing [18-20], radiography [21], and infrared thermography methods [22-24]. Third
party-damage usually affects the external surface of the pipe causing surface cracks and
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bending of the material. Any surface crack with a depth beyond 10% of material thickness is
considered damage [25, 26]. Foundation settlements due to over-urbanization can also induce
man-made deflections in pipes resulting in leaks and bursting failure of pipe. Numerical studies
have been conducted to study the pipe response to the operational loads during a foundation
settlement [27].

It is evident that the complexity of PE pipeline failure can be subjective to material
properties, manufacturing and operational conditions, and third-party damage. Therefore, it is
imperative to understand different aspects of pipeline failures to develop robust testing and
pipeline maintenance strategies. This paper presents an extensive review of failure types,
performance prediction models, inspection techniques, and repair methods for PE pipes. After
that, the gaps in the existing studies are identified and the recommendations for further research
are provided.

2. Failure Types of PE pipes

2.1 Failure due to Load-Induced Stress

The failure mechanisms in PE pipes can be associated with the semi-crystalline characteristic
of PE which is the result of tie molecules holding together thie amorphous and lamellar crystal
regions. These polymeric reinforcements change under varying stress levels and service
periods. The relationship between the applied stress and failure time can be used to describe
three prominent failure modes of PE pipes: ductile, quasi-brittle, and brittle failure, as shown

in Figure 1.
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Figure 1. lllustration of relationship between hoop stress and failure time of PE pipes [8]

2.1.1 Ductile Failure

Ductile failure is characterized by material yielding as a response to the stresses in PE pipes,
which usually occurs at high-stress levels and indicates shorter failure time. In an ideal
scenario, it occurs when the pipe is loaded beyond its yield strength [28, 29]. Over-
pressurization causes the pipe diameter to expand, resulting in the pipe wall thinning and
stretching to the point where the pipe wall ligament is not capable for resisting the induced
large circumferential hoop stresses [30]. Such failure usually shows the signs of necking in a
tensile test, bulging from high internal pressure, and collapse when the pipe wall is bent or



Journal Pre-proof

kinking. At the microscopic level, the polymeric chains stretch to their maximum limit resulting
in the breakdown of local semi-crystalline structures in high-stress conditions [5, 6].

Ductile failure in PE is typically considered when the creep strain from a constant stress
load reaches the critical strain value of 10% as demonstrated in the reported studies [31, 32].
The time for ductile failure (tp) can be determined experimentally under the assumption of
constant stress (o) and temperature (T) dependence, as shown in Equation (1) [33].

1
D-ecﬁ-exp(QD

tp = —mR_T) (1)
on
Where, & is the critical strain value, m and n are stress dependent material parameters, R’ is
gas constant, and D and Qp, are temperature dependent material parameters.

2.1.2 Quasi-Brittle Failure

Quasi-brittle failure, unlike ductile failure, occurs gradually over an extended service period
due to the gradual relaxation of polymeric chains. This leads to the formation of a discontinuous
crystalline region under low-stress conditions [34, 35]. Experimental observations by Brown
et al. [33] have shown that crack initiation in PE pipes leads to a transition from ductile to slow
crack growth (SCG), for a specimen is kept at a room temperature of approximately 0.78 times
its melting point (~110°C). This transition is a characteristic feature observed in all crystalline
materials when subjected to low-stress conditions at high temperatures. Moreover, the non-
crystalline region of PE is expected to exhibit rubber-like behavior at testing room temperature,
which is typically above the transition temperature for failure mode (i.e., —27°C). Therefore, a
combined effect of high-temperature deflections and rubber-like behavior in the material
matrix of PE under low-stress conditions is likely to result in long-term brittle fracture as
discussed next.

2.1.3 Brittle Failure

Long-time brittle failure initiates with SCG in the material [36]. Under a constant stress, the
failure mode begins with a plastic zone immediately emanating from the stress-concentrated
regions at the portions of the SCG with the highest curvature. The initial crack opening
displacement (COD) expands at a constant rate depending on stress intensity and material
properties without any crack growth. Eventually, when a critical value of COD () is reached,
crack growth-initiates. Beyond this stage, the crack and the plastic zone expand rapidly under
operating conditions, until it eventually leads to sudden fracture. The time for brittle failure
(tor) can be determined through notch tests under the assumption of constant stress (o) and
temperature (T) dependence as shown in Equation (2) [33].

(@ag+80)exp(SE)

tbf = Bo‘pag = (2)

Where, a represents the ratio of COD to the length of the damaged zone, ao denotes the depth
of the initial notch, and g, p, g, and Qg are temperature specific material parameters [37, 38].

2.2 Chemical and Thermal Aging
Pipe failure related to thermal aging primarily stems from the degradation properties of PE as
a material. The base resin of PE pipe is typically prepared with additives such as antioxidants
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and UV stabilizers to minimize material degradation caused by photo-oxidation and chemical
attack [39, 40]. During pipe storage or exposure to the sun, PE can undergo stress-independent
chemical or thermal aging, resulting in an irreversible change in its nature. Once the antioxidant
layer depletes, the chemical structure of PE changes due to cross-linking and polymeric chain
scission, leading to premature polymer degradation. Additionally, exposure of PE to UV
radiation results in photodegradation, which, in turn, leads to the formation of free radicals in
PE due to the breaking of C-H bonds [41, 42]. These free radicals are highly unstable and result
in subsequent polymeric chain scission reactions, occurring long after the UV exposure,
eventually leading to brittle failure [43-45].

The concerning aspect of PE pipe aging is its heterogeneous degradation, typically
observed as distributed regions of fine cracks. This makes it challenging to assess the actual
condition of pipes during pipeline maintenance activities. Figure 2a provides an example where
a significant difference between the degradation of the external pipe surface and the internal
surface is evident. Additionally, thermally aged pipes exhibit a significant reduction in their
load-bearing capacity (Figure 2b), as reported by Chen et al. [46], where the authors aged
PE100 pipes under controlled temperature and pressure conditions.
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Figure 2. (a) Embrittlement of the external surface of aged PE pipe [40] , and (b) Stress-strain
curve for a PE pipe, thermally aged at 95°C under cyclic pressure [46]

2.3 Poorly Fused PE Joints

PE joints are commonly prepared using butt fusion or electrofusion techniques (details in
Section 5). In a butt fusion joint, the ends of the pipe section are melted and pushed against
each other to allow fusion at a predefined weld pressure, whereas, in electrofusion, pipe
sections are melted inside a heating electric collar, and the melted pipe bonds with the collar.
Both approaches share some common criteria of surface preparation (including cleaning,
cutting, and smoothening) followed by melting the pipe sections. The heating, melting, and
cooling cycle is controlled for a specific duration subject to pipe geometry and manufacturer
requirements.

The service performance of PE pipe joints depends on environmental and operating
conditions in which fusion has been performed [47, 48]. A dusty environment can result in
contamination in the fused region causing weak interface. Tayefi et al. [49] demonstrated a
shortened fatigue-associated failure time in a contaminated electrofused joint when tested with
a servo-hydraulic fatigue machine. Other failure reasons are the poor alignment of the joint
sections, over or insufficient heating, interfacial voids, and insufficient welding pressure to
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create the desired weld size. Lu et al. [48] investigated the interplay between the weld pressure
and the quality of the butt-welded joints in contaminated conditions. It was established that
sufficient weld pressure is desired to achieve relatively better weld quality with a longer
lifetime, even in contaminated zones, as determined by a constant tensile test. Insufficient
heating can result in the cold fusion of joints that are not strong at the molecular level, even
though they pass initial inspection criteria [50]. Shi et al [51] reported the cracking through the
wall fitting due to higher stress concentration in the electrofusion coupler near the cold fusion
zone whereas Li et al. [52] hypothesized that the existence of voids in the welded region can
propagate as cracks inside the material, eventually shortening the service life of pipe. Parmar
et al. [53] demonstrated that misaligned pipe sections change the failure mode of the pipe to
circumferential cracks compared to axial cracks in aligned pipes.

2.4 Other Failure types

2.4.1 Rapid crack propagation (RCP)

The likelihood of RCP in PE pipes is less than that of SCG, but the consequences can be
catastrophic. This type of failure is nicknamed “running failure” because it occurs when a new
crack experiences a high growth velocity, reaching 100-300 m/s. The crack usually spread
axially for a distance many times the pipe’s diameter [54, 55]. Two conditions need to be met
for RCP to occur: (1) the surrounding structure must support the crack driving force without
any loss in energy, and (2) the fracture resistance of the material must not increase with
increasing crack propagation speed.

2.4.2 Foundation settlement

PE pipes are recognized for their resistance to permanent deformations in operating conditions
making them a prime candidate for natural gas transportation in urbanized regions. However,
buried gas pipes can experience non-uniform stress distribution in case of foundation
settlement resulting in localized stress concentrations, causing pipe deflection, burst, and
leakage [27]. Foundation settlement can be a result of poor ground excavation techniques in
nearby regions to pipelines, poor soil filling during pipe installation, natural disasters like
floods, changes in soil moisture due to over-usage of groundwater in overly populated areas,
etc. PE pipe failure due to foundation settlement have been explored in various studies and
various aspects of excavation load, and displacement of soil have been explored in context of
additional pipeline stresses [14, 56, 57]. A direct influence of foundation settlement on stress
levels in PE pipe has been reported by Luo et al. [56] , where the unique aspect is the changing
location of maximum Mises stress in the deformed pipe with increasing settlement
displacement. In addition, the existence of pre-defects can negatively impact the ultimate load
bearing capacity of the pipe in foundation settlement scenario [58].

3. Performance Models of Predicting PE Pipe Failure

3.1 Hydrostatic Pressure Test

The goal of hydrostatic pressure testing is to determine a pipe's hydrostatic strength by filling
a pipeline with water to increase its internal pressure beyond its designated capacity while
physically monitoring for any potential leakage. This allows the identification of faulty sections
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in the pipeline and is widely used to inspect fused joints. In addition, advanced long-term
hydrostatic strength (LTHS) tests are performed at elevated temperatures and pressures to
predict the long-term performance of the pipe in service-like conditions, as described in
different standards (e.g., 1ISO 4427-3, EN 1555-3, and EN 12201-3). LTHS results are then
extrapolated for up to 50 years (ASTM D1598 - 63T) using the extrapolation method of 1SO
9080.

The underlying principle of extrapolation is the rate process method [59, 60], generally
described in the form of Arrhenius equation (Equation (3 and 4)) where reaction rate can be
represented as a function of temperature as follows,

K(T)=A -exp (— %) (3)
In(K(T)) = € - — 4)

Here, K(T) represents the reaction rate of the process, T is the absolute temperature in Kelvins,
E is activation energy (Joule/mol), R’ is gas constant, and A is the frequency factor. Using a
similar correlation as in the above equations, a relation between the failure time (tr) of the pipe,
and the hoop stress (o) and temperature (T) can be defined using Equation (5) for a log-log

stress-time profile of LTHS test results,
Dlogo

B
log(tf) =C+ e Clogo + - (5)
where, A, B, C, and D are unknown constants that can be determined through multi-regression
analysis of experimental data, and these are sensitive to the type of PE material.

3.2 Fracture Mechanics Approach

Recent advancements in PE (e.g., PE 80 and PE 100) are recognized for their resistance towards
quasi-brittle failure (resulted from SCG), which is typically related to a pre-existing defect. For
a primarily non-defected pipe, LTHS tests can last for up to 13 months [61], and these tests do
not provide any quantitative information for SCG which is the most common cause for PE pipe
failure. Therefore, fracture mechanics models are implemented to study the quasi-brittle failure
mode.

3.2.1 Linear Elastic Fracture Mechanics (LEFM) model

Conventionally developed for metallic pipes, LEFM models has also been implemented on PE
material provided the global loading component is within the linear viscoelastic range of the
material and the plastic deformation at the crack tip is small [62].

The fracture process in LEFM is characterized based on propagation rate of crack (da/dt)
depending on stress intensity factor (SIF) K, as illustrated in Figure 3 [63]. The process consists
of three stages: 1) Stage I: the process starts with an incubation period which is the time to
initiation of crack since non-defect status (tin), is identified with a rapid decline in da/dt at
threshold value Kin; 2) Stage Il: after initiation of crack, it begins to propagate slowly under
stress, and this period refers to slow crack growth period (tscc); 3) Stage IlI: brittle fracture
happens when the SIF exceeds the material fracture toughness, referring to the period from the
end of SCG to failure (tor). Thus, the total failure time (tf) can be calculated from the
summation of three stages, as shown in Equation (6).

ty = tin + tsce + Loy (6)
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Figure 3. Rate of crack propagation with respect to stress intensity factor [64]

In Stage | (incubation period), the crack can be opened and fully arrested until it reaches a
certain threshold of crack opening displacement (CODyy). According to ASTM-E1290 test, this
threshold can be calculated from Equation (7) [65]. Although the Stage I tin can be a major
portion to the pipeline service life, it has been negiected in calculation of the total failure time
due to unknown cause of crack formation [63, 66, 67].

2(1_,2 _
COD,;, = Kf(1-p )_I_ rp(W—ag)up (7)

20yE rp(W—-ap)up+ag+z

Where, E is the young modulus, oy is the yielding stress, u is Poisson’s ratio, rp is the plastic
rotation factor equal to 50.44 and 0.46 for single edge notch bending (SENB) specimens and
for compact tension (CT) specimens, respectively, (W — ao) refers to ligament depth in which
w is the width of the test specimen and ap is the initial defect depth, u, is the plastic component
of clip gage opening dispiacement, z is the distance of knife edge measurement point from front
face (notched surface) on SENB specimen, or from load line in CT specimen.

In Stage Il (i.e., SCG stage), the rate of crack growth can be described based on Paris and

Erdogan formula as a function of K, as shown in Equation (8) [68].
da

T =A K" 8)
Where, A (mm/s-MPa-m°®®) and m (dimensionless) represent the SCG parameters specific to
material type, temperature, and loading conditions. This correlation can be used to determine
the crack growth kinetics provided the geometric and loading parameters are specified.

In Stage 111, the crack growth rate increases sharply as the K, approaches critical value
Kic representing the limit of material fracture toughness. Since the time duration associated
with this stage is rather short, it is typically neglected in the calculation of the total failure time.
If ignoring the time of crack incubation, Equation (6) is reduced to tu = tsce, which only uses
Stage Il to conservatively estimate the service life of pipelines subjected to crack growth [63,
66, 67].

In the LEFM model, stress distribution at a crack tip is characterized by stress intensity
factor Ky, where “1” specifies the opening mode of crack surface displacement [69, 70], which

is the result of in-service loading (e.g., operating pressure, soil loading, residual stress and
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external impact), and current condition of the pipe (e.g., existing surface defects like scratches).
Typically, under in-service loadings, a buried plastic pipe is under tensile stress considering
only internal pressure on inner and outer surface of the pipe, however, the deflection from soil
could exert more tensile stress on the inner surface of the pipe. Therefore, it is commonly
assumed that the crack grows from the inner surface of the pipe toward the circumferential
direction [71].

Note that K; is dependent on loading and geometry of the structure and defect. One could
extract the value through Finite Element (FE) model. While from a practical point of view, K|
is empirically formulated as a function of applied stress (o), crack depth (a), and geometric
factor Y for most practical applications of pipes as shown in Equation (9) [72, 73].

Ki=o-vJma-Y 9)

For thin-wall pipes, the hoop stress can be calculated as o = p-ri/e in which p is the internal
pressure, ri is the inner radius of the pipe, and e refers to the wall thickness. Using Equation
(9), one can calculate K; during the crack propagation. In particular, Y is typically formulated
as a polynomial function of a/e based on numerical simulations of crack growth considering
different geometry of pipes (e.g., [63]).

Therefore, with the calculated values of K, during the crack propagation, the time for
SCG-associated failure, tr, can be calculated by integrating Equation (8) and imposing limits
on crack length from a; (initial crack depth) to as (failure crack depth), as shown in Equation
(10). However, it is not easy to determine the failure crack depth, and some studies have set as

to be the pipe wall thickness.

1 1
tsce = 3 f;lf K da (10)

3.2.2 Testing for obtaining LEFM parameters

Simulation of SCG has been conducted using monotonic static loading (e.g., compact tension)
on notched pipe ring (NPR) and cracked round bar specimens (CRB) in the literature,
respectively [64, 74, 75]. These tests on PE pipe grades typically last for several months, in
addition, improvements in the raw materials used in the PE pipes have made it difficult to
determine the behavior of SCG using internal pipe pressure tests, especially for modern grades
of the classification PE 100 and PE 100-RC. This has resulted in time-consuming and
expensive test procedures. To address this, several experimental tests use notched specimen,
such as the Noiched Pipe Test (NPT) [76], the Pennsylvania Edge-Notch Test (PENT) [77],
the Notched Ring Test (NRT) [78] and the Full Notch Creep Test (FNCT) have been developed.
To reduce the testing time, temperature was elevated in PENT and NRT [77, 78] and stress
cracking liquids were added in FNCT [79].

Recent studies have shown that cyclic round bar (CRB) tests can provide reliable results
to calculate mechanical characteristics of SCG within shorter time span [80]. In this approach,
specimen is loaded by controlling the loading ratio (R) that is the minimum load to maximum
load ratio in one loading cycle; in the elastic range, such ratio is also the minimum stress
intensity factor (Kimin) to the maximum stress intensity factor (K max) ratio in one loading cycle.
Thus, the change of K|, AK (Kimax — Ki,min), for one loading cycle can be calculated by Equation
(12).

AKy = Kl,max'(l —R) (11)
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The da/dt can be interpreted based on the growth of crack per number of load cycles
(da/dN) and frequency of loading (f) in a cyclic load test through the following equation:

da da

Pyl (12)
Through the testing results, (da/dN) and AK| are related through Equation (13).

&= A- MK (13)

Where, A and m are the SCG parameters defined previously in Equation (8), which are unique
to the value of R.

A higher value of R means a decrease in the loading range (correspondingly a smaller
value of AK;) results in a decreasing SCG rate, hence increasing the failure time. Then, the
SCG at R =1 (that corresponds to the static loading) is extrapolated by increasing R in a cyclic
testing as shown in Figure 4. Hence, fracture mechanics parameters (A and m at R = 1) can be
obtained. Table 1 shows the SCG parameters obtained from the CRB testing for different PE
materials at ambient temperature [66, 81].

r
. . 1.0
Maximum Cyclic Load, K ,,;x

777777777 0.7

---------------------- R = Kmin

.......... Kmax
_____________________________________ 04
____________________________________ 0.1
Minimum Cyclicload, Kppyy, | ~ T

Figure 4. Variation of K at various R-ratios [82]

Table 1 SCG parameters determined from CRB test at ambient temperature for different PE
materials [81]

Material T(°C) A m
PE 80 23 1.83x10°® 7.08
PE 80-MD 23 6.36x10° 7.79
PE100-RC 23 7.58x10 6.73
PE100 23 9.25%x10° 6.28

3.2.3 Elastic plastic fracture mechanics (EPFM) model

Given the constraints of considering only small defects in a LEFM model, the scope of fracture
mechanics has been extended to study PE pipes considering extensive deformation and
nonlinearity. In general, the ductile fracture is described by four stages in a uniaxial tensile test
as shown in Figure 5a based on the crack growth under the loading [71]. The first stage is
blunting, where crack is not formed yet, and on the surface, voids can be opened and closed
under loading. With the increase in load, blunting affects the molecularizations and crack
initiates at the end of opening. With the continuation of the pressure increase, crack starts to
develop through the thickness under a stable rate (i.e., SCG) until the unstable tearing occurs.
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The ductile fracture can also be described using four Zones in a burst test based on the
relationship between hoop stress and internal pressure of the pipe, as shown in Figure 5b [83].
In particular, Zone | refers to the elastic region, Zone 1l refers to blunting stage, Zone 111 refers
to the relaxation where the increase in the pressure only increases the volume of the pipe, and
the hoop stress remains almost constant, and Zone IV is the hardening. Zone | and Zone Il in
the burst test are the blunting stage in the uniaxial tensile test in Figure 5a; the end of Zone 11
and the onset of Zone 11l correspond to the cracking initiation stage shown in Figure 5a; and
Zone 111 and IV corresponds to the SCG in Figure 5a.

Crack Stable

Blunting | w0 tion (fm " 100 Zoneg Zonell Zone I _;oul\
Unstable <
= Crack g
s / Growth 7 4
3 { g
= l I (For Controlled Load System) :_ 40
2 <
— =]
= &
) 20
<
0
Crack extension

Figure 5. Various stages of crack extension in ductile behavior of plastic observed in (a)
Tensile test [71] and (b) Burst test [83]

While LEFM uses SIF to characterize failure at the crack tip, EPFM characterizes the
stress distribution based on the released energy per unit area of crack front (kJ/m?) called “J-
integral”. Proposed by Rice [84], J-integral based on elastic-plastic fracture mechanics concept
provides the estimate to energy available for crack extension in a pre-cracked specimen, which
can also be interpreted as crack driving force per unit depth of crack (N/m). Conventionally, J
values are determined experimentally using fracture tests that are conducted under a constant
displacement rate using specimen configurations such as single edge notched bending (SENB),
compact tension (CT) and double edge notched tension (DENT); to follow the crack growth,
video-acquisition system or displacement sensors are applied during the loading [85-87]. With
the fracture tests, the J value (in either elastic and plastic) can be calculated using Equation
(14) considering the elastic and plastic contributions [85, 86, 88].

J=Je +]pl = TNel b-(Z/ela) Tpl 4 (z;l @) (14)
Where, the subscripts “el” and “pl” refer to elastic and plastic region, 7 is the geometric factor,
U is the energy required for crack expansion, b specimen thickness, and W — a is the ligament
length. While Ue and Up can be easily calculated based on the load-displacement curves
obtained in the tests, the shape factors (ne and #p1) require a series of tests on various blunt
notched specimens with different ligament lengths, specimen geometry, and temperatures.

With the calculated J-value, its relationship with crack growth can be illustrated as a J-a
curve (or driving force diagram). As an example, Figure 6 shows the J-a curves (in thin solid
lines) for a PE pipe under different internal pressures. Alternative to the fracture tests described
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above, J-a curves can be obtained using formulas developed by General Electric (GE)
Handbook for different ductile materials with different shape and defects [89].
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Figure 6. Driving force diagram (J-a) and material resistance (J-R) curves for an internally
pressurized PE pipe with defect [89]

For the material capacity side, experimental tests are required to obtain resistance to crack
opening against the driving force. These experiments have been described in ASTM D6068
and are based on compact tension or notch bending tests [86-88, 90]. For a given initial defect
size, one can obtain J-crack growth resistance values (Jr) (that corresponding to a specific crack
growth Aa). Thus, the relationship between Jr and Aa (i.e., J-R curve) can be obtained, which
is typically fitted using a power-law function as shown in Equation (15) [71, 88].

Jr =A-AdP (15)
Where, A and B are constants and can be determined by fitting the experimental data. FE
models have also been implemented to obtain J-R curves for the PE pipes [91, 92]. As an
example, the thick solid curve in Figure 6 is a Jr curve for a PE pipe with different initial crack
sizes.

In EPFM analysis, it is assumed that the crack initiation time occurs when J > Jc where
Jc refers to the material crack initiation toughness. According to technical committee protocol
of European Structural Inspection Society (ESIS), experimental tests indicate that the initiation
of crack corresponds to the value of Jrthat cause 0.2 mm extension in crack front [88, 93];
thus, Jc is also denoted as Jo as shown in Figure 6. As indicated in this figure, the failure
happens when the gradient of J-R curve and J-a curve become equal [71].

3.3 Crack Initiation Pressure and Burst Pressure

Numerical advancements using FE models have successfully simulated crack initiation, hence
reducing the needs of experimental tests. While previously experimental tests were used to
determine the crack initiation toughness (Jc), the developed FE models can calculate J in the
vicinity of the crack tip to obtain Jc for different ductile materials [83, 94, 95]. Based on the
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numerical results, Bouaziz et al. [83] have derived the crack initiation pressure using pipe
dimensions and defect size, as shown:

Pcracking (a,c,r,15,€) = Oy 1+Ti—4rg (1 - %) (16)
(rot 7))’ ¢/4To

Where, c is the crack length, e is pipe wall thickness, and ri and r, are inner and outer radius,
respectively.

In a different study by Bouaziz et al. [96], the crack initiation pressure predicted by
Equation (16) is compared with the burst pressures for PE 100 pipes with different initial defect
sizes, which is shown in Figure 7 where a constant gap between crack initiation pressure and
the burst pressure can be observed [83]. This offset is attributed to the crack propagation phase,

which should not be ignored when the burst pressure needs to be estimated.
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Figure 7. Comparison of burst pressures and crack initiation pressures in damaged HDPE
pipes (Reproduced with permission from the journal [83])

The safety concern associated with pipelines transporting hazardous commodities such
as natural gas requires special attention to the capacity of plastic pipes at fracture point. To this
end, it is critical to evaluate the burst failure of PE pipes with initial defects under internal
pressure. Zheng et al. [90] experimentally studied the impact of different defect shapes and
sizes on the burst pressure capacity of High Density Polyethylene (HDPE) pipes; and it was
found that the defects with similar depth but larger volume cause more reduction in the burst
capacity, and the burst capacity does not vary with defect sizes less than 0.5 mm. In a study
conducted by Lai et al. [97], the burst capacity of butt fusion welded medium density PE pipes
was experimentally investigated, considering defects in welded joints. It was shown that the
defects in welded joints do not change the burst capacity of the test pipes when the defects
depth is less the 45% and 60% of the thickness for spherical and planar shapes. Bouaziz et al.
[96] also used burst testing to determine burst pressure of PE 100 pipes with surface crack
defects; and the obtained burst pressure was compared with the predicted crack initiation
pressure.

To predict burst pressure capacity, Faupel [98] proposed a formula for non-defect pipes,
and this formula was later modified by Majid et al. [99] to account the effect of notches on the
final burst pressure of HDPE pipes, pq, which is shown as,
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Pa = %oy (2 - Z—Z) ln(z—‘:) X a 17)
Where, a,, is the ultimate strength of the material, D, is the outer diameter of the pipe, D; is the
inner diameter of the pipe, and « is the ratio of maximum pressure to the rupture pressure of a
HDPE pipe.

Figure 8 shows the time evolution of the pressure for PE pipes with various sizes of notch
in a burst test and it can be observed that the maximum pressure does not always occur at the
rupture. However, to use Equation (17) to determine the rupture pressure, o needs to be
determined through experimental testing on pipes with various dent sizes [99]. They concluded
that the peak pressure for the undamaged pipe was obtained in the elastic phase, while for the
pipes with defects, the ultimate resistance was achieved in the plastic phase.
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Figure 8. Pressure evolution for undamaged and notched HDPE pipes [100]

In summary, even though one could determine the burst pressure of plastic material using
burst pressure tests or J-integral approach (that requires experiment testing), the effort towards
developing a prediction model that considers initial defect geometry is still needed from a
practical point of view.

3.4 Prediction Models of PE Aging
The base resin for PE is typically mixed with antioxidant stabilizer to make it chemically
resistant to degradation due to oxidation process, UV radiation, and temperature variations. In
summary, it is the number of free radicals in PE that autocatalyzes the polymeric chain scission.
To determine the lifetime prediction, impact of diffusion of antioxidants and oxidation of PE
on pipe service life need is required. Differential scanning calorimetry and differential scanning
chromatography are typically used to study the consumption of antioxidants hence providing
the oxidation induction time (OIT) as a function of antioxidant depletion rate (St) as in
Equation (15) [101, 102].

In(OIT) = Sy t + In(0IT,) (15)
Where, t is exposure time, OITg is the initial value of OIT for the unexposed pipe, and St is
defined using similar analogies of failure rate in hydrostatic tests (16),

In(Sy) = —(E,/R'T) +1InC (16)
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Where, Ea represents the activation energy, T is absolute temperature, R’ is gas constant, and
C is a temperature independent constant. Similar relations have also been reported for life
prediction based on thermo-oxidative aging [103, 104].

4. Inspection Techniques for PE Pipes

Once a pipeline has been successfully tested and installed, the presence of an undetected defect
or occurrence of new defect in its operating phase can cause serious consequences in case of
pipe failure. The flammable nature of natural gas makes it a serious hazard if a pipeline failure
occurs in a densely populated area. Therefore, it is critical to detect pipeline defects in advance
through inspection to maintain the pipeline integrity, preferably in a non-destructive manner.
Following are the various approaches that have been used to inspect PE pipelines.

4.1 Visual Inspection

Visual inspection is the conventional initial stage for most inspections [15, 105]. This approach
requires a safety inspector to visit the site of inspection followed by performing visual analysis
of the potential defects in the region of interest. This approach is usually limited to external
defects given there are obvious signs of damage to be picked up by the inspector’s eyes. Defects
such as cracks on internal pipe walls, and internal voids/ cracks and de-bonds on fusion joints
can go undetected in this approach. For buried pipeline, ground excavation may be required,
which could further pose the risk of damaging the pipeline if not done properly. In addition,
the outcomes of visual inspections can be subjective to inspector’s expertise and experiences
and cannot be considered reliable on all damage types. Considering the limitation of visual
inspection on gas pipes, this approach generally needs to be supported with other inspection
techniques.

4.2 Wave-Based Testing

Wave-based inspections rely on the principle of high-frequency stress waves interacting with
damage present in the medium. Any potential defect in the path of wave propagation has the
potential to alter the wave characteristics (e.g., amplitude, frequency, propagation speed, and
phase) on the interaction [106]. However, the approach depends on various influencing factors
such as inspection frequency, damage properties (geometry, orientation, and location), and
structural properties (geometry and material properties). Depending on the frequency range
used in the inspection, wave-based methods are usually called by the following terms:
ultrasonic testing, microwave testing, tetra Hertz testing.

4.2.1 Ultrasonic testing

Conventionally ultrasonic frequency (> 20 kHz) stress waves are excited into the specimen
through piezoelectric transducer-based systems and their interaction with defects is recorded
either in pitch-catch or pulse-echo mode as shown schematically in Figure 9. In pitch-catch
mode, wave transmission is recorded and analyzed along the propagation length of interest
using a pair of transducers located on the opposite ends [107]. The arrangement for the pulse-
echo method records the wave reflections from the defect interface hence providing an estimate
of the damage location [108]. Both methods have their unique advantages, and the inspection
choice can be limited by accessibility to the specimen surfaces, and its ability to provide
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optimal contact to the transducers, for example, attachment of flat sensors on cylindrical pipe
geometries is challenging due to its curved surface and flexible sensors might be required.
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Figure 9. Schematic for different modes of wave-based inspection

Phased array ultrasonic testing (PAUT) system is commonly used to inspect defects in
welded joints in PE pipes [109-112]. An array of piezoelectric transducers is used as actuators
and receivers in mainly four different combinations: self-tandem, creeping wave, sector pulse-
echo, and time of diffraction flight, as shown in Figure 10. The choice of transducer firing and
recording pattern depends on the depth and resolution requirements for the defect inspection.
The creeping wave approach provides a focus on the near-surface regions, whereas the time-
of-flight diffraction provides a larger zone of inspection with limited near-surface information.
PAUT has been successfully used to detect circular voids, discontinuous interfaces, and cracks
[113, 114] Considering the frequency range (>1 MHz) used in the phased array methods, they
are limited to the inspection of a narrow region. Such high-frequency waves cannot travel long
distances due to the high attenuative properties (low elastic modulus and density) of PE.
Therefore, inspection frequencies with lower attenuation are preferred for a time-efficient
inspection of longer pipe lengths. The wave propagation guided by the boundaries of the pipe
are then exploited to achieve long-range inspection, also known as guided wave inspection.
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Figure 10. Different phase array techniques used for welded joints in PE pipes (Redrawn
from the ref: [110])
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The challenging aspect of guided wave propagation over a long distance in PE pipe is the
complexity of wave propagation. The hollow cylindrical geometry of pipes with high wall
thickness and diameter supplemented with low PE density result in the generation of multiple
wave modes (torsional, flexural, longitudinal) simultaneously over a wide range of ultrasonic
frequency [115]. Each mode has different acoustic properties (group velocities and
attenuation), as can be seen in Figure 11, hence making the signal interpretation a challenging
task. Therefore, careful consideration is required in choosing the signal shape and frequency
for the inspection. Lowe et al. [116] reported the use of longitudinal modes for monitoring up
to 700 mm pipe length from a single inspection point in pulse-echo configuration while using
ring type transducer configuration to suppress flexural modes at the chosen inspection
frequency, however no damage scenario was considered in their study. Shah et al. [117]
expanded similar inspection to successfully monitor the effect of crack parameters (geometry
and orientation) on the propagating longitudinal mode in a natural gas distribution PE pipe.
They reported that the crack length relatively equal or greater than the frequency of the
interacting wave mode is easier to detect whereas deeper crack depth is required for detecting
smaller crack length. In addition, the crack orientation may restrict the ability of longitudinal
mode-based inspection as axial cracks go undetected in such inspection. A relatively advanced
nonlinear ultrasonic approach has been reported for detection of cracks in their incipient stage
in PVC pipes by some researchers [118, 119]. The nonlinear response of micro-cracks to
compressive and rarefaction phases of stress waves results in the generation of crack-induced
higher order harmonics or modulated waves in the frequency spectra. However, the success of
this technique on larger diameter PE pipes (resulting in dispersive wave modes) is yet to be
tested. Based on the available literature, it can be argued that the application of ultrasonic
testing for PE pipes is highly restricted to monitoring of welding joints despite its diversified
success for damage detection in metallic pipelines.
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Figure 11: Phase velocity variation in PE (diameter: 200 mm, thickness: 20 mm) at different
frequencies (F: Flexural, L: Longitudinal, m: Circumferential order, n: incremental group
order number) [117]

4.2.2 Microwave Testing

Microwave inspections are relatively more favored for the inspection of dielectrics and
composites given their electromagnetic nature alleviating the contact dependency as in case of
ultrasonic stress waves. A typical microwave NDT system consists of surface-penetrating radar
connected to a probing antenna working on the principle of reflectometry. The continuous
microwave emitted by the probe interacts with the material thickness while simultaneously
recording the reflectivity measurements from the area under inspection. Any discontinuity in
the material in form of cracks and voids changes the relative reflectivity pattern compared to
its surroundings, thereby revealing the defect location.

The investigations reported by Stakenborghs et al. [120, 121] and analogous studies [122-124]
demonstrated the application of microwave NDT in identifying volumetric defects within the
welded regions of PE pipes, encompassing both laboratory and field settings. The system
effectively detected simulated weld discontinuities, including holes, contamination, and fine
cracks within the welded regions. Shah et al. [125, 126] employed a numerical model to
optimize probe frequency and antenna separations, aiming to estimate the pipe's thickness
profile under various conditions. Their findings revealed the risk of overestimating defect size
when probe frequency or the number of antennas is not optimized, prompting the
recommendation to conduct preliminary calibration experiments on dummy cases. The
exploration extends further as Wu et al. [127] and Amineh et al. [128] delve into defect imaging
in concentric pipes. Both studies emphasize the need for advanced image processing methods,
such as beam transformation and standardized minimum norm, to overcome resolution
challenges encountered when inspecting pipe sections away from the probing antenna.
Carrigan et al. [129] demonstrated the potential of a K-band (18-26.5 GHz) microwave crawler
prototype in inspecting ‘defects within PE pipes situated in three distinct environments
representing overgrounid and undersea pipelines. They reported limitations in defect detection
linked to the orientation relative to the polarization of its electromagnetic field components and
discussed sensitivity challenges arising from variations in the probe's distance from the pipe
wall. Addressing the challenges posed by masked defect information due to pipe insulation,
Buhari et al. [130] proposed a singular value decomposition method to filter out insulation-
specific features from the signal. They also introduced an autofocus range-Doppler algorithm
to suppress the effects of pipe curvature, ensuring compensation for the inherent noise in the
raw signal. In the context of sensor development, Yu et al. [131] developed a low cost,
customized microwave sensor with a coaxial waveguide section for detecting defects in PE
pipes, as depicted in the Figure 12. Their work demonstrated that the presence of defects leads
to a shift in the resonance frequency of the sensor and has the potential to identify flat-bottom
holes.
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Figure 12. Concept diagram showing shift in the resonance frequency of the microwave
probe in the presence of defect [131]

4.2.3. Tetrahertz Testing

The use of Tetra Hertz (THz) electromagnetic spectrum presents a distinctive advantage in the
evaluation of pipeline structures. Occupying the frequency range between 0.1 to 10 THz, THz
radiation offers a balanced compromise between high signal-to-noise ratio (SNR) and spatial
resolution. Notably, standard polymers, including PE, exhibit transparency in the lower THz
frequency range, making THz testing an attractive method for nonintrusive evaluations. Xu et
al. [132] employed a THz three-dimensional imaging system based on frequency-modulated
continuous-wave (FMCW) technology, showecasing its effectiveness in achieving
submillimeter defect resolution for PE pipe inspection. The incorporation of a deep-learning-
based THz transformer network by the researchers resulted in defect identification accuracy of
up to 88%. Nei et al. [133] utilized THz time domain spectroscopy to establish a correlation
between PE pipe color and THz wavelength. While successfully detecting defects in common
non-black PE pipes with an error range below 10%, the researchers highlighted the necessity
of higher power devices for black PE pipes, attributed to their carbon content and higher THz
wave absorption. Chen et al. [134] also applied THz time domain spectroscopy for defect
detection in PE gas pipes, demonstrating that variations in the maximum amplitude in the time-
domain waveform indicate the presence of defects.

Weinzierl et al. [135] developed image quality indicators and concluded that THz
wavelength limitations, as per Rayleigh criteria, could impact the spatial resolution of defects.
In the context of pipe thickness profiling and defect imaging, it was established that phase shift
and time delay data are sensitive to pipe thickness and unaffected by surface inhomogeneity,
while notches of up to 2 mm size could be identified satisfactorily. Schriener et al. [136, 137]
exploited the correlation between the Rayleigh resolution limit and the bandwidth of signal
modulation in FMCW radar techniques to enhance defect detection in signal and multilayer
plastic tubes. Their application for parallel computation on Graphic Processing Units enabled
real-time calculations of layer thickness crucial for production environments. Wietzke et al.
[138, 139] successfully imaged contaminated zones in the welded section of the pipe using
THz imaging, illustrating that the characteristic frequency dependency of THz wave
transmission can determine the size of the air gap in the weld.

Ren et al. [140] advanced beyond defect detection, demonstrating THz imaging's
application in characterizing the aging degree of PE pipes using optical parameters. Their
experimental findings revealed the decay of the absorption coefficient with thermal aging
(Figure 13), leading to the development of an age prediction model based on a partial least
square regression algorithm for various PE pipe classes. Clemens et al. [141] proposed THz
tomography for inline monitoring, developing a supervised machine learning model to localize
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defective pipe regions. The researchers emphasized the need for numerical models in such
inspections due to the cost-effectiveness of expanding experimental datasets for model training.
Farhat et al. [142] reported a finite element model-based study, highlighting the superiority of
time domain simulations over frequency domain simulations in detecting millimeter-range
discontinuities in non-metallic pipes.
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Figure 13. Absorption coefficient of three PE types with different thermal aging [140]

4.3 Infrared (IR) Thermography

Infrared thermography (IR) offers a complete reference free approach for PE pipeline
inspection by detecting IR radiation emitted from the pipe's surface using an IR camera.
Defects, damage, or irregularities in the pipe typically result in variations in heat dissipation,
leading to distinctive thermal patterns in their vicinity. In most relevant studies, the use of
active thermography has been reported, where the pipe sections under inspection are heated to
generate sufficient thermal distribution.

Doaei et al. [50, 143] used IR thermography to assess the challenges of pipe ovality and
misalignment of the pipe sections in the electro-fused welds. They controlled the thermal
gradient of the weld by injecting a current pulse into the electrofusion coupler for a calibrated
duration, ensuring no re-welding is initiated in the process. The IR images revealed the
presence of defects even in the sections that passed the impact tests, typically used for
determining the integrity of the weld. The main challenge in the study was to estimate the pulse
duration of the current, as it was determined through a trial-and-error approach. Relevant
numerical investigation reported by Azad et al. [144] mentions a finite element-based model
of the coupler to determine a suitable pulsing duration across different initial temperatures,
utilizing the wire inside the coupler as a heat source and using IR imaging to determine weld
contaminations. The wiring pattern was approximated with the radiograph images of the
coupler as shown in Figure 14a. The experimental validation established the model to be
relatively more versatile than a simpler model, as reported by Shi et al. [145], which only
considered heat transfer in the radial direction of the pipe. Mansouri et al. [146] reported two
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finite difference heat transfer models to simulate thermal pulsing. The primary model
approximated all heat sources in the coupler to be identical, and the latter model used geometric
coefficients to distinguish the contribution of each wire ring to estimate the final solution for
temperature distribution. Experimental validation established that accurate thermal distribution
can be estimated by modeling thermal pulse as an unsteady state axisymmetric heat transfer
problem, and geometric coefficients can be incorporated to capture the non-smooth profile of
thermographic images.
Radiograph of the coupler

Numerical simulation A370

55
Pull force = 3055 N Pull force = 7355 N

(b)

(a)

Figure 14. (a) Numerical model of the EF coupler [144] and (b) Thermograms showing
adhesion uniformity and its corresponding breakage mode [23]

Kafieh et al. [24] recorded an IR video sequence of the cooling process of the freshly
welded pipe to successfully investigate shortcomings in the welding process, such as unaligned
pipes and incomplete scrubbing of the pipe cross-sections. To overcome the incoherency and
noise inherent in the recorded images, they preprocessed the images with RGB format
conversion to YUV and applied a non-linear diffusion filter. Omar et al. [23] used IR
thermography to evaluate the adhesive integrity, uniformity, and bond strength of plastic welds.
The thermal transmittivity across the welded section revealed the integrity of the adhesion
uniformity, as demonstrated in Figure 14b. The proposed approach is a self-referencing
technique [147] where the thermograph can be dissected into small local neighborhoods, and
the defective behavior can be estimated with thermal contrast. Rojek et al. [22] used the
thermovision technique to estimate the quality of butt-welds in the context of heat distribution
across the heating tools used in the welding process. Their findings established that non-
uniform temperature distribution across the heating element leads to weak welded sections;
hence, periodic tests for the heat distribution of the heating element were recommended.

In another study by Zhu et al., heat transfer in the pipe was simulated by using a heating
rod in the hollow section of the pipe [148]. The weak thermal profile around the weld defect
was improved by using dilation and erosion transformations to adjust the grayscale values of
the images, supplemented with thresholding techniques to characterize the defects. Cho et al.
[149] used ultrasound-excited vibrations to create thermal hot spots in the vicinity of pipe
defects. They demonstrated that outcomes of this technique are not dependent on the contact
cross-section of the actuating transducer. The heat source was replaced by a tungsten lamp
source in the study by Gu et al. [150], where amplitude and phase contrast in thermal images
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highlight the pipe defects. However, the methodology required synchronization between the
heat source and the IR camera.

Table 2 summarizes the pros and cons of different inspection methods discussed above.
Table 2. Summary of different studies for PE pipes

Method Highlights Challenges
. Wave attenuation in PE material
Cost effective sensors i .
. . - Reference of healthy pipe state is
Less labor-intensive training .
. . . usually required
Ultrasonic Provide volumetric and long-range .
. . . Complex guided wave mode
testing inspections selection
Can be conducted in transmission -
. Outcomes may be subjective to
and reflection mode ] .
surface coupling with transducers
Non-contact inspection . .
. P . Subjective to defect orientation
Better resolution than ultrasonic A\, . .
. . Near field inspection challenges
Microwave testing I o
. . . Overestimation of defect size if
testing Integration with inline robots . . o
. . probing frequency is not optimized
Customized microwave sensors can o
Sensitive to probe placement
be developed
Non-contact inspection . L
. Higher absorption in dark colored
Balanced SNR and spatial : ges P
resolution PP - .
Tetrahertz . Increased complexity in multilayers
. Can be used in pulsed mode for .
testing - test subjects
radar applications . .
. . Increased instrument cost with
Used for thickness profile and .
o tailored setups
defect imaging
Complete reference free inspection Require sufficient temperature
Real time visual results distribution on the surface
Infrared Can be used to monitor welding Sensitive to camera resolution
Thermography efficiency Controlling the thermal excitation

Inspection records are permanent
for later retrieval

of the surface is challenging
Sensitive to ambient conditions

5. Repair Methods for PE Pipe

The conventional pipeline repair method typically includes a pipeline excavation procedure
(that involves isolating and squeezing off a large piece of pipe to stop the gas leakage), cutting
out the defective portion, and then repairing the region. The repair is usually done by welding
the new section to the pipe mainly through fusion. The whole repair process thus requires a
large excavation site, specialized tools, and trained professionals to perform the repair, making
it costly and time-inefficient especially when traffic needs to be redirected in a highly urbanized
area. Therefore, many gas companies are transitioning towards keyhole isolation and adhesive-
based repairs mainly for surface defects. Adhesive gels are being regularly developed and
tested to repair surface defects on pipes. Following is the discussion on different repair
techniques.



5.1 Fusion of PE Joints

The fusion of the new pipe section during pipeline repair follows the same process of welding
as during the pipe installation. Therefore, the process of welding and the challenges remain the
same. Once welded, the formed sections undergo rigorous testing to determine any leak during
hydrostatic testing and the methodology can be supplemented with different NDT methods as
mentioned in the above section to ensure the weld integrity.

5.1.1 Butt-fusion

Butt-fusion is the commonly used approach for joining large-diameter pipes. PE pipelines
repaired with butt fusion can tolerate a long fatigue lifetime as this technique can withstand
significant surge stresses [151]. Once the pipe ends to be welded are cleaned for any
contamination, four specific stages in a butt-welding process are followed: (1) heating the pipe
sections by pressing them against a hot plate at a predefined pressure, (2) heat soaking: as the
temperature increases, the applied pressure decreases to allow time for the melted material to
grow in depth, (3) hot plate removal: once the melting step is completed, the hot plate is
removed, and the melted pipe ends are quickly aligned and joined together, and (4) welding
and cooling: the last step involves applying a specified pressure to shape the weld into the
desired appearance, leaving it to cool and solidify as summarized in Figure 15a. Despite the
butt-fusion’s advantages, the success of butt fusion joints is subjective to manufacturing
conditions. Performing such process in a dusty and wet site location opens the pathway for
weld contamination [152]. The instrumentation required is typically bulky and might not be a
suitable fusion option in compact areas. In addition, misalignment of welded pipes and
improper heating duration causing cold fusion are the other common issues with butt-fused
joints.
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Figure 15. Schematic showing (a) butt-fusion process and (b) electrofusion process

5.1.2 Electrofusion (EF)
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Typically done on smaller diameter pipes, electrofusion (EF) welding is another welding
process in which two pipe segments are welded inside a coupler [51, 153] as shown in Figure
15b. This coupler consists of molded metal wires that are used to generate heat for melting pipe
material when the current is passed through them. The five main stages of EF weld are: (1)
sample preparation by scrapping and cleaning the ends of pipe sections, (2) securing the pipe
ends inside the coupler to achieve desired contact, (3) passing the predefined current through
the coils to generate heat, (4) heat soaking to allow melting of PE for a specified duration, and
(5) joint cooling to allow fusion with the coupler. EF process is known for its relatively small
setup, and hence suited for applications where pulling out and cutting the defective pipe section
is not feasible. Joints fused by this process are prone to leakage if not tested thoroughly [154].
Defects in EF joints can occur due to improper heat preparation to the pipe material, deficient
fusion interface, over-welding, voids, and structural distortion [155]. Typically, failure of an
EF welded pipe joint is caused by cracking through the fusion interface, cracking through the
fitting, and cracking through the wired interface.

5.2 Adhesive Repairs of Surface Defects

Despite several advantages of PE, it is also infamous for low surface energy, rendering
most adhesives ineffective for bonding PE to other materials. Tracing back to the history of
patch-based PE repair, various studies by Fujimatsu et al. [156-160] demonstrated that strong
adhesive bonds can be achieved by developing high-density and low-density PE gels.
Polyethylene gels were prepared by dissolving PE in organic solvents at temperatures
exceeding PE’s melting point, followed by measuring their tensile shear strength as per relevant
standards. Low-density PE gels could achieve strong adhesion when heated at 70°C compared
to relatively similar strength in the case of high-density PE gels when heated at 110°C.
However, a reasonable concentration of the gel needed to be determined to achieve the desired
adhesive strength. It was determined that gels in solvents with higher dielectric constants offer
better adhesion when heated. Takagi et al. [161] reported an alternative to PE gels where PE in
its powdered form is impregnated with solvents, demonstrating strong adhesive effects when
heated. The adhesive characteristics were only observed for the low-density PE powders,
though. This approach also requires less solvent than that of PE gel and can be readily prepared.

Zahedi et al. [162, 163] conducted a finite element-based study to evaluate the
performance of a repaired buried pipeline under different operational loads. They studied stress
distribution over different defect shapes repaired with PE-based repair patches of various
shapes and sizes. It was determined that irrespective of the patch shape, patch-based repairs are
effective in maintaining the maximum von Mises stresses well below the allowable stress limit
for PE materials as shown in Figure 16. Regad et al. [164] mentioned an economical and non-
polluting hybrid composite (90/45,/0) consisting of layers of perlon and glass fiber to repair
defects on PE pipes. Through finite element numerical modeling, they demonstrated that the
composite layer has the potential to restore the initial service pressure of the pipeline; however,
long-term performance of the composite layers was not investigated. In a relatively similar
study by Liamani et al. [165], it was determined that composite repair patches play a crucial
role in reducing the J-integral near the crack tips by absorbing the stresses in the defective
regions. The outcomes were independent of the fiber orientation in the composite. While
evaluating the burst pressure of the repaired pipe sections, Hunt [166] discussed the
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dependency of numerical results on the boundary conditions of the pipe section, as specimens
with free end-fittings tend to fail at a lower pressure relative to the ones with restrained ends.
8
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Figure 16. Maximum von Mises stress in the pipe versus defect size (diameter) for various
patch shapes

Green et al. [167] developed a remote external tool to deliver thermo-chemical repair
patches to the defected location in the pipeline. This tool can be used to repair PE pipelines
without ground excavation, as done in butt weld repairs. They successfully conducted
laboratory tests and field demonstrations to repair natural gas pipelines under line pressure, and
the repair patch showed no sign of degradation under accelerated aging tests. The Gas
Technology Institute reported the development of the first permanent mechanical repair sleeve
for pipe repair under operating pressure [168]. In addition, the prototype also mitigated the
crack growth failure mechanism, as confirmed with the analytical predictions and experimental
observations. However, the performance of the prototype gave mixed results when evaluated
against thermal stresses, as leakage was observed at lower temperatures.

6. Summary and future recommendations

In recent times, the overdependency on PE pipes is evident, with up to 95% of newly
installed natural gas pipelines being made of PE. This is attributed to PE’s lower production
cost, flexibility, and corrosion resistance. Despite its numerous advantages, PE possesses a
semicrystalline structure and is viscoelastic in nature, making it highly sensitive to operational
loads. During its service life, PE pipes can fail under various circumstances, including crack
growth due to manufacturing defects, weak weld sections, foundation settlement, and PE
degradation due to thermal and chemical exposure. Considering the wide range of failure
scenarios, it is crucial to develop efficient pipeline maintenance strategies. This paper provides
a comprehensive review of relevant studies focused on understanding pipeline failure
mechanisms, pipeline performance models, inspection methodologies, and repair methods.
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Each section offers an overview of the conducted research and highlights key technical gaps
that can be addressed in future studies. The following is a summary of these gaps:

1) Inclusion of chemical and thermal aging in life prediction models

PE as a polymer is bound to experience the effects of chemical and thermal aging,
therefore, ignoring such effects in long-term performance models provides an incomplete
service-life prediction, which adversely impacts risk management decision making. Further
studies can be conducted to establish the potential performance prediction of an aged pipe with
pre-existing defects.

2) Developing a multivariable failure prediction model

PE pipes can fail because of SCG, material degradation, and foundation settlement. It

is of interest to the relevant research community to develop efficient multivariate models for
predicting pipeline failures under dynamic operational conditions. These models may include
the effects of pre-existing defects and transient soil bed properties sensitive to climatic and
operational loads.

3) Developing robust numerical models to study wave-defect interaction

Most reported studies based on ultrasonic inspections are limited to monitoring defects
in welded joints. Since SCG is a common cause of pipe failure, there is a need to explore long-
range inspections of PE pipes for cracks of different orientations, geometries, and locations on
pipe surfaces. Given the cost inefficiency of fabricating and testing different defect types for
academic research purposes, efficient numerical models can be developed to estimate
experimental outcomes. Notably, determining material damping properties is crucial for the
success of such models to efficiently capture wave propagation in PE.

4) Advancement in repair methods

Incipient defects can be repaired with minimal effort in their early stages, preventing
defects from progressing to dangerous levels. Given the potential of adhesive-based repairs,
further research can be conducted to develop efficient adhesive patches capable of providing
repairs in diverse operational conditions. It's worth noting that many reported studies were
simulation-based, lacking experimental validation. Therefore, the effectiveness of repair
methods needs to be evaluated under service-like conditions.

5) Regulated documentation on PE pipe inspection

Various NDT methodologies are available for pipeline inspections; however, selecting

the most appropriate one can be a challenging task due to the variety of failure types in PE
pipelines. Efforts can be made to develop regulated documentation for selecting the optimal
inspection method specific to the type of defect. This may require collaborative initiatives
between the relevant industries and academic research institutions.
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