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A B S T R A C T   

Reliable lifetime prediction of underground polyethylene (PE) pipes must be based on a more in-depth under-
standing of failure mechanisms and a more reliable extrapolation procedure of relatively short test data into long- 
term service environment. However, there still remain many limitations in the current lifetime prediction 
methods of PE pipes, such as the deviation of accelerated tests from operating conditions and the empiricism in 
prediction models. This paper summarizes the failure mechanisms of PE pipes and reviews the researches on 
lifetime prediction method from two aspects “mechanical” and “chemical” lifetime. A detailed presentation of 
limitations in current lifetime prediction methods are provided, including failure to consider the material aging 
and defects or imperfections, crack initiation time, crack tip plasticity and aging, diffusion-limited oxidation and 
nonlinear Arrhenius behavior. Potential trends of lifetime prediction of PE pipes are further discussed. The 
chemo-mechanically coupled model and crack layer (CL) model is proposed for the lifetime prediction to reduce 
the empiricism due to the diffusion-limited oxidation (DLO) or the transition from a continuous SCG to 
discontinuous.   

1. Introduction 

As an important pressure-containing structure of lifeline engineer-
ing, the plastic pipe occupied a broad market since its gradual applica-
tion in the 1930s and 1940s [1,2]. PE pipes, as one of the most important 
members of plastic pipes, have been used for the replacement of metal 
pipes in lifeline engineering due to its well-known specific properties, 
such as excellent corrosion resistance, high flexibility, easy mainte-
nance, etc. The market of high density polyethylene (HDPE) pipe is 
expected to grow at a rate of 5% per year to reach USD 26,518 million by 
2025 [3]. Moreover, PE pipes account for more than 90% of the gas pipe 
network in Europe and 95% of the plastic pipes in the United States [4, 
5]. At the same time, urban gas pipes are running through densely 
populated areas all along. Once the failure of PE pipes leads to any 
leakage or explosion, it will lead to serious consequences. Therefore, 
studies related to failure and lifetime of PE pipes must be a key concern 
for material manufacturers and pipe operators. 

The stress relaxation and creep behavior of PE related to time and 
temperature is of great interest to researchers for their importance. The 
long-term creep rupture curve of PE pipes can be divided into three 

stages (stage I: ductile failure, stage II: quasi-brittle failure and stage III: 
brittle failure), as shown in Fig. 1 [6,7]. The lifetime of PE pipes is 
related to the failure mechanism. In general, the occurrence of ductile 
failure of PE pipes indicates a short lifetime, but the brittle failure in-
dicates a relatively long lifetime. The threshold of the minimum lifetime 
for PE pipes is 50 years. The transition from ductile failure to brittle 
failure always takes a long time, and the “mechanical knee” is difficult to 
define. In the quasi-brittle stage, the failure of PE pipes is mainly 
determined by the slow crack growth (SCG), while the brittle failure 
stage is dominated by the stress-independent material aging. Further-
more, SCG is the main cause of the ultimate failure of the PE application 
and the sudden failure of polymers-about 15% of failures of all polymer 
material [8]. In fact, the SCG of PE material is more or less represen-
tative of the intrinsic property of the pipe. This property is determined 
by the raw material mixture ratio and the injection molding process, 
while being influenced by external variables (stress, temperature and 
surfactants) and the structural integrity of materials. When PE material 
is simultaneously subjected to the mechanical stress and exposed to 
active environments, an acceleration process of the phenomena occur-
ring during SCG can significantly be observed. The generally accepted 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: hqlan@bjtu.edu.cn (H.-q. Lan), huanghui@126.com (H. Huang).  

Contents lists available at ScienceDirect 

International Journal of Pressure Vessels and Piping 

journal homepage: www.elsevier.com/locate/ijpvp 

https://doi.org/10.1016/j.ijpvp.2022.104663 
Received 10 June 2021; Received in revised form 19 March 2022; Accepted 1 April 2022   

mailto:hqlan@bjtu.edu.cn
mailto:huanghui@126.com
www.sciencedirect.com/science/journal/03080161
https://www.elsevier.com/locate/ijpvp
https://doi.org/10.1016/j.ijpvp.2022.104663
https://doi.org/10.1016/j.ijpvp.2022.104663
https://doi.org/10.1016/j.ijpvp.2022.104663
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpvp.2022.104663&domain=pdf


International Journal of Pressure Vessels and Piping 198 (2022) 104663

2

mechanism at the basis of this acceleration process, called Environ-
mental Stress Cracking (ESC) [9]. It is believed that the molecular and 
morphological origins of the resistance of polymeric materials against 
SCG and ESC are essentially the same [10], and those mechanisms have 
the similar dependence of damage time on loads and temperatures, as 
well as the similar brittle damage surface. Therefore, related researches 
of SCG are usually addressed by using tests based on ESC to reduce the 
test duration [11–14]. The method of evaluating the lifetime of PE pipes 
in this way, does not involve the material aging at the molecular level, so 
it can be considered as a “mechanical” lifetime prediction method. 
Additionally, the lifetime prediction of PE pipes often takes material 
aging into account. The relationships between chemical performance 
and time can be established according to the Arrhenius equation, then a 
linearized model with respect to the kinetic parameters is applied. The 
stage III failure region of the long-term creep rupture curve is a result of 
thermo-oxidative aging and polymer degradation, where the lifetime at 
this stage can be called “chemical” lifetime [15]. 

The current lifetime prediction methods consider either creep frac-
ture or material aging singularly. In fact, for PE pipes, it would be 
conservative to predict the life only considering the aging and degra-
dation of PE materials, because it ignores the non-uniformity of PE 
pipes’ structure, crack growth due to internal defects and the accelera-
tion on material aging of the material by external loading effects [16]. In 
addition, it is neglected that the material aging itself can be affected by 
diffusion-limited oxidation as well as non-linear Arrhenius behavior. 
Besides, the effect of material aging on crack initiation or growth is also 
unconsidered, and aging leads to changes in the concentration of in-
ternal branched chains, which in turn affects the anti-cracking proper-
ties. For example, the time for SCG, which is traditionally calculated by 
Paris-Erdogan relationship, does not take into account not only initia-
tion time of crack, but also not consider the effect of material aging on 
the crack growth process in PE pipes [17]. Additionally, current 
methods, such as ESC based methods or hydrostatic testing, can only 
evaluate the resistance of the new pipe against SCG, but not the residual 
strength or even lifetime of in-service PE pipes. What’s more, for the 
hydrostatic test, whether the operation of shortening the time of crack 
growth by increasing the pressure far beyond the actual operating 
conditions is realistic, remains to be tested [18]. The accelerating effect 
of thermo-oxidative aging on the cracking process should be considered 
in PE pipes during the long-term service. Then, there is a new question, 
how to combine the study of crack growth and material aging for 
coupled analysis? 

In this paper, we summarized failure mechanisms of PE pipes and 
reviewed the researches on lifetime prediction methods of PE pipes from 
two aspects-"mechanical” and “chemical” lifetime. Then we summarized 
some of the problems for the current lifetime prediction methods of PE 
pipes and highlighted their limitations. After that, we further discussed 
the trends of lifetime prediction of PE pipes, and provided an outlook on 

the future development of PE pipes’ prediction methods in terms of 
multi-factor coupling, life cycle prediction and improving accuracy of 
prediction. Finally, we proposed to use chemo-mechanically coupled 
models and crack layer (CL) models for the lifetime prediction to reduce 
the empiricism due to the diffusion-limited oxidation (DLO) or the 
transition from a continuous SCG to discontinuous. 

2. Failure mechanism 

The failure of underground PE pipes is a complex process predomi-
nated by material aging and stress crack growth, where the outer wall of 
pipes is subjected to the pressure caused by surrounding soil and the 
inner wall is subjected to the pressure caused by water distribution or 
natural gas transmission. Therefore, the failure mechanism of PE pipes is 
very complex and is not determined by one or two factors alone, but a 
comprehensive problem involving the material and its integrity, envi-
ronmental factors and mechanical state [11]. As mentioned earlier, the 
creep mechanical failure modes of PE pipes can be broadly classified into 
ductile failure, brittle failure and the transition states between them 
(quasi-brittle failure) [2,19]. In addition, as a typical polymer, PE pipes 
are inevitably affected by material aging and degradation caused by the 
medium [20]. 

2.1. Ductile failure 

At the microscopic level, PE, as a semi-crystalline polymer, has a 
microstructure consisting of lamellar crystal and amorphous polymer 
chains. While polymer chains are usually assumed to be folded together 
in the lamellar crystal [21,22]. In terms of PE materials failure, it is 
actually the polymer chain connecting both amorphous and crystalline 
regions-tie molecules that have the greatest impact. The tie molecules, 
which act as reinforcements, are stretched until they cannot support the 
applied stress when subjected to the high stress. The lamellar crystal 
then breaks down into smaller parts, as shown in Fig. 2. In this case, the 
ductile failure occurs [22]. 

In macro scale, the ductile failure is characterized by massive yield of 
material in the vicinity of the damage, and the failure generally occurs at 
higher stress levels or in shorter time. Macroscopically, this failure 
mechanism is related to the viscoelastic behavior of PE materials, 
especially referring to the creep fracture, where the time of ductile 
failure depends on the creep rate. As shown in Fig. 3, owing to the non- 
uniformity of the material, a large amount of deformation and local 
ductile damage occurs at the time of excessive internal pressure applied 
to PE pipes. Under the action of other large external loads, such as third- 
party damage, mechanical excavation, etc., ductile failure will also 
occur [23]. Of course, there may be various other external loads-such as 
ground settlement, mechanical excavation (as shown in Fig. 4), which 
generate high stresses that cause ductile failure of the pipe [24–27]. 

2.2. Brittle failure 

Compared to ductile failure, brittle failure of PE materials often oc-
curs under a lower stress level. At the microscopic level, the tie mole-
cules will begin to disentangle and relax over time, some of them are 
gradually pulled out of the crystalline region. Gradually the stress con-
centration increases in the small number of remaining tie molecules. 
When tie molecules are continuously pulled-out and cracks are extended 
forward, subsequently, the material undergoes brittle fracture. Fig. 5a 
shows the brittle failure process of PE materials in micro scale [12,22, 
28]. 

In macro scale, the brittle failure is associated with crack growth, and 
this brittle behavior of SCG takes longer time to occur than the ductile 
deformation. The failure process is directly related to the craze derive 
from defects or cavities and the cracks formed by the fracture of fibrils 
within the craze. Consequently, the cracks leads to the brittle failure 
when they penetrate the thickness of the pipe [29–32]. It is worth noting 

Fig. 1. The long-term creep rupture curve of PE pipes.  
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that the breaking of chains is regarded as having a minor contribution to 
the procedure of the breakdown of fibrils [33]. Fig. 5b shows the typical 
brittle failure morphology of HDPE pipes. It is well known that minor 
plastic deformation shown in the figure and long failure time are the 
characteristics of brittle failure which has a much longer failure time 
than ductile failure [34,35]. 

In general, the ductile failure and brittle failure occur simulta-
neously, and the ultimate failure depends on which process is faster in 
given conditions of surrounding medium, oxygen, external loads, tem-
perature and defects. For example, when the researchers applied 
scratches to PE pipes and pressured it to burst, the brittle fracture 
appeared instead of ductile fracture [36]. Similarly, the brittle fracture 
was found in the tensile specimen of PE pipes after being added 

pre-cracks [37]. 

2.3. Aging failure 

Due to the effect of environment, such as thermo-oxidative aging 
[38], photo-oxidative aging [39], chemical medium [40,41] and bio-
logical aging [42], the depletion of antioxidants is accelerated, which 
leads to the cross-linking, breaking of molecular chains and the failure of 
PE pipes. For instance, it is generally considered that the reaction of 
thermo-oxidative aging is a free radical chain reaction with autocata-
lytic characteristics, including three processes of chain initiation, 
propagation and termination [43]. At present, the earliest PE pipes in 
China have been used successfully for more than 40 years, and the usage 
of them further demonstrate increasing growth. The phenomenon of 
stress-independent brittle failure appeared only in the laboratory by 
artificially accelerated aging, as shown in Fig. 6. Obvious heterogeneous 
aging can be observed, and the aging in the external surface of the pipe is 
more serious than the internal surface. It is well understood that the 
more severe thermo-oxidative aging occurs in the external surface of 
pipe segments exposed to ovens, due to the higher temperature and 
higher oxygen concentration, and leads to the appearance of chain 
scission-micro cracks-macro cracks [44]. Moreover, it’s noted that the 
aging on the local crack tip affects the procedure of SCG [17,45]. 

The ultimate failure state of PE pipes act as a large scale brittle 
behavior due to material aging. The failure of PE pipes is the result of a 
combination of ductile failure and brittle failure. In general, the pro-
cesses above occur simultaneously and the ultimate failure depends on 
which process is faster under the given material (considering the 
integrity and defects, etc.), environment parameters and mechanical 
state. Thus, the failure of PE pipes under the different loading spectrum 
and environmental conditions can be summarized, as shown in Fig. 7. 

3. Lifetime prediction methods 

3.1. Mechanical lifetime prediction methods 

For the long-term use of PE pipes, the creep behavior, crack initiation 
and crack including slow and rapid crack growth, have an important 
influence on the lifetime of PE pipes. The most widely used method for 
determining the long-term performance and predicting lifetime is 
formed based on the hydrostatic test of pipe segments [46], and the 
extrapolation method described in ISO 9080 [47] or ASTM D2837 [48]. 
For high-quality pipes made of modern thermoplastic materials, it has 
been proved that the knowledge about SCG of PE pipes is of paramount 
importance for the lifetime and safety assessment [49–52]. Therefore, 
Linear elastic fracture mechanics (LEFM) approach has been developed 
to predict the crack propagation lifetime of PE pipes. But, the resistance 
against SCG is inherent to the nature of material and is difficult to be 

Fig. 2. The ductile failure process of PE at the microscopic level.  

Fig. 3. The ductile failure of PE pipe subjected to internal pressure.  

Fig. 4. The ductile failure of PE pipe subjected to mechanical excavation [27].  
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tested quickly by experiments. In addition, due to the similar loading, 
temperature-dependent failure time and fracture surface morphology 
between the slow crack and the ESC behavior of polymer materials [53], 
ESC based methods are commonly used to evaluate the resistance 
against SCG of PE materials [54], such as the notched pipe test [36], the 
Pennsylvania notch test [55], the full-notch creep test [54], the notched 
ring test [56,57], the cone test [58] and so on. Owing to the severe test 
conditions and long test time of the above methods that require not only 
special defects but also usual usage of surfactants, they are not condu-
cive to actual operation. Therefore, the evaluation methods have been 
proposed based on the cyclic load test and strain hardening test [59]. All 
these test methods (listed in Table 1) can be used for quick material 
ranking and predicting the lifetime durability of PE pipes’ materials, but 
only the method based on cyclic load tests can be used for lifetime 
prediction. Although surfactant is added to the ESC test, there is no 
significant chemical reaction during the process and significant 

dissolution or swelling effect [60]. These methods evaluating the life-
time of PE pipes based on hydrostatic testing, slow crack growth testing 
and cyclic load testing, do not involve the material aging, so they can be 
considered as “mechanical” lifetime prediction methods.  

(1) Hydrostatic testing 

The hydrostatic test uses the standard extrapolation method to pre-
dict the long-term lifetime of PE pipes at normal temperature by using 
the test data at high temperatures and high pressures [61,62]. The 
method of ISO 9080 extrapolates the service lifetime of PE pipes at the 
application environment by two or three equations related to the hoop 
stress, temperature and time to failure. The essence of the method above 
is the rate process method (RPM) based on Arrhenius equation [63–68]. 

K =A exp
(

−
E

RT

)

(1)  

where K is the reaction rate. T is the absolute temperature, K. E is the 
apparent activation energy, J mol− 1. A is the frequency factor, d− 1. R is 
the gas constant, 8.31J Kmol− 1. 

From the above equation, the relationship between temperature (T) 
and failure time (t) is set as follows. 

log(t)=A +
B
T

(2) 

Failure time is linearly related to the hoop stress (σ) on the log-log 
axis, as shown in the following equation. 

log(t)=A + B log σ (3) 

A RPM model is derived by merging Eqs. (2) and (3), while the model 

Fig. 5. The brittle failure of PE pipe: (a) microscopic level and (b) macroscopic level [10].  

Fig. 6. The aging failure of PE pipe (after aging 25000 h) [44].  
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of ISO 9080 differs from ASTM D2837. A three-parameter model is used 
in the ASTM D2837, but a four-parameter model used in the ISO 9080. 

Three − parameter  model:  log(t)=A +
B
T
+

C log σ
T

(4)  

Four − parameter  model:  log(t)=A +
B
T
+ C log σ +

D log σ
T

(5)  

where A, B, C and D are constants. t is the failure time, h. σ is the hoop 
stress, Pa. T is absolute temperature, K. 

Statistical methods are commonly used to deal with the discreteness 
of long-term hydrostatic test data. For example, ISO 9080 considers that 
the failure time of different samples varies widely under the same 

temperature and stress level, but log10t follows the normal distribution. 
Under the circumstances (e.g. the same T and σ) a certain lower confi-
dence limit α determines the corresponding failure time t. 

log10t=A +
B
T
+ C log σ +

D log σ
T

+ e (6)  

where, e is the error variable, which follows the normal distribution. The 
four parameters above can be obtained by the multiple regression 
analysis based on extensive experimental data. Hydrostatic strength is 
defined as a hoop stress of pipe when the lower confidence limit equals 
to 0.975. Generally, the hydrostatic design basis (HDB) and the mini-
mum required strength (MRS) are used to obtain the allowable range of 

Fig. 7. The failure of PE pipes under the different loading spectrum and environmental conditions [10].  

Table 1 
Evaluation methods for the resistance against slow crack growth of PE pipes.  

Type Method Specimen and defect form Test conditions Evaluation methods Related 
Standards 

ESC Notched pipe test (NPT) V-shaped grooves around the pipe ring evenly Hydrostatic test PE80: ISO13479 
Medium: water Failure time >165 h 
Temperature: 80 ◦C PE100: 
Pressure: Failure time >500 h 
0.8 MPa (PE80) 
0.92 MPa (PE100) 

Pennsylvania notch test (PENT) Rectangular specimens: 100 mm✕ 25 mm✕ 10 
mm 

Tension test Crack opening displacement 
curve 

ISO16241 
ASTM F1473 

Prefabricated cracks applied on three sides: 
main cracks 3.5 mm 

Medium: air or water Crack initiation time 

secondary cracks 1 mm Temperature:80 ◦C Fracture time Crack growth 
rate 

Full-notch creep test (FNCT) Rectangular specimens: Sustained pressure: 4 MPa Cross-section inspection 
(SEM) 

ISO16770 

110 mm✕ 10 mm✕ 10 mm Temperature: 80 ◦C Failure time >300 h 
Four side equal depth 1.6 mm prefabricated 
cracks (razor blade) 

Surfactant: Arkopal N100 
2% 

Notched ring test (NRT) V-shaped notch: 20% wall thickness 
Prefabricated cracks in the inner wall 

Three dots bend test Deformation vs time curve ISO/TS 16479 
Temperature: 80 ◦C 

Cone test Complete Pipe 
Axial notch 

Expansion test Crack growth rate ISO 13480 
Axial notch 
Temperature: 80 ◦C 
Surfactant: Arkopal N100 
2% 

Notched, Constant Ligament- 
Stress Test (NCLS) 

Strip sample 
Notch 

Sustained stress test Failure time ASTM F2136 
Temperature: 50 ◦C 
Surfactant 

Stripe bending test Strip sample 
Indentation 

Surfactant: Igepal 10% Failure time >1000 h ASTM D1693 

Cyclic load 
test 

Fatigue crack growth 
experiment 

Cracked round bar Circumferential 
prefabricated cracks 

Fatigue loading 
10Hz sine wave loading 

Stress range vs total number 
of cycles curve 

ISO 18489 

Tension test Strain hardening test (SH) Dumbbell specimen: 
0.3–1.0 mm 

Tension test Temperature: 
80 ◦C 

Tensile ratio vs stress curve 
Strain hardening modulus 

ISO 18488  
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rated pressure influenced by the pipe diameter, thickness and safety 
factor. Currently, the minimum design lifetime of PE pipes is required to 
be 50 years [69].  

(2) Slow crack growth testing 

Many researchers have used the method of LEFM to study and 
characterize the resistance against SCG of polymeric materials for pipes 
[70,71]. Similar to the testing of metals, the compact tension (CT) 
specimens of PE pipes (e.g. Fig. 8a) were also tested subjected to con-
stant tension to obtain the rule of crack length a with time t [50]. Ad-
vances in computational power have enabled the possibility of applying 
simulation to the failure of polymer applications, such as some finite 
element models were established (Fig. 8b) to analyze the crack growth 
behavior of pre-cracked PE pipes subjected to internal pressure and 
external loadings [72,73]. A typical curve of crack length versus time is 
shown in Fig. 8c. It can be seen from the changing slope of the curve that 
the speed of crack growth is accelerating. When the critical crack length 
ac is reached, the crack growth becomes unstable and the specimen 
finally ruptures. 

When the plastic deformation is confined only near the leading edge 
of the crack, LEFM is usually valid. Therefore, LEFM can be used to 
describe the stress field near the crack tip, as demonstrated in the rele-
vant literature [74,75]. According to the LEFM principle, the crack 
growth rate under static loading is determined by the applied stress 
intensity factor KI, in accordance with the following Paris-Erdogan 

formula [76,77]. 

da
dt

=A(KI)
m (7)  

KI = σ⋅
̅̅̅
a

√
⋅Y (8)  

where A and m are constants that depend on the material, as well as on 
the testing variables such as temperature and environment. a is the crack 
length. σ is the applied stress, and Y is the shape factor. However, this 
relationship usually holds only in the intermediate range of the curve of 
crack growth. There is a deviation between the power law and the curve, 
as shown the area III in Fig. 8d. When KI approaches the threshold KIth, 
the crack growth rate da/dt in the area I, decreases rapidly to a very 
small value, while in the area III the crack growth rate increases 
significantly with the increasing of KI. When stress intensity factor tends 
to the fracture toughness KIC of the material, the crack growth becomes 
unstable. At the initial stage of creep crack growth, the initial time fol-
lows a power law. 

tin =B⋅K − n
I (9) 

According to the results of experiment, Stern [70] indicated B and n 
in Eq. (9) are constants depended on the materials and testing condi-
tions. Generally, in view of a pipe containing cracks or defects, the total 
failure time tL is the sum of the time for crack initiation tin and the time 
for SCG tscg in which the crack growth is relatively slow. Visually, the 
failure occurs when the initial crack a0 expands to the critical crack size 

Fig. 8. (a) Testing and loading device for compact tension (CT) specimens with notches [50], (b) the finite element model of PE pipe with initial crack [72], (c) 
variation curve of typical crack length with loading time [50], and (d) crack growth rate as a function of applied stress intensity factor [50]. 
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ac. The tscg can be obtained by integrating Eq. (7), so the total lifetime of 
the pipe is described in Eq. (10). Although the method of LEFM has been 
used to predict the pipe lifetime frequently [29,78], there is still a lack of 
experimental proof where a direct quantitative correlation exists be-
tween the failure time predicted by LEFM and the actual lifetime of the 
pipe [50]. 

tL = tin + tscg =B ⋅ K − n
I +

∫ s

a0

da
A
[
KI
(
σhoop, a

)]m (10)  

where σhoop is the hoop stress of pipe. a0 is the initial crack length. s is the 
wall thickness of the pipe.  

(3) Cyclic load testing 

Currently, methods have been implemented using the cyclic load test 
for cracked round bar (CRB) specimens or dumbbell specimens to 
characterize crack growth resistance and evaluate the service lifetime of 
PE specimens [79], but the method based on CRB is more widely studied 
and used. Different studies have indicated that the crack growth 
behavior in cyclic load tests and uniaxial static creep tests are often 
caused by the same failure mechanism within the boundary range of 
LEFM [80,81]. Moreover, these studies also confirmed that for different 
grades of PE pipe materials, the results of cyclic load tests are in good 
agreement with the results of hydrostatic tests [82]. In order to 
extrapolate the static failure behavior according to cyclic load tests, 
Lang and Pinter proposed a concept of extrapolation- Crack Kinetic 
Extrapolation Concept which combines the advantages of the cyclic CRB 
test with modern concepts of LEFM [83,84]. In this method, loadings 
have been applied to the specimen by controlling the loading ratio R 
which is the ratio of the minimum load to the maximum load in one 
loading cycle, as shown in Eq. (11). Then, the driving force-stress in-
tensity factor KI of SCG in static testing is replaced by the difference 
between the maximum and minimum stress intensity factors ΔKI in the 
fatigue test in Eq. (12). 

R=
Fmin

Fmax
=

KI,min

KI,max
(11)  

ΔKI =KI,max − KI,min = KI,max⋅(1 − R) (12) 

In the cyclic load testing, the time of crack initiation and SCG is 
influenced by the frequency f. Therefore, the crack growth rate is 
defined as the change in the crack length per cycle N (Eq. (13)). How-
ever, the material parameters A and m in Paris-Erdogan formula stay the 
same in any stress ratio R. In order to create connection between the 
kinetics of fatigue crack growth and static loading, the fatigue crack 
growth rate is multiplied by the frequency f to obtain the crack growth 
rate per unit time [85,86] (Eq. (14)). 

da
dN

=A(KI)
m (13)  

da
dt

=
da
dN

⋅f (14) 

This extrapolation method determines the fatigue creep curve of PE 
pipe’s material at the application temperature near 23 ◦C [84]. The 
static load condition is achieved by varying the cyclic test parameters as 
shown in Fig. 9, and the corresponding extrapolation steps are shown in 
Fig. 10, where the detail process can be found in Ref. [81]. 

The cyclic CRB testing has been successfully applied to predict the 
fracture mechanics lifetime of pressurized PE pipes [87,88]. What’s 
more, Hutař et al. [89] have also investigated the effect of residual stress 
on lifetime of PE pipes. Laiarinandrasana et al. [90] conducted slow 
crack growth experiments on PE pipes by using tensile tests of pipe ring 
and CRB experiments, respectively, and compared the results with 
long-term hydrostatic test. The experimental results showed that the 
rule of the slow crack growth can be better predicted by using the above 

two experiments. Kratochvilla et al. [91] selected nine different kinds of 
PE100 and PE100-RC pipes and used different methods to evaluate the 
resistance against SCG of materials, such as the CRB method, notched 
pipe test, double notch creep test and Charpy impact test. Meanwhile, 
some significant explorations have also been made by related scholars to 
predict the lifetime of PE pipes in-service conditions by using the fatigue 
lifetime prediction method [92]. Consequently, the concept of extrap-
olation method based on short-term fatigue tests of CRB specimens, 
provides a valuable and effective tool for lifetime assessment of ther-
moplastic pipes (e.g. PE pipe) [93]. 

3.2. Chemical lifetime prediction methods 

Due to the influence of the ambient conditions, the performance of 
polymers or their products will gradually deteriorate during the use or 
storage. According to standard mechanistic scheme in oxidation, the 
polymer undergoes six sets of closed-loop chain reactions in which the 
alkyl radical or peroxy radical plays a key role [94]. Thus, the chemical 
lifetime of PE material is closely related to free radicals, and the 
following relationship exists among the stability of materials, the ma-
terial aging or degradation, and free radicals, as shown in Fig. 11. 
Actually, the time between the stability and the aging failure of this 
material represents its chemical lifetime. By inhibiting the formation 
and propagation of free radicals, the performance of the material in the 
environment can be guaranteed for a long time and the life can be 
improved. By adding antioxidants in PE pipes, the further growth of 
radical in PE is prevented or the termination process of the free radical 
chain reaction is advanced. Conversely, promoting the formation and 
propagation of free radicals can accelerate the decomposition of mate-
rial and shorten the service lifetime. Some studies have shown that 
controllable degradability of the polymer has been achieved in labora-
tory [95]. For instance, researchers added some “mechanophore” to the 
polymer and activate the radical by some excitation methods (internal 
esterification, etc.), thus achieved the controllable degradability of 
polymer [96]. In addition, the aging of buried gas PE pipes is mainly 
subjected to thermo-oxidative aging. The process consists of the transfer 
or consumption of the antioxidant and the degradation of the PE matrix. 
In order to facilitate the lifetime prediction of the in-service pipe, the 
relationship between microscopic behavior and macroscopic perfor-
mance of aged PE need to be established.  

(1) Impact of antioxidants 

The lifetime prediction of polymer is closely related to the behavior of 
consumption and diffusion of antioxidants. The tests and aging studies 
for polymer have focused on the effectiveness of antioxidants or their 
combinations [97,98]. This is followed by the question of effectiveness 
under high temperature or similar exposure conditions in short-term use 
[99–102]. In terms of PE pipes, it is of significant to discuss the diffusion 

Fig. 9. Relationship between different stress intensity factors KI and stress ratio 
R [83]. 
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and consumption of antioxidants in pipe wall due to thermo-oxidative 
aging [103–105]. Another special field of significant practical impor-
tance is the effect of chlorinated species on PE pipe failure; what hap-
pens is that the chlorinated species causes early loss of antioxidant 
stability which in turn opens the door for thermo-oxidation [106–109]. 
Currently thermal analysis methods are commonly used to determine 
the consumption of antioxidants such as differential scanning calorim-
etry (DSC) and high performance liquid chromatography (HPLC). It is 
necessary to measure the time or temperature at which the autocatalytic 
oxidation reaction occurs under high temperature and enriched oxygen, 
i.e., the oxidation induction time (OIT) or oxidation offset temperature 
(OOT) [110]. Absolutely, OIT is widely used for the determination of the 

thermo-oxidative resistance of PE materials [111], and can be used to 
approximately estimate of the lifetime of polymeric materials due to its 
existed linear relationship with the concentration of phenolic antioxi-
dant [112]. Some researchers have developed lifetime prediction models 
based on Arrhenius equation for PE water pipes subjected to hydrostatic 
testing [113] and PE gas pipes subjected to thermo-oxidative aging [14, 
114], respectively, where OIT of the PE material is the most important 
indicator. 

The life prediction based on hydrostatic testing [113] 

ln(OIT)= ST × t + ln(OIT0) (15)  

Fig. 10. Procedure to generate synthetic crack growth curves for static loading (R = 1) based on cyclic CRB tests [81].  

Fig. 11. The relationship between chemical lifetime of PE and the environment.  
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ln(ST)= −
Ea

R
×

1
T
+ ln C (16)  

where T is absolute temperature. t is exposure time. ST is the rate of 
depletion of antioxidants (reaction rate). OIT0 is the initial OIT value for 
the unexposed PE pipe. Ea is the activation energy of the reaction 
(depletion of antioxidants), KJ mol-1. R is the gas constant, 8.31J Kmol-1. 
C is a constant independent of test temperature. 

The life prediction based on thermo-oxidative aging [114] 

ln(P) = − K × t + ln(B) (17)  

ln(K)= ln A −
E
R
×

1
T

(18)  

where P is the ratio of properties before and after aging. B is the initial 
value of the property. t is the exposure time. Equation 18 is the logarithm 
form of equation1. 

The results of the above methods for the lifetime prediction are 
achieved more than 50 years at the room temperature. However, it 
should be noted that the test must be carried out at a temperature not too 
far from the expected temperature of the actual application [115]. The 
performance decay process of aging PE pipes can take place at different 
distances from the pipe surface and is affected by oxygen diffusion 
[116]. Despite the addition of antioxidants, thermal oxidative degra-
dation continues. Studies have shown that PE pipes degrade signifi-
cantly even in the existence of high levels of antioxidants [117], or when 
OIT data indicate that the material is sufficiently stable [118].  

(2) Oxidation of PE 

When the antioxidant is consumed, the PE material degrades rapidly. 
Similarly, a lifetime prediction equation based on hydroperoxides was 
established [113]. 

ln(ROOH)= ST × t + ln(ROOH0) (19)  

ln(ST)= −
Ea

R
×

1
T
+ ln C (20)  

where ROOH is the hydroperoxide oxidative products (ROOH) value for 
the pipe exposed at test temperature T and exposure time t. ST is the rate 
of formation of ROOH (reaction rate). ROOH0 is the initial ROOH value 
for the unexposed PE pipe. 

Depletion of antioxidants of PE100 water pipes exposed to water and 
subjected to hydrostatic pressure at a relatively low temperature (up to 
80 ◦C) was monitored by using the DSC testing and initiation of thermo- 
oxidative degradation was assessed by iodometric detection of hydro-
peroxides [113]. Meanwhile, an empirical model based on Arrhenius 
was developed, similar to Eq. (15) and Eq. (19), to extrapolate the 
lifetime of PE100 pipe at different operating temperatures (10–25 ◦C). In 
addition, a good agreement between the predicted results by this way 
and the experimental results in low temperature illustrates the correct-
ness of the empirical model. Therefore, the combination of pressure 
testing and chemical composition analysis will be a very powerful tool 
for predicting the lifetime of plastic pipes [118].  

(3) Relationship between material degradation and mechanical 
properties 

The purpose of accelerated aging of PE pipes indoors is to accelerate 
the chemical process of their degradation. The degradation of PE pipes is 
usually characterized by some chemical or physical methods, such as IR 
detection, color change, cross-linking behavior, molecular weight 
analysis, melting behavior or morphological characterization [119]. 
However, these methods are not applicable to the inspection of actual 
pipes more or less. Therefore, in order to evaluate the lifetime of 
in-service pipes, it was necessary to establish the relationship between 

the microscopic mechanism of aging and the macroscopic physical 
properties. Aging at the micro scale are also usually monitored by tensile 
elongation rate, modulus analysis, fracture analysis or similar mechan-
ical tests. For example, some researchers have used the maximum tensile 
force [120], the modulus of elasticity [121] of PE pipe materials to 
characterize the decay of their properties and combined them with the 
Arrhenius equation to predict the lifetime. Further, the aging degree of 
PE pipes suffering from thermo-oxidation, has also been detected by the 
elastic modulus [122], glass transition temperature [123], failure strain 
[124], local embrittlement [125] and some other properties [126]. In 
addition, some molecular dynamics simulations are used to analyze the 
effects of the microstructure of PE on macroscopic properties [127,128]. 

4. Limitations in lifetime prediction methods 

4.1. Limitations in mechanical lifetime prediction methods 

4.1.1. Limitations of lifetime prediction based on hydrostatic test 
Long-term hydrostatic test shortened the test time by increasing the 

hoop stress, but led to a ductile-brittle transition of PE pipes, which 
created a deviation from the actual failure mechanism of pipe-a long- 
term brittle failure subjected to the low pressure. In addition, the test 
temperature must be less than the melting temperature [18,49], 
consequently, cannot be increased indefinitely, because it is limited by 
the melting or softening of the material. Moreover, owing to the lack of 
consideration for the effect of material aging and defects on the 
long-term performance of PE pipes [49], there would be more significant 
deviations between the results in hydrostatic tests and the operating 
conditions.  

(1) Ignoring material aging 

Based on the rate process theory, ISO 9080 or ASTM D2837 describes the 
failure of plastics using the Eyring equation at the micro level or the 
Arrhenius equation at the macro level [129,130]. The lifetime predic-
tion method in this standard assumes the micro-mechanism of each 
failure region in the creep failure curve (see Fig. 1) is controlled solely by 
the rate process theory. However, the simple rate process theory 
controlled by a single microscopic failure mechanism can be compli-
cated by the presence of temperature differences or aging, or any 
structural changes in the material. It is why this standard specifically 
emphasizes that aging effects of materials are not considered [61]. 
However, material aging is inevitable in PE pipes during actual opera-
tion. Even in the hydrostatic test, there will be aging products in PE pipe 
after a long time heating and pressurization which had been used to 
evaluate the lifetime of PE pipes [113]. Related studies have also shown 
that there are many different micro-mechanisms that may lead to the 
failure of PE, including adsorption and diffusion of oxygen or other 
chemical substances in the material, diffusion and desorption of anti-
oxidants from the material into the exposure conditions and various 
degradation reactions involving antioxidants and polymers [129,131]. 
Actually, the experimental results based on the method in ISO 9080 or 
ASTM D2837 seem to be a promising match for the failure of PE pipes in 
service, but must be based on the premise that many aging 
micro-mechanisms may occur simultaneously and the rate dependent 
kinetic processes with different temperature may be involved.  

(2) Ignoring defects or imperfections 

Defects or imperfections have a great impact on the long-term perfor-
mance of PE pipes. In practical applications, the damage caused by 
uncontrollable factors in the pipe transportation, installation and the 
operation process is unavoidable, such as scratches, impacts, pipe rup-
tures and non-uniform loads. Deviations in the pipe manufacturing 
process can also lead to some degree of pipe pre-damage. Usually, these 
factors increase the possibility of crack initiation in the PE pipe at the 
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defects. When performing the pipeline design, the effects of defects are 
usually avoided by introducing an appropriate design or safety factor 
based on the experience. However, it is not only difficult to assess the 
impact of these defects or combinations thereof on proper safety factor 
for new material systems, but also to determine meaningful safety fac-
tors of existing pipe materials with combinations of defects in the worst- 
case scenario [49]. The failure mechanism in hydrostatic testing should 
be studied more clearly, rather than eliminate errors by using empirical 
safety factors or using a statistical method.  

(3) Ignoring discontinuous SCG 

The existing standards (ISO 9080, ASTM D2837) offered tests at elevated 
temperatures (80 ◦C and 60 ◦C) and extrapolation to the ambient tem-
peratures, i.e., empirical method, to solve the problem that the brittle 
failure at ambient temperature takes too long time. However, acceler-
ation of testing for lifetime by elevated temperature or load level might 
cause the changes in mechanism and kinetics of SCG, where a transition 
from continuous SCG to discontinuous might occur. For example, the 
discontinuous SCG mode have been found in PE pipes subjected to 
evaluated temperature, fatigue or creep conditions [132,133]. This 
transition might make it invalid to predict lifetime of PE pipes based on 
hydrostatic tests, since such extrapolation in this method crosses the 
boundary between discontinuous and continuous SCG [132].  

(4) Others 

The current hydrostatic tests have become increasingly inadequate to 
meet the demands of rapidly increasing material properties. Generally, 
the lifetime prediction based on hydrostatic test requires about 1 year of 
test time, and longer test period is needed with the improvement of PE 
material. Therefore, there is a need to find new alternatives or improved 
test protocols based on a good agreement between test results and long- 
term operational results in ambient environments. Even so, the lifetime 
of in-service pipes cannot be predicted based on the extrapolation 
method of hydrostatic tests, so as the remaining lifetime of pipes. 

4.1.2. Limitations of lifetime prediction based on LEFM  

(1) Ignoring crack initiation time 

The lack of information on the size, shape and location of the initial 
crack (generally micro-crack) in PE pipes leads to great uncertainty in 
crack initiation and growth. For example, the crack initiation time does 
depend heavily on the geometry of the initial crack, and the results of 
crack growth are different for the notch caused by a razor blade or a 
fatigue pre-crack. However, all the current crack growth tests are per-
formed by artificially prefabricated initial cracks on specimens or pipes 
to study their SCG behavior under a given loading environment [37,71]. 
For the initial crack growth stage (region I in Fig. 8c), the current life-
time prediction model is established based on Paris-Erdogan relation-
ship between the creep crack growth rate and stress intensity factor KI. 
Therefore, transient effects that usually appear in the initial stage of the 
crack growth or short crack effects and creep crack growth in the region I 
(Fig. 8c) are neglected [49]. In addition, the material aging is uncon-
sidered for the analysis of defects, which results that the crack initiation 
time cannot be predicted. In fact, the initiation of the crack usually 
contributes a significant part to the total failure [17] and is the key to 
predict the lifetime of PE pipes.  

(2) Ignoring crack tip plasticity and aging 

Under the internal pressure and external loads, the stress effected on 
defects in PE pipes is usually in the non-linear viscoelastic range. 
Depending on the degree of non-linearity, the associated effects may be 
significant or negligible [49]. Thus, the applicability of the linear 

elasticity theory must be further considered to ensure the predicting 
results of PE pipes close to the operating conditions. Recently, increasing 
researches indicated that, considering that a large amount of plasticity is 
generally observed in the immediate vicinity of a crack tip-crack tip 
plasticity, applying only LEFM parameters such as the stress intensity 
factor is fundamentally inappropriate [52]. Especially, with the refor-
mation of technology, the latest generation of PE pipe materials tends to 
have better crack tip plasticity. 

In addition, the effect of material aging on the crack growth process 
is not yet clear. Preliminary experiments on MDPE and HDPE pipe 
segments showed that the effect of material aging was significantly 
enhanced near the crack, i.e., local crack tip aging, compared to the 
remaining pipe segments [129,134]. Material aging causes changes in 
molecular mass, the concentration and length of short branched chains 
[85,135], which affects the SCG behavior. Furthermore, the existence of 
stabilizer will obviously affect crack tip aging processes [45], which 
brings challenges to the lifetime prediction method based on LEFM. 
Therefore, the current evaluation methods are established based on the 
evaluation of the SCG resistance of new pipes, such as cyclic load tests 
using CRB specimens. Even though there is proof in the literature that 
the result of cyclic load test agrees with it in hydrostatic test, the 
applicability for actual underground PE pipes remains to be examined. 
Accordingly, these methods based on LEFM cannot predict the lifetime 
or remaining lifetime of in-service pipes in a nondestructive way, instead 
of being limited to the lab, which is the pipeline operators are more 
concerned about. 

4.2. Limitations in chemical lifetime prediction methods  

(1) Ignoring complex aging mechanism 

For the prediction of chemical life of PE pipes, there are many compli-
cations that lead to the difficulty of prediction. The first one is about the 
correlation between the antioxidant depletion and matrix aging. Rele-
vant studies have shown that there is no clear time demarcation between 
antioxidant depletion and material aging degradation, and the two 
processes often occur simultaneously [113,136]. However, only when 
the antioxidant is completely consumed and the hydroperoxide in PE 
pipes reaches a critical value, the physical properties of the pipes will be 
significantly reduced [113]. This is due to the fact that there will be 
stabilizers to play a positive role in inhibiting the thermal degradation of 
the PE matrix after the antioxidant is consumed, which is the effective 
thermal stabilizing effect for a long time at low temperature [137–139]. 
The reason for the discussion on the correlation between the two pro-
cesses is that the degradation of PE pipes currently does not reach a point 
where there is a significant reduction in the physical properties of PE 
pipes. PE pipes in hydrostatic tests have always produced hydroperox-
ides, and the relationship between their concentration and apparent 
performance degradation (such as “mechanical knee”) is unclear. For 
example, a further research is needed on whether the inflection point at 
which hydroperoxides show a sharp rise is the “mechanical knee” 
described in the long-term creep curve. 

In addition, although the antioxidant is proved to have a significant 
improvement for the resistance to material aging, it has been found that 
partial loss of mechanical properties and oxidative degradation can also 
be observed at lower temperatures, and that there is a large amount of 
free antioxidant in the material at this time [140]. Thus, the effect of 
antioxidants seems to be limited, and the degradation reaction cannot be 
stopped completely, which possibly because only part antioxidants work 
in the degradation inhibition process. In a word, antioxidant depletion 
and thermal degradation process of the matrix affect the lifetime of PE 
pipes in any case. But the current use of OIT or ROOH alone to predict 
the lifetime is too conservative and clearly does not match the micro-
scopic aging process. Moreover, there is a lack of research on whether 
the above two processes (antioxidant depletion process and thermal 
decomposition process) can be affected by changes of the force field 
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which origins from defects or external loads.  

(2) Ignoring diffusion-limited oxidation 

Diffusion-limited oxidation (DLO) affects the thermal degradation pro-
cess of PE pipes, which reflects the relative relationship between the 
supply and consumption of oxygen [141,142]. DLO is at the core of the 
unresolved conflict between degradation complexity and the knowledge 
in the polymer aging, is a key factor in the difference between acceler-
ated thermo-oxidative aging and actual aging behavior under service 
conditions [143], and is also the reason for the incorporation of more 
engineering-based test methods in many lifetime predictions. DLO is 
affected by many factors, such as the geometry of the material, the rate 
of oxygen depletion, oxygen permeability coefficient and the partial 
pressure of oxygen of the surrounding environment [144]. The current 
lifetime prediction method based on hydrostatic testing uses Arrhenius 
extrapolation to predict lifetime through limited temperature and 
number of data points. However, the inhomogeneous degradation pro-
cess of the material is ignored in this approach, which can also not 
accommodate mechanical changes and non-linear temperature change. 

As shown in Fig. 12, inhomogeneous degradation was observed in 
cross-linked polyethylene and cross-linked ethylene propylene rubber 
films at different temperatures [145]. It is deterministic that DLO leads 
to the inhomogeneous degradation of the polymer specimen from the 
surface to the core [146]. What’s more, this degraded surface layer of 
polymer is often manifested in reduction of molecular weight and ma-
terial toughness. For Polybutylene (PB), the decreased molecular weight 
always leads to increase of crystallinity and density [132]. The densi-
fication of surface layer results in buildup of tensile residual stress which 
causes the cracks initiation combining with decreasing toughness, as 
shown in Fig. 13. 

Unfortunately, there is a lack of research reports on the DLO or 
multiple cracks initiation of PE pipes under thermo-oxidation aging, also 
the variability of surface and bulk degradation of PE pipes. For the 
lifetime prediction of PE pipes, material aging is generally considered as 
a homogeneous aging process. Even if the difference between the inside 
and outside of the material is considered, the reason of the difference is 
only briefly discussed without discussing the correlation between them 
or their effects on the lifetime [114,121]. 

Fig. 12. The inhomogeneous degradation of cross-linked polyethylene and cross-linked ethylene propylene rubber [145].  
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(3) Ignoring the scope of application 

In many studies, chemical process controlling polymer oxidation has 
been formulated in terms of Arrhenius equation which is only valid in a 
limited temperature interval. It has been pointed out that when the 
temperature range was extended, a non-linear Arrhenius behavior was 
found for many materials in terms of oxidation rates [119,147]. It sug-
gests that there is clearly a large error in predicting lifetime when we use 
the linear Arrhenius equation. Outside the applicable temperature 
range, the Arrhenius law will deviate from the reality, as shown in 
Fig. 14, which has been demonstrated experimentally [113,148]. The 
coupling of mechanical and chemical changes over a wide temperature 
range is the core of accelerated aging and lifetime prediction. Therefore, 
in order to make accurate lifetime prediction for PE pipes, all relevant 
chemical and mechanical change processes must be considered, but it 
inevitably increase the difficulty in the analysis of degradation rate and 
mechanical process. In addition, Arrhenius can only respond to one basic 
reaction process of the thermal-oxidative aging process in PE, while the 
oxidation of PE generally involves at least six basic reactions. Therefore, 
it may not be accurate to use the standardized Arrhenius law for such a 
complex case as thermo-oxidative aging [149]. 

5. Outlook 

5.1. Multi-factor coupling impact on lifetime 

The life of PE pipes is a function of the material, the environment, the 
mechanical state and their sub-factors (Eq. (21)), which is very difficult 
to be predicted due to the numerous factors. Only when all effects of 
these factors are known can a calculation of lifetime be justified. In other 
words, it is possible to achieve more reasonable and convincing lifetime 
prediction only if various factors of the external environment are taken 
into account completely. Therefore, in order to determine the service 
lifetime under the specific condition, it is necessary to establish a test 
method that includes the synthesis effect of various important sub- 

factors for application. In particular, attention should be paid to the 
second and third stages of the creep curve of PE pipes under long-term 
internal pressure, since these two stages actually control the service 
lifetime of PE pipes. However, the studies of current lifetime prediction 
often consider the thermo-oxidative aging only, which does not yet truly 
suitable for the operating environment. Therefore, it will be a trend to 
research pipe aging considering more factors. Moreover, not only mul-
tiple factors should be considered, but also the involved physical or 
chemical processes in the process of the above factors acting on the 
results, such as DLO or non-linear Arrhenius behavior. In addition, 
during the life cycle of PE pipes, whether the ductile or brittle failure 
occurs in pipes depends on which process is faster for the given sur-
rounding medium, oxygen, external loads, temperature and the defect. 
Therefore, the lifetime prediction is a trend based on the coupled failure 
mechanism. 

life= f (material, loads, environment) (21)  

where, the material includes resin, additives, manufacturing process, 
etc. The environment includes gas, liquid, UV radiation, radioactive 
radiation, microorganisms, etc. The loads include internal pressure, 
external static/dynamic loads, notches, scratches, etc. 

5.2. Life cycle prediction 

As an important carrier of the lifeline engineering, PE pipes should 
also be put in a new demand for its lifetime prediction from the 
perspective of engineering application - total life cycle prediction. 
However, the current lifetime prediction accelerates the pipe failure by 
imposing a series of additional environmental conditions on PE pipes 
just produced, then, evaluates their lifetime based on mechanical or 
chemical methods. The lifetime predicted by these methods is the 
theoretical maximum that can be achieved, but the actual lifetime will 
be affected by uncontrollable factors such as the third party damage 
during operation. Therefore, in this case, the lifetime prediction of PE 
pipes may actually be a reliability issue involving external loads. In 
addition, the lifetime prediction for PE pipes is currently done for new 
pipes or pipes after artificially accelerated aging, while the prediction 
for in-service pipes is still lacking. However, pipeline operators might be 
more interested in the non-destructive lifetime prediction methods 
which can evaluate the remaining lifetime of PE pipes. Unfortunately, no 
relevant studies have been reported. Therefore, the non-destructive 
lifetime prediction for in-service pipes will definitely be the key point 
of development in the future, but there is still a long time before the 
application of these methods. 

In addition, as the city gas pipe will gradually be laid in utility tun-
nel, the damage of PE pipes, joints or fittings caused by the third party 
damage, point loads, non-excavation or replacement technology will be 
avoided. However, the safety, repair and replacement of a large number 
of existing underground pipelines will form a long future coexistence 
with the safety problems of pipelines in the utility tunnel, which need be 
treated differently. Laying PE pipes in an individual tunnel of utility 
tunnel poses a new challenge for predicting the lifetime of PE pipes, 
where the factors affecting the pipe lifetime may only remain 

Fig. 13. Multiple cracks emanating from surface layer owing to DLO in PB pipe [132].  

Fig. 14. Linear and nonlinear Arrhenius behavior of PE material [147].  
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temperature, internal pressure and manufacturing defects. Therefore, it 
is more important to pay attention to its impact on the lifetime predic-
tion of PE pipes due to environmental and load changes. 

5.3. Improving accuracy of lifetime prediction 

Accelerated test method is the core of lifetime prediction, and the 
uncertainty caused by accelerated test methods must be taken into ac-
count when combined with methods such as mechanical or chemical 
lifetime prediction. This uncertainty may be caused by a series of factors 
mentioned above. In terms of the micro-mechanism, the accelerated 
process is supposed to be caused by the pressure of external substances 
and the diffusion or absorption of oxygen within the crystal [10,150]. 
The accelerated test methods for PE pipes are closely related to the 
performance of the materials. On the one hand, the continuously 
improved accelerated test methods provide a reference for the refor-
mation of pipe materials, and the performance of the materials is 
continuously improved from PE63 to the current P100-RC and even 
PE120 gradually. On the other hand, the continuously improved per-
formance of materials will also lead to the improvement of the accel-
erated test methods to shorten the test time. The trend of improvement is 
to adjust the accelerated test environment to make it closer to the nat-
ural aging, which has the same failure mechanism as natural aging. 

Compared to environmental stress, PE pipes are mainly subject to the 
accelerating effect of thermo-oxidation aging on the cracking process 
during long-term service. At the micro-level, the crack growth and the 
material aging are both related to the fracture of tie molecules, and the 
coupled effect of them might exist in service. On the one hand, the 
inhomogeneous aging of materials will lead to stress concentration and 
accelerate the crack initiation. On the other hand, the crack growth 
exposes the internal material of the PE pipe to the external environ-
mental medium, which breaks the limit of DLO and accelerates the aging 
of internal material. With the improvement of PE materials quality, it is 
increasingly difficult to have an obvious stress-independent brittle fail-
ure (stage III in Fig. 1). The micro-mechanism of the pipe and the 
coupled effect of material aging and the stress crack are not considered 
in the current acceleration methods. In the hydrostatic test process, the 
material is affected by the hoop stress, temperature and thermo- 
oxidative aging, where the effect of material aging on pipe failure has 
been neglected, compared to the effect of hoop stress. In fact, the stress 
can accelerate the process of thermo-oxidative aging of PE pipes. It may 
be the case that PE molecular chains during aging are more susceptible 
to chain scission under the external stress, which increases the concen-
tration of free radicals. 

In order to solve these problems, a model based on chemo- 
mechanically coupled theory to study the coupled effect of the crack 
growth and material aging on PE pipes may be an effective approach. 
This coupled method might be an adequate way to characterize and 
model oxygen diffusion and polymer degradation. What’s more, 
although the degraded layer can be simulated by this method, the brittle 
crack initiation and growth in stage III cannot be characterized or 
modeled. Thirty years ago, the crack layer theory had been developed to 
model the fracture process as the evolution of the system [151]. 
Recently, the modified CL model combined with stochastic approach has 
been established to describe the unique SCG of PE under creep and fa-
tigue loading conditions [52,152,153]. In regard to chemo-mechanically 
coupled model and CL model, the first model can solve the problem of 
inhomogeneous degradation-degraded surface layer, and the other can 
characterize and simulate the brittle crack initiation and growth. In this 
way, combining these method will eliminate the empiricism in the 
current lifetime prediction methods and improve the accuracy. 
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[72] P. Hutař, M. Ševčík, L. Náhlík, G. Pinter, A. Frank, I. Mitev, A numerical 
methodology for lifetime estimation of HDPE pressure pipes, Eng. Fract. Mech. 78 
(17) (2011) 3049–3058, https://doi.org/10.1016/j.engfracmech.2011.09.001. 

[73] L. Andenaa, M. Rink, R. Frassine, R. Corrieri, A fracture mechanics approach for 
the prediction of the failure time of polybutene pipes, Eng. Fract. Mech. 76 (2009) 
2666–2677, https://doi.org/10.1016/j.engfracmech.2009.10.002. 

[74] T. EL-Bagory, H.E.M. Sallam, M. Younan, Validation of linear elastic fracture 
mechanics in predicting the fracture toughness of polyethylene pipe materials, in: 
Proceedings of the ASME 2015 Pressure Vessels and Piping. Boston, 
Massachusetts, USA, 2015, https://doi.org/10.1115/PVP2015-45651. 

[75] W. Brostow, M. Fleissner, F.W. Müller, Slow crack propagation in polyethylene: 
determination and prediction, Polymer 32 (3) (1991) 419–425, https://doi.org/ 
10.1016/0032- 3861(91) 90444-N. 

[76] P. Paris, F. Erdogan, A critical analysis of crack propagation laws, J. Basic Eng. 85 
(4) (1963) 528–533, https://doi.org/10.1115/1.3656900. 

[77] W.E. Anderson, Discussion: “a critical analysis of crack propagation laws”, 
J. Basic Eng. 85 (4) (1963) 533, https://doi.org/10.1115/1.3656901 (Paris, P., 
and Erdogan, F., 1963, ASME J. Basic Eng., 85, pp. 528–533). 

S. Zha et al.                                                                                                                                                                                                                                      

https://doi.org/10.1016/j.engfailanal.2012.05.011
https://doi.org/10.1016/j.engfailanal.2019.104171
https://doi.org/10.1002/pen.10602
https://doi.org/10.1115/PVP2013-97416
https://doi.org/10.1115/PVP2013-97416
https://doi.org/10.1016/S0032-3861(00)00490-0
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref31
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref31
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref31
https://doi.org/10.1007/BF01082132
https://doi.org/10.1007/BF01082132
https://doi.org/10.1002/polb.1991.090290902
https://doi.org/10.1016/j.polymer.2005.09.084
https://doi.org/10.1002/app.21713
https://doi.org/10.1002/app.21713
https://doi.org/10.1016/j.engfailanal.2016.10.002
https://doi.org/10.1016/j.engfailanal.2016.10.002
https://doi.org/10.1016/j.ijpvp.2020.104270
https://doi.org/10.1016/j.ijpvp.2016.12.007
https://doi.org/10.1016/j.polymdegradstab.2020.109185
https://doi.org/10.1016/j.polymdegradstab.2020.109185
https://doi.org/10.1016/j.polymdegradstab.2003.10.019
https://doi.org/10.1038/s41529-018-0065-y
https://doi.org/10.1016/j.scitotenv.2019.135931
https://doi.org/10.1016/j.scitotenv.2019.135931
https://doi.org/10.1007/978-1-4419-9308-3-8
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref44
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref44
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref44
https://doi.org/10.1002/app.12944
https://doi.org/10.1002/app.12944
https://doi.org/10.1002/pen.25603
https://doi.org/10.1002/pen.25603
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref47
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref47
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref47
https://doi.org/10.1520/D2837-21
https://doi.org/10.1520/D2837-21
https://doi.org/10.1007/bf00551979
https://doi.org/10.1007/bf00551979
https://doi.org/10.1002/apmc.1997.052470109
https://doi.org/10.1002/apmc.1997.052470109
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref51
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref51
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref51
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref51
https://doi.org/10.1016/j.ijsolstr.2020.03.010
https://doi.org/10.1016/j.ijsolstr.2020.03.010
https://doi.org/10.1017/S1431927616010096
https://doi.org/10.1017/S1431927616010096
https://doi.org/10.1016/j.polymertesting.2017.09.043
https://doi.org/10.1002/pen.23970
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref56
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref56
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref56
https://doi.org/10.1016/j.polymertesting.2015.08.005
https://doi.org/10.1016/j.polymertesting.2015.08.005
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref58
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref58
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref58
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref58
https://doi.org/10.1016/j.polymer.2005.05.061
https://doi.org/10.1016/j.polymer.2005.05.061
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref60
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref60
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref61
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref61
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref61
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref61
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref62
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref62
https://doi.org/10.1002/pen.760190811
https://doi.org/10.1002/pen.760190811
https://doi.org/10.1002/pen.10602
https://doi.org/10.1179/174328907X191305
https://doi.org/10.1179/174328907X191305
https://doi.org/10.1002/pen.20696
https://doi.org/10.1016/j.ijpvp.2007.08.006
https://doi.org/10.1016/j.resconrec.2019.104602
https://doi.org/10.1002/pen.25087
https://doi.org/10.1002/pen.25087
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref70
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref70
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref70
https://doi.org/10.1016/j.engfracmech.2009.06.009
https://doi.org/10.1016/j.engfracmech.2009.06.009
https://doi.org/10.1016/j.engfracmech.2011.09.001
https://doi.org/10.1016/j.engfracmech.2009.10.002
https://doi.org/10.1115/PVP2015-45651
https://doi.org/10.1016/0032- 3861(91) 90444-N
https://doi.org/10.1016/0032- 3861(91) 90444-N
https://doi.org/10.1115/1.3656900
https://doi.org/10.1115/1.3656901


International Journal of Pressure Vessels and Piping 198 (2022) 104663

15

[78] X. Lu, N. Brown, Unification of ductile failure and slow crack growth in an 
ethylene-octene copolymer, J. Mater. Sci. 26 (3) (1991) 612–620, https://doi. 
org/10.1007/BF00588295. 

[79] M.J.W. Kanters, T. Kurokawa, L.E. Govaert, Competition between plasticity- 
controlled and crack-growth controlled failure in static and cyclic fatigue of 
thermoplastic polymer systems, Polym. Test. 50 (2016) 101–110, https://doi. 
org/10.1016/j.polymertesting.2016.01.008. 

[80] G. Pinter, M. Haager, W. Balika, R.W. Lang, Cyclic crack growth tests with CRB 
specimens for the evaluation of the long-term performance of PE pipe grades, 
Polym. Test. 26 (2007) 180–188, https://doi.org/10.1016/j. 
polymertesting.2006.09.010. 

[81] G. Pinter, R.W. Lang, M. Haager, A test concept for lifetime prediction of 
polyethylene pressure pipes, Monatshefte fuer Chemie/Chem. Mon. 138 (2007) 
347–355, https://doi.org/10.1007/s00706-007-0618-1. 

[82] R.w. Lang, W. Balika, G. Pinter, Applicability of linear elastic fracture mechanics 
to fatigue in amorphous and semi-crystalline polymers, Eur. Struct. Integr. Soc. 33 
(2003) 83–92, https://doi.org/10.1016/S1566-1369(04)80012-8. 

[83] R.W. Lang, G. Pinter, W. Balika, Qualification concept for lifetime and safety 
assessment of PE pressure pipes for arbitrary installation conditions; Konzept zur 
Nachweisfuehrung fuer Nutzungsdauer und Sicherheit von PE-Druckrohren bei 
beliebiger Einbausituation. 3R, Rohre, Rohrleitungsbau, Rohrleitungstransport 44 
(1/2) (2005) 33–41. 

[84] A. Frank, G. Pinter, R. Lang, A novel qualification procedure for lifetime and 
safety assessment of PE pressure pipes for arbitrary installing conditions, in: 
Proceedings of the Conference: Plastics Pipes XIV, Budapest, Hungary, 2008, 
https://doi.org/10.13140/RG.2.1.2145.3200. 

[85] R.W. Lang, Applicability of Linear Elastic Fracture Mechanics to Fatigue in 
Polymers and Short-Fiber Composites, Ph.D.thesis, Lehigh University, Bethlehem, 
Pennsylvania, USA, 1984. 

[86] W. Balika, Rissausbreitung in Kunststoff-Rohrwerkstoffen unter statischer und 
zyklischer Belastung, Ph.D.thesis, Institute of Materials Science and Testing of 
Plastics, University of Leoben, Austria, 2003. 

[87] A. Frank, A.M. Hartl, G. Pinter, R.W. Lang, Validation of an accelerated fracture 
mechanics extrapolation tool for lifetime prediction of PE pressure pipes, in: 
Proceedings of the 68th Annual Technical Conference of the, Society of Plastics 
Engineers, Orlando, Florida, USA, 2010. 

[88] A. Frank, P. Hutar, G. Pinter, Numerical assessment of PE 80 and PE 100 pipe 
lifetime based on paris-erdogan equation, Macromol. Symp. 311 (2012) 112–121, 
https://doi.org/10.1002/masy.201000096. 

[89] P. Hutař, M. ̌Sevčík, A. Frank, L. Náhlík, J. Kučera, G. Pinter, The effect of residual 
stress on polymer pipe lifetime, Eng. Fract. Mech. 108 (2013) 98–108, https:// 
doi.org/10.1016/j.engfracmech.2013.04.014. 

[90] L. Laiarinandrasana, C. Devilliers, J.M. Lucatelli, E. Gaudichet-Maurin, J. 
M. Brossard, Experimental study of the crack depth ratio threshold to analyze the 
slow crack growth by creep of high density polyethylene pipes, Int. J. Pres. Ves. 
Pip. 122 (2014) 22–30, https://doi.org/10.1016/j.ijpvp.2014.07.002. 

[91] T.R. Kratochvilla, A. Frank, G. Pinter, Determination of slow crack growth 
behaviour of polyethylene pressure pipes with cracked round bar test, Polym. 
Test. 40 (2014) 299–303, https://doi.org/10.1016/j. 
polymertesting.2014.10.002. 

[92] W.B. Luo, Y.P. Liu, B.Y. Yin, Y. Li, X. Liu, Creep lifetime assessment of pressure- 
tight PE100 pipes based on a slow fatigue crack growth, Strength Mater. 50 (5) 
(2018) 781–787, https://doi.org/10.1007/s11223-018-0023-5. 

[93] F. Arbeiter, G. Pinter, R.W. Lang, A. Frank, Fracture Mechanics Methods to Assess 
the Lifetime of Thermoplastic Pipes: Deformation and Fracture Behaviour of 
Polymer Materials, Springer Series in Materials Science, 2017, https://doi.org/ 
10.1007/978-3-319-41879-7_3. 

[94] S. Konica, T. Sain, A thermodynamically consistent chemo-mechanically coupled 
large deformation model for polymer oxidation, J. Mech. Phys. Solid. 137 (2020) 
103858, https://doi.org/10.1016/j.jmps.2019.103858. 

[95] T.-G. Hsu, J. Zhou, H.-W. Su, B.R. Schrage, C.J. Ziegler, J. Wang, A polymer with 
“locked” degradability: superior backbone stability and accessible degradability 
enabled by mechanophore installation, J. Am. Chem. Soc. 142 (5) (2020) 
2100–2104, https://doi.org/10.1021/jacs.9b12482. 

[96] Y. Lin, T.B. Kouznetsova, C.-C. Chang, S.L. Craig, Enhanced polymer mechanical 
degradation through mechanochemically unveiled lactonization, Nat. Commun. 
11 (2020) 4987, https://doi.org/10.1038/s41467-020-18809-7. 
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[99] J. Pospí̌sil, J. Pilař, A. Marek, N.C. Billingham, Z. Horák, S. Nešpůrek, 
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[113] E.M. Hoàng, D. Lowe, Lifetime prediction of a blue PE100 water pipe, Polym. 
Degrad. Stabil. 93 (8) (2008) 1496–1503, https://doi.org/10.1016/j. 
polymdegradstab.2008.05.008. 

[114] Y. Wang, H-q. Lan, H. Zhang, A residual lifetime prediction method of aging 
polyethylene gas pipes in service, in: Proceedings of the ASME Pressure Vessels 
and Piping, San Antonio, Texas, USA, 2019. 

[115] N.S. Allen, G.P. Marshall, C. Vasiliou, L.M. Moore, J.L. Kotecha, J. Luc-Gardette, 
B. Valange, Oxidation processes in blue water pipe, Polym. Degrad. Stabil. 20 
(3–4) (1988) 315–324, https://doi.org/10.1016/0141-3910(88)90075-4. 

[116] M. Ouederni, P.J. Phillips, Influence of morphology on the fracture toughness of 
isotactic polypropylene, J. Polym. Sci. B Polym. Phys. 33 (9) (1995) 1313–1322, 
https://doi.org/10.1002/polb.1995.090330901. 

[117] R. Mair, A. Graupner, Determination of organic peroxides by iodine liberation 
procedures, Anal. Chem. 36 (1) (1964) 194–204, https://doi.org/10.1021/ 
ac60207a061. 

[118] H.A. Liebhafsky, W.H. Sharkey, The determination of organic peroxides, J. Am. 
Chem. Soc. 62 (1) (1940) 190–192, https://doi.org/10.1021/ja01858a056. 

[119] M.C. Celina, Review of polymer oxidation and its relationship with materials 
performance and lifetime prediction, Polym. Degrad. Stabil. 98 (2013) 
2419–2429, https://doi.org/10.1016/j.polymdegradstab.2013.06.024. 

[120] Y. Wang, H.-q. Lan, T. Meng, Lifetime prediction of natural gas polyethylene pipes 
with internal pressures, Eng. Fail. Anal. 95 (2019) 154–163, https://doi.org/ 
10.1016/j.engfailanal.2018.09.022. 

[121] G. Chen, Y. Yang, C. Zhou, Z. Zhou, D. Yan, Thermal-oxidative aging performance 
and life prediction of polyethylene pipe under cyclic and constant internal 
pressure, J. Appl. Polym. Sci. 136 (28) (2019) 47766–47774, https://doi.org/ 
10.1002/app.47766. 

[122] K.J. Bowles, G. Nowak, Thermo-oxidative stability studies of Celion 6000/PMR- 
15 unidirectional composites, PMR-15, and Celion 6000 fiber, J. Compos. Mater. 
22 (10) (1988) 966–985, https://doi.org/10.1177/002199838802201005. 

[123] E. Ernault, E. Richaud, B. Fayolle, Thermal-oxidation of epoxy/amine followed by 
glass transition temperature changes, Polym. Degrad. Stabil. 138 (2017) 82–90, 
https://doi.org/10.1016/j.polymdegradstab.2017.02.013. 

[124] M. Minervino, M. Gigliotti, M.C. Lafarie-Frenot, J.C. Grandidier, The effect of 
thermo-oxidation on the mechanical behaviour of polymer epoxy materials, 
Polym. Test. 32 (2013) 1020–1028, https://doi.org/10.1016/j. 
polymertesting.2013.05.009. 

[125] B. Fayolle, E. Richaud, J. Verdu, F. Farcas, Embrittlement of polypropylene fibre 
during thermal oxidation, J. Mater. Sci. 43 (3) (2008) 1026–1032, https://doi. 
org/10.1007/s10853-007-2242-1. 

[126] M. Pecora, Y. Pannier, M.-C. Lafarie-Frenot, M. Gigliotti, C. Guigon, Effect of 
thermo-oxidation on the failure properties of an epoxy resin, Polym. Test. 52 
(2016) 209–217, https://doi.org/10.1016/j.polymertesting.2016.04.008. 

[127] A. Moyassari, T. Gkourmpis, M.S. Hedenqvist, U.W. Gedde, Molecular dynamics 
simulation of linear polyethylene blends: effect of molar mass bimodality on 
topological characteristics and mechanical behavior, Polymer 161 (2019) 
139–150, https://doi.org/10.1016/j.polymer.2018.12.012. 

S. Zha et al.                                                                                                                                                                                                                                      

https://doi.org/10.1007/BF00588295
https://doi.org/10.1007/BF00588295
https://doi.org/10.1016/j.polymertesting.2016.01.008
https://doi.org/10.1016/j.polymertesting.2016.01.008
https://doi.org/10.1016/j.polymertesting.2006.09.010
https://doi.org/10.1016/j.polymertesting.2006.09.010
https://doi.org/10.1007/s00706-007-0618-1
https://doi.org/10.1016/S1566-1369(04)80012-8
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref83
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref83
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref83
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref83
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref83
https://doi.org/10.13140/RG.2.1.2145.3200
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref85
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref85
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref85
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref86
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref86
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref86
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref87
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref87
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref87
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref87
https://doi.org/10.1002/masy.201000096
https://doi.org/10.1016/j.engfracmech.2013.04.014
https://doi.org/10.1016/j.engfracmech.2013.04.014
https://doi.org/10.1016/j.ijpvp.2014.07.002
https://doi.org/10.1016/j.polymertesting.2014.10.002
https://doi.org/10.1016/j.polymertesting.2014.10.002
https://doi.org/10.1007/s11223-018-0023-5
https://doi.org/10.1007/978-3-319-41879-7_3
https://doi.org/10.1007/978-3-319-41879-7_3
https://doi.org/10.1016/j.jmps.2019.103858
https://doi.org/10.1021/jacs.9b12482
https://doi.org/10.1038/s41467-020-18809-7
https://doi.org/10.1002/masy.19971150110
https://doi.org/10.1002/masy.19971150110
https://doi.org/10.1016/0141-3910(93)90130-B
https://doi.org/10.1177/096739110401200202
https://doi.org/10.1177/096739110401200202
https://doi.org/10.1016/j.polymdegradstab.2005.01.049
https://doi.org/10.1177/096739110301100203
https://doi.org/10.1177/096739110301100203
https://doi.org/10.1016/S0141-3910(03)00210-6
https://doi.org/10.1016/S0141-3910(03)00210-6
https://doi.org/10.1002/pen.10691
https://doi.org/10.1002/pen.760321003
https://doi.org/10.1002/pen.760321003
https://doi.org/10.1002/pen.760321004
https://doi.org/10.1002/pen.760321004
https://doi.org/10.1016/j.polymdegradstab.2011.02.009
https://doi.org/10.1016/j.polymdegradstab.2011.02.009
https://doi.org/10.1016/j.polymdegradstab.2012.07.038
https://doi.org/10.1016/j.polymdegradstab.2012.07.038
https://doi.org/10.1016/j.polymertesting.2012.12.003
https://doi.org/10.1016/j.polymdegradstab.2014.10.025
https://doi.org/10.1016/j.polymdegradstab.2014.10.025
https://doi.org/10.1007/s10853-009-3719-x
https://doi.org/10.1016/s0141-3910(01)00040-4
https://doi.org/10.1016/s0141-3910(01)00040-4
https://doi.org/10.1016/s0032-3861(00)00294-9
https://doi.org/10.1016/j.polymdegradstab.2008.05.008
https://doi.org/10.1016/j.polymdegradstab.2008.05.008
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref114
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref114
http://refhub.elsevier.com/S0308-0161(22)00054-0/sref114
https://doi.org/10.1016/0141-3910(88)90075-4
https://doi.org/10.1002/polb.1995.090330901
https://doi.org/10.1021/ac60207a061
https://doi.org/10.1021/ac60207a061
https://doi.org/10.1021/ja01858a056
https://doi.org/10.1016/j.polymdegradstab.2013.06.024
https://doi.org/10.1016/j.engfailanal.2018.09.022
https://doi.org/10.1016/j.engfailanal.2018.09.022
https://doi.org/10.1002/app.47766
https://doi.org/10.1002/app.47766
https://doi.org/10.1177/002199838802201005
https://doi.org/10.1016/j.polymdegradstab.2017.02.013
https://doi.org/10.1016/j.polymertesting.2013.05.009
https://doi.org/10.1016/j.polymertesting.2013.05.009
https://doi.org/10.1007/s10853-007-2242-1
https://doi.org/10.1007/s10853-007-2242-1
https://doi.org/10.1016/j.polymertesting.2016.04.008
https://doi.org/10.1016/j.polymer.2018.12.012


International Journal of Pressure Vessels and Piping 198 (2022) 104663

16

[128] A. Moyassari, T. Gkourmpis, M.S. Hedenqvist, U.W. Gedde, Molecular dynamics 
simulations of short-chain branched bimodal polyethylene:topological 
characteristics and mechanical behavior, Macromolecules 52 (3) (2019), https:// 
doi.org/10.1021/acs.macromol.8b01874. 

[129] G. Doerner, Stabilisatore influsse auf das alterungs- und zeitstandverhalten von 
rohren aus PE-MD, Ph.D.thesis, Institute of Materials Science and Testing of 
Plastics, University of Leoben, Austria, 1994. 

[130] H. Eyring, Viscosity, plasticity, and diffusion as examples of absolute reaction 
rates, J. Chem. Phys. 4 (4) (1936) 283–291, https://doi.org/10.1063/1.1749836. 

[131]] ] S.M. Mitroka, T.D. Smiley, J.M. Tanko, A.M. Dietrich, Reaction mechanism for 
oxidation and degradation of high density polyethylene in chlorinated water, 
Polym. Degrad. Stabil. 98 (2013) 1369–1377, https://doi.org/10.1016/j. 
polymdegradstab.2013.03.020. 

[132] A. Chudnovsky, Z. Zhou, H. Zhang, K. Sehanobish, Lifetime assessment of 
engineering thermoplastics, Int. J. Eng. Sci. 59 (2012) 108–139, https://doi.org/ 
10.1016/j.ijengsci.2012.03.016. 

[133] A. Chudnovsky, Y. Shulkin, Application of crack layer theory to modeling of slow 
crack growth in polyethylene, Int. J. Fract. 97 (1999) 83–102, https://doi.org/ 
10.1023/A:1018683624720. 

[134] G. Pinter, R.W. Lang, Fracture mechanics characterisation of effects of stabilisers 
on creep crack growth in polyethylene pipes, Plast., Rubber Compos. 30 (2) 
(2001) 94–100, https://doi.org/10.1179/146580101101541499. 

[135] G. Pinter, Rißwachstumsverhalten von PE-HD unter statischer Belastung, Ph.D. 
thesis, Institute of Materials Science and Testing of Plastics, University of Leoben, 
Austria, 1999. 

[136] K. Tian, C.H. Benson, J.M. Tinjum, T.B. Edil, Antioxidant depletion and service 
life prediction for hdpe geomembranes exposed to low-level radioactive waste 
leachate, J. Geotech. Geoenviron. Eng. 143 (6) (2017), 04017011, https://doi. 
org/10.1061/(ASCE)GT.1943-5606.0001643. 

[137] W. Mueller, I. Jakob, Oxidative resistance of high-density polyethylene 
geomembranes, Polym. Degrad. Stabil. 79 (2003) 161–172, https://doi.org/ 
10.1016/S0141-3910(02)00269-0. 

[138] P. Gijsman, The mechanism of action of hindered amine stabilizers (HAS) as long- 
term heat stabilizers, Polym. Degrad. Stabil. 43 (1994) 171–176, https://doi.org/ 
10.1016/0141-3910(94)90066-3. 

[139] R.A. Ortiz, E.A.R. Salas, N.S. Allen, Thermal and photo-oxidative stabilisation of 
polyolefin films: mode of action of novel naphthalene-hindered piperidine 
derivatives, Polym. Degrad. Stabil. 60 (1998) 195–204, https://doi.org/10.1016/ 
s0141-3910(97)00141-9. 

[140] M. Celina, J.M.S. Elliott, S.T. Winters, R.A. Assink, L.M. Minier, Correlation of 
antioxidant depletion and mechanical performance during thermal degradation of 
an HTPB elastomer, Polym. Degrad. Stabil. 91 (2006) 1870–1879, https://doi. 
org/10.1016/j.polymde-gradstab.2005.11.006. 

[141] J. Wise, K.T. Gillen, R.L. Clough, Time development of diffusion-limited oxidation 
profiles in a radiation environment, Radiat. Phys. Chem. 49 (5) (1997) 565–573, 
https://doi.org/10.1016/S0969-806X(96)00185-5. 

[142] K.T. Gillen, R.L. Clough, Time-temperature-dose rate superposition: a 
methodology for extrapolating accelerated radiation aging data to low dose rate 
conditions, Polym. Degrad. Stabil. 24 (2) (1989) 137–168, https://doi.org/ 
10.1016/0141-3910(89)90108-0. 

[143] A. Quintan, M.C. Celina, Overview of DLO modeling and approaches to predict 
heterogeneous oxidative polymer degradation, Polym. Degrad. Stabil. 149 (2018) 
173–191, https://doi.org/10.1016/j.polymdegradstab.2017.11.014. 

[144] K.T. Gillen, R. Bernstein, M. Celina, Challenges of accelerated aging techniques 
for elastomer lifetime predictions, Rubber Chem. Technol. 88 (1) (2015) 1–27, 
https://doi.org/10.5254/rct.14.85930. 
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