Damage in Polyethylene and its Pressure Pipe -
Characterization and Detection Methods

by

Yi Zhang

A thesis submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Department of Mechanical Engineering
University of Alberta

© Yi Zhang, 2017



Abstract

Approaches for accurate prediction of ductile failure of polyethylene (PE) pipe have been
explored using the experimentally determined, material-specific damage parameter D. Although
many methods are available for quantifying the D values, they are mainly suitable for metallic
materials. For PE, damage characterization using these existing methods is difficult because of
the insignificant effects of damage on the short-term mechanical properties for PE. In addition,
deformation of PE is a nonlinear viscous behavior that further increases the challenge for the
damage characterization. The main objective of this thesis is through characterizing the
deformation-induced damage in PE to find a reliable method for its damage characterization.
Initially, mechanical properties of PE pipe materials under various strain rates were
systematically studied. It was observed that mechanical behavior of PE is strongly dependent on
strain rate. In addition, it was found that strain rate can serve as an additional factor for time-
temperature superposition principle to predict long-term properties of PE. Based on the above
findings, time-strain rate superposition principle is proposed to construct relaxation master curve
for PE pipe. Furthermore, damage evolution in PE pipe materials under tensile loading condition
was investigated, using the proposed two-stage test method and phenomenological finite element
(FE) modelling. Mechanical properties of two most popular PE pipe materials (PES80 and

PE100) were also investigated and compared.

The above two-stage test method was then applied to examine the influence of squeeze-off on
the degradation of mechanical properties for PE pipe. Three squeezing speeds of 0.01, 1 and
50mm/min were used to cover the possible scenarios that may be encountered during the pipe

repair or maintenance. Results show that squeeze-off of PE pipe causes significant degradation

il



in elastic modulus and yield strength, with the maximum reduction of 82% for elastic modulus
and 27% for yield strength. Furthermore, it was found that reducing the squeezing speed has no
effect on the extent of property degradation. In view of those findings, a study was conducted
using mechanical testing and FE simulation to elucidate the damage evolution in PE pipe.
Results show that both tensile and compressive loading modes can cause severe degradation in
elastic modulus and yield strength. The results also show that under a single loading mode, the
extent of damage at a given prestrain level is indeed a function of loading rate. However, in a
squeezed pipe which is subjected to both tension and compression through the pipe wall
thickness, our analysis based on damage mechanics suggests that degradation of elastic modulus

and yield strength can become insensitive to the loading rate.

A new methodology based on the effective stress concept in continuum damage mechanics
(CDM) was developed to characterize ductile damage in PE pipe. Quasi-static stress-strain
relationships as a function of strain rate and ligament width in the notched pipe ring (NPR)
samples were first determined by conducting stress relaxation tests and applying a viscous model
to remove viscous stress from the total true stress-strain relationships. By fitting the
experimentally determined variation of quasi-static stress with strain rate which was then
extrapolated to zero strain rate, an estimate was made for the effective stress at an undamaged
configuration. Finally, the damage parameter was determined using the proposed method and

showed good correlation with the method based on the degradation of elastic modulus.

Finally, a non-destructive ultrasonic test method was proposed to characterize damage in
high-density polyethylene (HDPE). Various damage levels were first introduced to the HDPE
specimens through stretching the specimens to different prestrain levels at a constant crosshead

speed of Imm/min. Ultrasonic speeds in virgin and damaged HDPE specimens were then
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measured using time-of-flight in the through-transmission mode. The results show that the
ultrasonic wave speed, normalized by the speed in the virgin plate of the same thickness,
decreases with the increase of prestrain introduced to the specimens. The study also shows that
with the correction of density change by the prestrain, the normalized ultrasonic wave speed can
be used to determine the dependence of damage level on the prestrain, which for specimens with
long gauge length, is consistent with the damage determined from the mechanical testing. The
study concludes that ultrasonic testing can be used as a non-destructive means to quantify

deformation-induced damage evolution in PE.
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Introduction

1.1 Background and motivation

Semi-crystalline polymers are increasingly used in a broad range of applications such as
pressure tubing, pipeline systems and parts in nuclear power plant. Nowadays, majority of low-
pressure natural gas pipes with a 50-year service life are made of polyethylene (PE). According
to the most recent data provided by U.S. Department of Transportation, PE has surpassed steel as
the most widely used material for natural gas transportation due to its good physical and
mechanical properties. Furthermore, statistics shows that over 90% of the newly installed low-
pressure gas pipeline systems are made of PE [1]. However, unexpected, catastrophic failures of
PE pipeline were still reported in the last decade [2—4], suggesting that the current approach for

characterizing PE pipes has blind spots for the performance evaluation.

The long-term performance, design stress and service lifetime of PE pipe are typically
characterized by performing internal pressure tests of full-sized pipes at multiple temperatures,
through standard extrapolation methods according to EN ISO 9080 or ASTM D2837. In this
type of tests, a log-log diagram of hoop stress versus failure time is recorded and used to estimate
the design stress at the desired temperature and lifetime. The above hoop stress curve shows that
based on the stress level, three failure mechanisms are involved in the pressurized PE pipe: (I)

ductile failure, (II) brittle failure and (III) degradation-controlled failure. However, these full-



sized pipe tests require a long duration (around 1.5 year) to complete. Thus, a number of
accelerated laboratory test methods, including fully-notched test (FNCT) [5], the Pennsylvania
edge-notched test (PENT) [6] and cracked round bar (CRB) test [7], have been developed to
investigate the resistance to slow crack growth (SCG) in brittle failure region of modern PE pipe.
In addition to those tests, it was found that strain hardening modulus, determined from short-term
tensile test on notch-free specimens, can also be used to characterize resistance to brittle failure
of PE pipe when subjected to stress in an aggressive environment, commonly known as
environmental stress cracking resistance (ESCR) [8, 9]. However, results from the above tests
are mainly for prediction of overall SCG resistance, not for determining the critical stress level
for the SCG initiation. Since time for SCG initiation (ti,;) can account for 20%-80% of total time
to failure (ti) thus playing an important role for the reliability of PE pipe, [10], it is important to
develop a method that can characterize resistance to SCG initiation. In this study, damage
development that is used to characterize progressive property degradation is used to characterize
the critical condition for crack initiation. Since damage development can be quantified using
decrease in strength, stiffness, hardness, ultrasonic wave velocity, etc., results from the damage

characterization can help in predicting ti,;, thus improving the prediction of lifetime for PE pipe.

Furthermore, it is now also a general consensus that external loading scenarios such as
squeeze-off process as shown in Fig. 1.1, can cause deterioration of mechanical properties and
reduce the remaining lifetime of the pipe [11, 12]. Such process is widely used to shut off or
control gas flow in gas pipes when this is required in order to perform maintenance and repair of
the pipeline systems. However, evidence has led to suspect that degradation of mechanical
properties caused by the squeeze-off process is responsible for some of the unexpected,

catastrophic failures of PE pipe [12, 13]. Research conducted to study effects of squeeze-off on



mechanical properties of PE pipe shows that wall compression (WC) greater than 30% is
typically necessary to induce damage in PE pipe. The definition of WC is given in Eq. (1.1) and

depicted in Fig. 1.1(b).
L
WC:(I_ZJXIOO% (1.1)

where L and ¢ are the minimum distance between the squeeze-off bars and the uncompressed
pipe wall thickness, respectively. It has been specified in ASTM F 1734 that the maximum WC
value of 30% should not be exceeded. However, damage may occur with WC of less than 30%
for low slow crack resistant (SCR) materials. Furthermore, if improper squeeze-off tools or
procedures are applied there is a possibility to induce damage to PE pipe. Therefore, it is very

important to understand the squeeze-off phenomenon.

S

N o

Force

(a) (b)
Fig. 1.1 Squeeze-off of PE pipe: (a) commercial squeeze-off tool [14] and (b) definition of the

terms used for the squeeze-off process.

On the other hand, thanks to the rapid advancement in computational power, finite element
analysis (FEA) has been used as an effective tool to design complex full-scale tests and predict

lifetime of engineering components. However, continuum damage models embedded in FEA
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softwares require experimental determination of material-specific damage evolution model as
well as the constitutive model, which can accurately predict deformation response of materials.
Thus the urge for damage evolution model calls for highly accurate and reliable damage
measurement and characterization methodologies. Although various damage characterization
methods have been proposed, but mainly for metallic materials. The first damage measurement
method is developed from the definition of damage variable D, as the ratio of damaged to total
cross-sectional area.  Apart from the geometry-based damage -characterization method,
mechanical property-based methods are also proposed that measure damage based on the
degradation of mechanical properties such as elastic modulus and yield or flow stress. An
example is given in Fig. 1.2 for measurement of ductile damage of copper using cyclic loading-
unloading tests. It appears that the change of elastic modulus is the most convenient technique to
estimate damage and has been widely used for metals [15-17]. However, for semi-crystalline
polymers such as PE, its nonlinear rate-dependent deformation behaviour caused by viscous
component must be taken into consideration. As a result, instead of using the traditional cyclic
loading-unloading test methods, in this study a two-stage test method [18] is proposed to
quantitatively characterize damage evolution in PE pipe materials. As the name suggested, the
first-stage test is to introduce damage by subjecting the specimens to different damage levels and
two months later the second-stage test to apply monotonic tensile loading, at a crosshead speed

of 0.01lmm/min, to characterize the mechanical properties for virgin and damaged specimens.

It is also well known that mechanical properties of PE are strongly dependent on its molecular
structures. Driven by the advancement of polymerization technology, the performance of PE
pipe has been improved significantly. For example, around 1980 high density polyethylene

(HDPE) materials, characterized as PE3408 under the ASTM/PPI system or PE8O under ISO



system, were first introduced in North America and Europe. To be qualified for PE3408 or PESO
pressure rating, PE pipe must withstand a minimum hoop stress of 800 psi (5.52 MPa), named as
hydrostatic design stress (HDS) for up to 11 years at 73°F (23.8°C) under ASTM/PPI pressure
rating system, or the pipe must withstand a minimum hoop stress of 8 MPa, named as minimum
required strength (MRS) for up to 50 years at 68°F (20°C). Later these materials were improved
to PE4710 with a HDS of 1000 psi (6.9 MPa) and PE100 with a MRS of 10 MPa. This
improvement is primarily driven by the introduction of Bimodal PE resins. However, in the
advancement from PE8O to PE100, not all performances were improved. Experimental results
show that fracture toughness of PESO for compact tension (CT) and single edge notched bending
(SENB) specimens is higher than that of PE100 at both low temperature and room temperature
[13]. In addition, the performance of PE pipes made from PES8O resins is less affected by
squeeze-off process than PE pipes manufactured from PE100 resins [14]. However the
knowledge about the difference in relaxation behavior, damage evolution and strain hardening

properties in PE80 and PE100 pipe materials is yet to be available in literature.

Thanks to the rapid advancement in computational power, quantitative prediction of
deformation and fracture behaviour becomes a realistic possibility through the use of finite
element analysis (FEA) software. However, continuum damage models embedded in the
software require experimental determination of material-specific damage evolution model as
well as the constitutive model, in order to predict accurately the deformation response of
materials. Thus, the urge for damage evolution model calls for highly accurate and reliable
damage measurement and characterization methodologies.  Although various damage
characterization methods have been proposed, they are mainly used for metallic materials. The

first damage measurement method is developed from the definition of damage variable D, as the



ratio of damaged to total cross-sectional area. Apart from the geometry-based damage
characterization method, mechanical-property-based methods are also proposed which measure
damage based on the degradation of mechanical properties such as elastic modulus and yield or
flow stress. An example is given in Fig. 1.2 for measurement of ductile damage of copper using
cyclic loading-unloading tests. It appears that the change of elastic modulus is the most
convenient technique to estimate damage, which has been widely used for metals [15-17].
However, for semi-crystalline polymers such as PE, its nonlinear rate-dependent deformation
behaviour due to viscous component must be taken into consideration for the measurement of
elastic modulus. Recently, a so called two-stage test method was proposed [18] to study effects
of loading history on mechanical properties of PE, which will be used in this study. A detailed
review and discussion on the damage characterization methods based on continuum damage

mechanics (CDM) will be presented in the next chapter.
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Fig. 1.2 Measurement of ductile damage on copper. [19], Copyright 2015. Reproduced with

permission from Elsevier.

In addition to the above mentioned destructive CDM-based characterization methods, a
variety of non-destructive evaluation (NDE) methods such as acoustic emission (AE), infrared
thermography (IRT), current potential drop (CPD) and ultrasonic techniques are also widely used
to characterize mechanical properties of engineering materials. Among the above mentioned
NDE methods, ultrasonic velocity approaches have proven to be an ideal and effective technique
for tracking property change of materials due to damage accumulation. However, majority of
these methods are designed for metallic or ceramic materials. Although some pioneering work
has been conducted to investigate mechanical or physical properties in polymeric materials, none
of the approaches developed are for damage characterization and quantification. In this work,
feasibility of applying ultrasonic techniques to the damage characterization and detection for PE

materials will be studied. The potential application of the ultrasonic method proposed as shown



in Fig. 1.3 is to monitor the state of damage, to estimate the residual service life and to provide

guidance for maintenance and repair of pipeline systems.

Although the damage characterization methods based on the degradation of elastic modulus
have been proved to be an effective way to quantify damage growth in various kinds of
engineering materials, they are not applicable for in-situ damage characterization and detection.
Moreover, the current damage variables are defined based on various transformation hypotheses
describing the relationship between damaged and fictitious undamaged configurations such as
strain equivalence or energy equivalence hypothesis. In this study, a novel approach is proposed
to characterize damage in PE materials based on the effective stress concept without using any
hypothesis.  Furthermore, successful determination of effective stress in the fictitious,
undamaged configuration can potentially be applied to development of an in-situ damage

characterization and detection method for PE pipe materials, as shown in Fig. 1.3(a).

In addition to the above mentioned mechanical property-based damage characterization
methods, a variety of non-destructive evaluation (NDE) methods such as acoustic emission (AE),
infrared thermography (IRT), current potential drop (CPD) and ultrasonic techniques are also
widely used to characterize mechanical properties of engineering materials. Among the above
mentioned NDE methods, ultrasonic velocity approaches have proved to be an idea and effective
technique used to track property change of materials due to damage accumulation. However,
majority of these methods are designed for metallic or cement materials. Although some
pioneering research work has been conducted to investigate mechanical or physical properties in
polymeric materials, none of the approaches developed are for damage characterization and
quantification. In this work the feasibility of applying ultrasonic techniques to the damage

characterization and detection for PE materials will be studied. The potential application of the



ultrasonic method proposed as shown in Fig. 1.3(b) is to monitor the state of damage, to estimate

the residual service life and to provide guidance for maintenance and repair of pipeline systems.
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Fig. 1.3 Potential application of the proposed effective stress (a) and ultrasonic (b) methods for

damage characterization and detection in PE pipe

1.2 Research objectives and approach

Despite that some progress has been made in understanding the deformation-induced damage
and developing damage characterization and quantification methods, there are still much room
for improvement. The overall objective of this thesis is to investigate deformation-induced
damage in a wide range of strain levels, from yielding to neck formation and propagation, to
characterize damage initiation and growth until fracture is generated, in order to develop an
effective damage characterization and detection method based on the concept of CDM. This

objective will be achieved through completing the following research topics:

1. A two-stage test method is developed to evaluate effects of deformation-induced damage
(or loading history) on mechanical properties of PE pipe. The damage development in PE
pipe is characterized and quantified from the measurement of degradation of elastic

modulus. In particular, the influence of strain rate and microstructure on damage



development in PE pipe is examined. In addition, a phenomenological modelling
approach is proposed to study the damage development in PE pipe under tensile loading
condition.

The above proposed two-stage test method is further applied to study effects of squeeze-
off process on mechanical properties of PE pipe, with a special emphasis placed on the
squeezing speed (loading rate). Furthermore, a study using mechanical testing and finite
element (FE) simulation is conducted to elucidate the damage evolution in PE pipe in
different loading modes (including tension and compression) and with different loading
history (in terms of maximum pre-strain level and loading speed).

A novel approach combining relaxation tests and viscous model is proposed to obtain
quasi-static stress-strain relationship for PE pipe by removing the viscous stress
component from the experimentally measured total stress. Effects of crosshead speed and
specimen geometry on quasi-static stress-strain relationship are investigated. Furthermore,
the effective stress under the fictitious undamaged configuration is estimated as the quasi-
static stress at zero crosshead speed. Based on the difference between stress at damaged
configuration and effective stress at undamaged configuration, the damage development in
PE pipe is quantified and compared with that measured from the degradation of elastic
modulus.

A non-destructive ultrasonic method is proposed to characterize damage in PE materials
through employing time-of-flight in the through-transmission mode. PE samples with
different geometries are designed to study effects of stress triaxiality on damage
development. Damage evolution in PE materials is determined based on the degradation

of ultrasonic velocity. In addition, mechanical testing is applied to characterize damage
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development in these PE samples and the results obtained are compared with those from

ultrasonic tests.

Successful completion of the above studies will enable a better understanding of damage
mechanisms occurring in PE pipes and provide insights into the possibility of developing new
damage detection and lifetime prediction methods. The main benefits to industry are to provide
useful guidelines for improving installation and maintenance procedures as well as for extending

the service life of PE pipes.

1.3 Thesis Organization

This thesis provides a detailed description of the proposed damage characterization and
detection methods and their application to elucidating the damage process in the squeeze-off

process. This thesis is composed of eight chapters as follows.

Chapter 1 describes the background of the presented research and highlights the motivation
behind the current research, research objectives and the proposed methodologies. Finally, the

thesis outline is provided.

Chapter 2 presents an introduction to theories including mechanics of porous media (MPM)
and continuum damage mechanics (CDM), based on which damage characterization methods are
developed. Summary of recent development on the characterization methods for damage
development in semi-crystalline polymers is then provided. A practical example of applying two
CDM-based damage characterization methods is used for better understanding the damage

concept and the measurement techniques for semi-crystalline polymers.
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Chapter 3 deals with the experimental characterization of deformation damage in PE pipe.
Strain rate is found to be an additional factor to the time-temperature superposition principle for
PE deformation and is used as an accelerating factor to construct long-term relaxation master
curve for PE pipe. This chapter also includes experimental study on the damage development
under tensile loading with special attention to the influence of strain rate and microstructure of

PE pipe on the damage evolution.

Chapter 4 presents a phenomenon-based, hybrid approach of combining experimental testing
and finite element (FE) simulation to investigate tensile fracture in PE pipe with the
consideration of damage evolution. Results from the FE simulation suggest that the proposed
approach enables the FE model to simulate both large deformation and stress drop in the final
stage of the test. The influence of damage evolution rate on the load-stroke curve generated

from the D-split test is characterized using the proposed approach.

Chapter 5 presents a study on the effects of squeeze-off process on mechanical properties of
PE pipe. Three squeezing speeds are used to cover the possible scenarios that may be
encountered during the pipe repair or maintenance. In order to elucidate the finding that
reducing the squeezing speed has no effect on the extent of property degradation, a study is

conducted using mechanical testing and FE simulation.

Chapter 6 presents a novel damage characterization method based on the concept of effective
stress. Quasi-static stress-strain relationship is first determined by removing the viscous stress
component through the application of relaxation test results to a viscous model. Influence of
strain rate and specimen geometry on the quasi-static stress-strain relationship is emphasized.

By fitting the experimentally determined quasi-static stress as a function of strain rate and

12



extrapolating the strain rate to zero, an estimate of the effective stress at the undamaged
configuration is made. Finally, the damage development based on the degradation of stress is

quantified and compared with that measured from the degradation of elastic modulus.

Chapter 7 presents a NDE approach of characterizing and detecting ductile damage in PE
materials using ultrasonic techniques. Velocity of ultrasonic wave in virgin and damaged PE
samples is measured using the time-of-flight method in the through transmission mode. Damage
development measured from the degradation of ultrasonic velocity is compared with that based
on the degradation of elastic modulus. Effects of stress triaxiality on the damage development in

PE samples are also studied and included in this chapter.

Chapter 8 provides conclusions and recommendation for the future work.
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Review of the damage characterization methods

This chapter gives a summary of recent developments on the characterization methods for
damage development in semi-crystalline polymers. Current methods for the damage
characterization are based on either mechanics of porous media (MPM) theory or continuum
damage mechanics (CDM) theory. The former regards cavitation as the main mechanism for the
damage generation, and uses volume strain or void volume fraction to represent the damage
level. The latter, on the other hand, is to characterize the damage state based on a macroscopic
damage variable, defined as the ratio of effective area of micro-cracks and cavities to the overall
cross-sectional area of the representative volume element (RVE). Special attention will be given
to the influence of polymer microstructure, strain rate, temperature and stress triaxiality on the
damage development. Two CDM-based methods for the damage measurement will be
demonstrated using pipe-grade polyethylene materials, as examples for the difference in the
results from the two CDM-based methods, for better understanding the damage concept and the

measurement techniques for semi-crystalline polymers.
2.1 Introduction

Semi-crystalline polymers, such as polyethylene (PE) and polypropylene (PP), are widely
used for engineering applications, because of their low density, relatively low cost and ease in

processing. For example, polyethylene is now used for natural gas transportation. Statistics
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shows that in this application, over 90% of newly installed gas pipes are made of PE. Uncertainty
in the failures of such plastic pipes can cause significant financial loss and sometimes fatalities.
Therefore, it is extremely important to understand the damage process that is responsible for the
failure, in order to predict the service lifetime of pipes. Here, “damage development” or “damage
evolution” is quantified based on a damage parameter that is also dependent on plastic strain and
strain rate used to introduce the deformation. By understanding the damage development
process, time for the damage-induced fracture can be predicted to allow the required repair and
maintenance to be scheduled in time to prevent the unexpected failure. Although various
approaches have been developed to quantify the damage development in semi-crystalline
polymers, none of the current methods provides effective and economic means to distinguish the

difference in damage development among the semi-crystalline polymers.

Damage development in semi-crystalline polymers can be characterized at either a
microscopic or a macroscopic scale. At the microscopic scale, a series of studies have been
conducted to understand mechanisms involved in the damage generation [1-8]. It is now
believed that the main mechanism for the damage development in semi-crystalline polymers is
cavitation in the inter-lamellar, amorphous phase [9]. Cavitation starts around the yield point,
and its development depends on both external factors, such as deformation rate [10-12] and
temperature [13—15], and internal factors that include molecular weight and lamella thickness
[16—18]. At the macroscopic scale, the damage development can be characterized based on
variation in mechanical properties such as elastic modulus [6, 19, 20]. Although a lot of efforts
have been spent on quantifying the damage development in semi-crystalline polymers, important
factors such as critical damage parameter for fracture, onset point for damage initiation, and

influence of viscous deformation on the damage development have yet to be fully characterized.
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Semi-crystalline polymers are well known for their complicated microstructure which is
composed of lamellar crystals that are interconnected through tie molecules and separated by soft
amorphous phase, as shown in Fig. 2.1. When subjected to tensile deformation, cavities or
micro-cavities are nucleated, coalesced and then enlarged in the amorphous phase, which
eventually leads to fracture. As a result, cavitation has been regarded as one of the main damage
mechanisms for semi-crystalline polymers. In the following, background of damage theories is
introduced, to help better understanding the complexity of mechanical behavior of semi-
crystalline polymers, especially when cavitation is involved in the damage development.
Approaches used here to describe the damage development are based on either mechanics of

porous media (MPM) theory or continuum damage mechanics (CDM) theory.

Fibril deformation /

True stress

Yield stress

Tie molecules

Fig. 2.1 A schematic description of the stress-strain relationship for deformation of semi-
crystalline polymers and the corresponding microstructural change during the tensile

deformation.
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2.2 Mechanics of porous media (MPM)-based approach

Mechanics of porous medial (MPM) theory was developed based on the assumption that
damage occurs at a microstructural level, due to void nucleation, growth and coalescence till
failure takes place. Porous media theory was traditionally used for porous solids such as soil.
However, voids or cavities also occur in semi-crystalline polymers during the deformation, as
shown in Fig. 2.1. Therefore, porous media theory has long been adopted to describe the
deformation and damage behaviour of semi-crystalline polymers. Essence of the MPM theory is
to mimic the process of void nucleation, growth and coalescence, as shown in Fig. 2.2. In order
to give a quantitative description of this damage process, macroscopic parameters such as
porosity, void volume fraction, or volume strain has been developed. For example, total volume
increase due to the occurrence of cavitation, i.e., volume strain, can serve as an indicator for the
level of damage in semi-crystalline polymers. A novel video-controlled testing system was

developed by G'Sell and his co-workers [21] in such a way that the volume strain &, can be

determined from the measurement of three normal strains, using the following equation:

g, =& +&, +¢&, (2.1)

where ¢, represents the axial strain along the stretching direction, and ¢, and ¢, the transverse
strains. Another damage parameter, named void volume fraction or porosity, is commonly used
in GTN damage model [22-24] which is one of the most widely used models based on the MPM
theory. In addition, cavitation in semi-crystalline polymers has been studied at the microscopic
level by employing the imaging methods such as X-ray scattering [25—27] and scanning electron

microscopy (SEM) [28]. It is now widely accepted that cavitation in semi-crystalline polymers
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occurs around the yield point and its occurrence depends on loading conditions such as strain

rate, temperature and stress state.
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Fig. 2.2 Schematic description of mechanics of porous media (MPM) theory (top), and

continuum damage mechanics (CDM) theory (bottom).

In the GTN model, porosity or void volume fraction, defined as the ratio of void volume to
total volume, is used as the damage parameter, thus with a value between 0 and 1. It is assumed
that with the increase of porosity, material gradually loses its load-carrying capacity till the
porosity reaches 1. The GTN-type damage models have been widely used to analyze the shear

failure mode [29-31] and to evaluate ductile damage and fracture behaviour [32, 33].
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2.3 Continuum damage mechanics (CDM)-based approach

2.3.1 Damage variables

Continuum damage mechanics (CDM)-based on damage quantification method is to
characterize the damage state based on a macroscopic damage variable, D, defined as the ratio of
effective area of micro-cracks and cavities to the overall cross-sectional area of the
representative volume element (RVE). For one dimensional case of isotropic damage, damage

variable D is usually described as:

S

D=22
S

(2.2)

This damage variable can reflect various types of damage at the microscopic level, such as
nucleation and growth of voids. Similar to the MPM theory, CDM theory is with the assumption

that once a critical damage value D, is reached, the material can no longer carry any load, and

thus failure occurs.
2.3.2 Effective stress concept

The concept of effective stress under uniaxial tension was first introduced by Kachanov [34,
35] and later extended to three dimensional stress state by Lemaitre [36, 37]. For the case of

isotropic damage, effective stress is defined by

Oy = 2.3)

20



Where o and o, are Cauchy stress tensor and the corresponding the effective stress tensor

applied to a fictitious state of material which is totally undamaged. Based on the hypothesis of
strain equivalence (SE) or energy equivalence (EE), the fictitious state is assumed to be
mechanically equivalent to the actual damaged state of the material. For example, under the

hypothesis of SE it is assumed that:

E=¢&

o (2.4)

The elastic constitutive equations in damage and fictitious undamaged configuration can be

described as follows:

c=E,¢ (2.5)
O = Loy (2.6)

When the hypothesis of EE is applied, the complimentary elastic energy o’/2E in both

configurations is assumed to be equivalent:

2 02‘
9o _Za 2.7)
2E, 2E,

2.3.3 Damage measurement

A number of experimental methods have been proposed to quantify the damage process
describing the deterioration of material that can be evaluated through the decrease of elastic
modulus or stiffness, toughness or hardness. The pioneering work was conducted by Lemaitre

and Dufailly [38] through applying the concept of effective stress to propose eight different
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experimental techniques to measure the deformation-induced damage. For example, damage can

be measured from the ratio of damaged area to undamaged cross-sectional area, D, = 4,/ 4, , or

from the decrease of material density, D, = (1 —Pp/ Py )2/3 . In addition to the direct experimental

methods based on the change of geometry, indirect experimental methods based on the variation
of mechanical property were also proposed that measure the degradation of elastic modulus,

D, =1-E,/E, or measure the degradation of micro-hardness D,, =1—H, /H,or measure the

variation of ultrasonic velocity assuming the density remains constant, D, ~1—v> /v; . More

recently, an in-depth comparison of six methodologies was made by Tasan et al. [39] and their
results showed that the geometry-based damage characterization methodologies introduce
significant systematic errors as they probe a very limited damage spectrum, whereas the
methodologies that measure the degradation of a mechanical property suffer from low precision

and high complexity, especially for high strains and material anisotropy.

Since then, these CDM-based methodologies have been widely employed for the
measurement and characterization of ductile damage. For instance, ductile damage in metallic
materials was measured and characterized through the degradation of elastic modulus determined
from cyclic loading-unloading tensile test [40—49] or micro-indentation test [S0—53]. In addition
potential drop method [54, 55] and ultrasonic technique [56—59] have also been proposed to
quantify and characterize ductile damage. Furthermore, influence of external factors including
strain rate, stress triaxiality and temperature on ductile damage evolution has also been
investigated and results show that damage develops faster under higher strain rate [47, 48] or

higher stress triaxiality [44, 60, 61]. Although significant effort has been made to evaluate
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ductile damage evolution in metallic materials, there has been much less work carried out on

developing CDM-based damage characterization methods for semi-crystalline polymers.

2.3.4 A practical example

Traditionally, especially for metallic materials [62, 63], damage evolution is determined based
on the variation of unloading stiffness, through the application of cyclic loading. However, for
semi-crystalline polymers, because of the highly nonlinear, viscous properties there is no widely
accepted method to quantify the damage evolution. For instance, some researchers simply use
the variation of unloading stiffness during the cyclic loading to determine the damage
development [6, 19]. Stiffness for semi-crystalline polymers can be determined from the
nonlinear curve during the unloading using two methods, namely, linear-fitting method and
energy method. In the linear-fitting method, three points, A, B and C need to be defined during
the unloading part of the curve, in which Point A is denoted as the first data point for the reversal

strain, points B and C are defined with ¢, —g, =0.0005 and &, —g. =0.0025 respectively, as

shown in Fig. 2.3(a). The unloading modulus is calculated as the slope of line BC. The energy
method is based on the energy dissipation in the entire unloading stage, which is equivalent to
the triangular area SACD shown in Fig. 2.3(b) in which point A is same as that defined in the

linear-fitting method. Point C is determined by equating the triangular area S,., to the area

ACD

under the unloading curve, S Sloped of the straight line AC is defined as the unloading

ABD *

stiffness.

Damage development can also be determined based on the variation of volume strain.
Experimental results show that the volume damage is much smaller than stiffness damage, for

which the possible reason is that void growth and the corresponding dilatation contribute to only
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part of the total damage in materials. Results in the literature also suggest that damage calculated

based on the linear-fitting method is smaller than that calculated based on the energy method

[64].
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Fig. 2.3 Schematic description of the linear-fitting method (a) and energy method (b) for

determining the unloading stiffness.

A two-stage test method, recently proposed by Jar [65, 66], has also been used to determine
the damage development in polyethylene, based on variation of stiffness during the loading
phase in the second test, instead of the unloading phase in the first test [67-69]. Work presented
here is to apply this two-stage test method to notched pipe ring (NPR) specimens, to investigate
the damage development in the pipe-grade polyethylene (PE). Damage characterization using the
two-stage test, based on the difference between the loading stiffness of virgin specimen and
damaged specimen, are named loading-loading stiffness (LLS), in contrast to the damage
characterization based on the difference between loading and unloading stiffness from the first-
stage test, named loading-unloading stiffness (LUS). In this study, the stiffness is measured using
D-split tensile test, first proposed for characterizing the mechanical properties of composite

materials [70]. Set-up for the D-split tensile test is illustrated in Fig. 2.4(a). In this study, all
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specimens were prepared from commercial PE4710, Cell classification 445576C HDPE pipe that
has inner diameter and nominal wall thickness of 52.5 mm and 5.84 mm, respectively.
Dimensions of the NPR specimens are shown in Fig. 2.4(b). It should be noted that due to the
short gauge length, strain introduced to the NPR specimens is represented by area strain which is
the logarithmic ratio of the ligament width before and after the deformation, as given below,
under the assumption that with the aspect ratio of the ligament cross section remains close to 1

during the test [71].

e, =2xIn(w,/w) (2.8)

Where w, and w are the initial and deformed width, respectively, in the ligament section of

NPR specimens. As shown in Fig. 2.4(c), in the first stage test the NPR specimens were first
stretched to predetermined prestrain values at crosshead speeds of 0.01, 1, 10 and 100mm/min,
relaxed for 10,000s (around 3 hours) by keeping the displacement constant, and then unloaded at
the crosshead speed of 0.lmm/min. The unloading curve from the first-stage test was used to

determine the unloading stiffness based on the energy method.

Loading phase Relaxation : Unloading

i Prestrain—ej—
________________ I
5.84mm o B , >
44.19mMm g 0.01mm/min a
2.36mm —y . ,2_. 1mm/min 0.Ammimin | 2
i ) I 52.50mm 2] 10mm/min g
100mm/min 3
RO.40mm i
1 -— PoTL
T i -
Time

(a) (b) (c)
Fig. 2.4 Information on test setup, NPR specimens and test procedure used in this study: (a) D-
split tensile test setup, (b) dimensions of NPR specimens and (c) schematic description of test

procedure of the first-stage test.
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Fig. 2.5(a) shows the relationship between the loading stiffness measured from the second-
stage test and the prestrain applied in the first-stage test. Variation of the unloading stiffness
determined from the first-stage test, using the energy method, is presented in Fig. 2.5(b) as a
function of prestrain. Results in Fig. 2.5 suggest that both loading stiffness and unloading
stiffness decease with the increase of prestrain applied to the specimens. In addition, the rate of
stiffness decrease with the increase of prestrain is dependent on the crosshead speed used to

introduce the prestrain levels.
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Fig. 2.5 Effects of prestrain applied in the first-stage test on loading stiffness determined from

the second-stage test (a) and unloading stiffness measured from the first-stage test (b).

Damage developments determined using LUS and LLS are compared in Fig. 2.6 which also
includes fitting curves based on the following equation to depict the trend of change of the

damage parameter D with the increase of prestrain.
D= A[l —exp(—Bg)] (2.9)

Fig. 2.6 clearly shows that damage calculated based on LUS is much larger than that

calculated from LLS. Difference in the damage characterization suggests that further study is
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needed in order to develop a characterization approach that can reflect the true damage

development in semi-crystalline polymers.
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Fig. 2.6 Comparison of damage development determined based on LUS and LLS, with the

prestrains generated at the crosshead speed of (a) 0.01, (b) 1, (c¢) 10 and (d) 100mm/min.

2.4 Major factors influencing damage development

Damage development in semi-crystalline polymers is affected by several factors, including

temperature, strain rate, stress triaxiality (defined as the ratio of mean normal stress to von Mises

stress), and microstructure. In this section, influence of each factor on the damage development

1s discussed.

27



2.4.1 Effects of temperature

Influence of temperature on the damage development in various semi-crystalline polymers,
such as polyvinylidene fluoride (PVDF) [14, 15], poly(l-lactide) (PLA) [13] and polypropylene
(PP) [72, 73] has been extensively studied. Variation of volume strain during the monotonic
tensile test at various temperatures was characterized using strain gauge [15], X-ray scattering
[72], or a novel video-controlled testing system [14] to determine the level of deformation. The
change of volume strain with the increase of the applied strain at different temperatures was

obtained. The results show that lower the temperature larger the volume strain, as shown in Fig.

2.7.
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Fig. 2.7 Variation of volume strain at different temperatures. [14], Copyright 2002. Reproduced

with permission from John Wiley and Sons.

2.4.2 Effects of strain rate

Influence of strain rate on deformation and damage development in semi-crystalline polymers

has been an area of intensive investigation. For example, volume strain under large deformation
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of high-density polyethylene (HDPE) was studied by means of video extensometer and wide-
angle X-ray diffraction analysis [11]. It was observed that the increase of volume strain depends
on strain rate. The onset of volume dilatation occurs earlier at a higher strain rate. Possible
explanation for this phenomenon is that the increase of the deformation rate results in the
decrease in the chain mobility of the amorphous phase and the increase of the yield stress for the
crystalline phase [11], which promotes the cavitation process in the amorphous region. Another
interesting study using small-angle X-ray scattering (SAXS) [10] show that under tensile
deformation, volume strain for polypropylene increases rapidly after the yield point, due to the
cavity development in the amorphous phase, as shown in Fig. 2.8. Furthermore, high strain rate
is found to favour void growth due to the increase in the involvement of the crystalline phase in
the response to loading. Their results show that volume strain increases with the increase of the
deformation rate. A recent study, based on continuum damage mechanics (CDM), was applied to
characterization of damage development in PE based on a novel two-stage test method [20, 74].
Conclusion from this study is consistent with those in the literature, that is, higher the strain rate,

bigger the damage development at a given strain level.
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2.4.3 Effects of stress triaxiality

Another important factor that influences damage development in semi-crystalline polymers is

the local stress state, represented by stress triaxiality. Stress triaxiality 7 is defined as the ratio of

mean normal stress o, to the von Mises stress o,
n=—" (2.10)

which can be determined for a round-notched specimen using the expression below

1 1+a
=—+log| — 2.11
=3 g( 2Rj (2.11)

where @ and R are minimum cross section radius and notch radius of cylindrical specimens
[75]. Equation (6) suggests that the stress triaxiality is bigger when the notch radius is smaller.

Effects of stress triaxiality on cavitation in semi-crystalline polymers, e.g. PVDF, was studied
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using round-notched specimens with different notch radii, such as diabolo specimens with a
small radius of curvature for high stress triaxiality and dumbbell specimens or diabolo specimens
with a large radius of curvature for low stress triaxiality [76]. Later, Laiarinandrasana and his
co-workers [77] studied the influence of stress triaxiality on the cavitation and damage in
polyamide 11 (PA11) under tension, through microscopic observations of microtomed specimens
with four different notch radii. Experimental results clearly show that smaller the notch radius
(i.e., higher the stress triaxiality), larger the amount of voids. Cavitation damage in PVC and
HDPE, represented by the increase of volume strain, under different levels of stress triaxiality
was investigated [78], which reaches the same conclusion as that based on the X-ray micro-

tomography analysis [79].

In summary, when the temperature increases, strain rate decreases or stress triaxiality
decreases. As a result, the onset of cavitation is delayed and the total amount of voids (thus

damage) at a given strain level is reduced, as depicted in Fig. 2.9.
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Fig. 2.9 Schematic description of the dependence of damage development on factors such as

strain rate (¢ ), temperature (7) and stress triaxiality (7).
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2.4.3 Effects of microstructure

Mechanical properties of semi-crystalline polymers are strongly dependent on microstructure,
molecular weight, degree of crystallinity, etc. In particular, cavitation damage in semi-crystalline
polymers is directly related to the relationship between strength of amorphous and crystalline
phases [9]. Influence of molecular weight on the cavitation in linear polyethylene was studied
[18] and the results show that lower the weight averaged molecular weight, bigger the volume
strain and fewer the entanglements in the amorphous region, thus promoting the development of
cavities. It was also found that lower the chain mobility in the amorphous phase, larger the
amount of cavities [76]. Moreover, the influence of other microstructural parameters such as tie
molecules, entanglement density and lamella thickness are highlighted for HDPE [17]. Pawlak
and Galeski [80] also pointed out that volume strain is increased with the increase of lamella
thickness and degree of crystallinity. Furthermore, a critical lamella thickness was determined
for a given deformation temperature, below which cavitation does not occur [16]. This is because
below the critical lamella thickness, plastic deformation of the crystalline phase occurs before

cavitation can be generated in the amorphous phase.

2.5 Conclusions

This chapter presented an overview of mechanics of porous media (MPM) theory and
continuum damage mechanics (CDM) theory and specially towards the recent development on
the damage characterization methods. Special emphasis was given to the definition of damage
variables and effective stress concept in CDM, as well as various damage measurement methods.
A case study applying two CDM-based methods to characterize damage in semi-crystalline

polymers was demonstrated for better understanding of damage concept and measurement
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strategies. Furthermore, the influence of deformation conditions (strain rate, temperature and
stress triaxiality) and microstructure on the damage development in semi-crystalline polymers

has been reviewed and discussed.
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Characterization of deformation damage in PE pipe

The deformation damage in polyethylene (PE) pressure pipe is investigated through the
application of a novel two-stage approach to the D-split test of notched pipe ring (NPR)
specimens. The first stage test consisting of monotonic tension, relaxation and unloading phases
is to introduce damage by subjecting the specimens to different levels of tensile strain at
crosshead speeds of 0.01, 1, 10 or 100mm/min. Using results from relaxation tests a new
superposition principle based on time and strain rate is suggested as an alternative approach to
construct a master curve of relaxation modulus versus time for PE pipe. Experimental results
suggest that elastic modulus and yield stress decrease and yield strain increases with the increase
of the strain introduced in the first test. Variation of experimentally measured elastic modulus is
used to establish influence of crosshead speed on the damage evolution in the PE pressure pipe.
In addition, mechanical properties, including yield stress, relaxation behavior, and moduli
(elastic modulus at the strain of 0.5% and strain hardening modulus at strains above 70%), are

compared between PE pipes that are made of PES0 and PE100 resins.
3.1 Introduction

Polyethylene (PE) pressure pipe has been widely used for gas transportation for more than
four decades. Because of its good mechanical and physical properties and low cost for

installation and maintenance, over 90% of the newly installed gas pipeline systems are now
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made of PE [1]. However, unexpected, catastrophic failures of PE pipeline were still reported in
the last decade [2—5], suggesting that the current approach for characterizing PE pipes has blind
spots for the performance evaluation. For example, third-party damages, such as dig-in, rock
impingement, excessive bending, improper squeeze-off operation, and poor fusion joint, are
known to accelerate the slow crack growth (SCG) to cause PE pipe failure [6-8], but proper
criteria for those damages in order to prevent the SCG occurrence are yet to be established. For
the squeeze-off process, even in the normal operation conditions, damage may still be introduced
to the PE pipes to affect their short- and long-term performance [8], most seriously at the
location of squeeze-off ears where yield stress was found to decrease with the increase of the
squeeze-off ratio. In view that squeeze-off is the only feasible process currently available for
maintenance and repair of gas pipes, it is important to understand how the excessive deformation

introduced in the squeeze-off process affects mechanical properties for PE pipes.

Several studies have been conducted to analyze the effects of loading history on the
mechanical behaviours of metallic and polymeric materials. Most of the studies used the
maximum applied strain to represent the loading history, referred to as the “prestrain”
henceforth. The effects of prestrain introduced by monotonic [9], fatigue [10], and creep loading
[11] on the tensile properties for metals, such as stainless steel, have been successfully
characterized. Similar studies were performed on polymers. For example, Zhang and Moore
[12] conducted a series of experiments to analyze the stress relaxation behaviour of high-density
PE (HDPE) immediately following a specific loading history. That study also examined the
effects of prestrain and strain rate used to introduce the loading history on the permanent strain
and strain recovery. Another study [13] investigated the effects of loading history on creep and

relaxation behaviour of thermoplastics. Those studies were based on the approach that uses one
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continuous test to introduce the loading history and to characterize the creep or relaxation
behaviour. That is, the loading history was introduced during the loading phase, and creep and
relaxation behaviours characterized during the unloading phase. As a result of characterizing the
mechanical properties immediately after introducing the loading history, the creep and relaxation
behaviours were found to be complicated by the rate-reversal phenomenon, that is, increase and
then decrease of stress in the relaxation test and decrease and then increase of strain in the creep
test. Such an approach of one test with multiple phases was also used to investigate the effects
of loading history and manufacturing techniques on the mechanical behaviour of HDPE [14],
from which it was confirmed that the uniaxial tensile behaviour of HDPE shows clear

dependence on the manufacturing techniques.

Alternatively, a so-called two-test method [15—17] was used to study the influence of loading
history on the mechanical properties of PE. As the name suggests, the two-test method contains
two separate tests. The first test is to introduce the loading history and the second test to
characterize the mechanical properties. Difference of this method from the continuous,
multiphase test is that the second test in the former is conducted a long time after the first test,
two months for the current study, in order to minimize the influence of the viscous deformation
recovery after the first test on the results obtained from the second test. Work presented in this
chapter is to apply the two-test method to notched pipe ring (NPR) specimens, to investigate the
influence of the deformation-induced damage on the mechanical properties of PE pipe.
Parameters used to vary the deformation-induced damage in the first test are strain rate, via the

change of crosshead speed, and prestrain level.

Several studies have been conducted to investigate the effects of strain rate on the mechanical

properties for semi-crystalline polymers. For example, Dasari and Misra [18] investigated the

40



sensitivity of mechanical properties for HDPE and polypropylene on the strain rate, and showed
the increase of yield stress with the increase of strain rate. This phenomenon was also reported
on the recycled HDPE [19-21]. Such a dependence is further observed for the whole true stress-
strain curve [22] in which the stress at a given strain increases with the increase of strain rate.
However, the effect of strain rate on the damage evolution has attracted much less attention. Xu
and Wang [23] and Wang et al. [24] investigated the dynamics of damage evolution and its
dependence on the strain rate, by combining the split Hopkinson pressure bar test and back
propagation neural network analysis. They concluded that damage evolution is dependent on

both strain and strain rate. The strain threshold, at which damage is initiated, decreases with the

increase of the strain rate for Nylon in the range of high strain rate (from 4x10%>s™"to 2x10°s™).
However, this range of strain rate is too high compared to the strain rate encountered by PE
pressure pipes in service. As a result, current knowledge on the damage evolution in semi-
crystalline polymers is far from sufficient to provide the full understanding of the influence of

strain rate on the pipe-grade PE.

PE pipes are expected to have a lifetime of at least 50 years. Because of such a long service
time, assurance of mechanical performance of the PE pipes has been a major challenge for pipe
design, especially when the short-term mechanical properties are considered for characterizing
the long-term behavior of PE, due to the complication caused by the significant viscous
deformation. Various test methods have been developed to overcome this problem. Those test
methods are often based on creep deformation or load relaxation mode [25-30]. Currently, time-
temperature superposition (TTS) is a popular approach to construct a master curve for the long-
term behavior for polymers [31-33], of which the majority is concerned with creep deformation,

e.g. [34-38]. Much less work is about the load relaxation counterpart, e.g. [39]. Nevertheless,
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none of the previous work has considered the strain rate used to reach the targeted creep stress or
relaxation strain as a variable for constructing the master curve for the creep deformation or load

relaxation, respectively.

It is well recognized that short-term and long-term mechanical behavior of PE materials is
strongly influenced by its microstructure, such as molecular weight (MW), molecular weight
distribution (MWD), crystallinity and short chain branch (SCB) content. Many investigations
have been conducted to reveal the relationship between the molecular structure of PE and its
failure mechanisms. For example, results presented in [38] showed that the resistance to long-
term brittle failure increases by incorporating short chain branches in PE materials. In addition,
the physical chain entanglements that connect crystalline lamellae are known to have positive
effect on the SCG resistance [39]. Currently, two types of pipes are used for the gas
transportation. One was first introduced to North America and Europe around 1980s,
categorized as PE8O under ISO system which certifies the pipe to be able to withstand a hoop
stress, known as minimum required strength (MRS), of 8MPa at 20°C for 50 years. For PE100,
the MRS is raised to 10MPa, primarily due to the bimodal molecular weight distribution of the
PE resin. In spite of the popularity of PES8O and PE100 in the gas pipe industry, difference in
their mechanical performance is yet to be fully characterized. In general, PE100 is known to
have higher crack growth resistance [39], yield strength and elastic modulus [40] than PES&O.
Furthermore, results from cyclic loading on cracked round bar (CRB) specimens suggest that
PE100 should have a much longer service life than PES0 [40, 41]. However, not all properties
for PE100 are better than PES0. For example, compact tension (CT) and single-edge-notched
bending (SENB) tests suggest that PES0 has higher fracture toughness than PE100 at both low

and room temperatures [40]. In addition, experience from the field indicates that performance of
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PES8O pipes is less affected by the squeeze-off process than PE100 pipes [8]. Such mixed
conclusions suggest that further testing is needed in order to fully characterize the difference

between PESO and PE100 in their performance for the gas pipe applications.
3.2 Materials, specimens and mechanical testing

Specimens used in this study were prepared from two kinds of commercial HDPE pipe
manufactured by Endot Industries. The first, PE3408 of Cell classification 445574C, is made of
PES8O resin, and the second, PE4710 of Cell classification 445576C, is made of PE100 resin.
Dimensions of the modified notched pipe ring (NPR) specimens follow those recommended in
ASTM D2290-12, except that the notch profile is flat, instead of round, in order to have a
relatively uniform stress distribution in the ligament region. The ligament length is selected to
be equal to the nominal pipe wall thickness, 5.84 mm, in order to have the aspect ratio for the
ligament cross section to be close to 1 so that during the test, contractions in the width and

thickness directions are similar.

Fig. 3.1 shows a pipe section, a modified NPR specimen, setup for the D-split test, and

dimensions of the NPR specimens used in this study. Damage level is represented by the
prestrain ¢, applied to the NPR specimens in the first test, with & calculated using the

following expression, based on the assumption that contraction in the width direction is

equivalent to that in the ligament length direction.
€, =2xIn(w,/w) (3.1)

where w, and w are original and deformed ligament lengths, respectively. Variation of w

during the test was determined using an extensometer.
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Fig. 3.1 Information on specimens and test set-up used in the study: (a) a pipe section (left) and a
modified NPR specimen (right), (b) setup for the D-split tensile test, and (c) specimen

dimensions

The D-split tensile test, first proposed for characterizing mechanical properties of composite
materials [44—47], was adopted for the experimental testing, for which the setup is illustrated in
Fig. 3.1(b). All tests were conducted using a universal test machine (QUASAR 100) at room
temperature. A two-stage test procedure, proposed by Jar [15-17, 48], was adopted for the
mechanical testing in which the first test was to generate damage in the NPR specimens and the
second test to determine the mechanical properties of damaged specimens. Procedure for the
first test is depicted schematically in Fig. 3.2, which is to stretch the NPR specimens first to
various, preselected area strains, followed by 3 hours of relaxation and then unloading. Six
crosshead speeds were considered in the preliminary study, among which four crosshead speeds
of 0.01, 1, 10 and 100mm/min were used to vary the strain rate to examine its influence on the
damage generation in the first test. Unloading for all first tests was kept at the same crosshead
speed 0.Ilmm/min. It should be pointed out that our preliminary study has suggested that area

strains for tensile fracture of the NPR specimens is around 200% at the crosshead speeds of 0.01
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and Imm/min, 100% at 10mm/min, and 70% at 100mm/min. Therefore, the range of area strain
introduced in the first test was from 5% to 160% at the crosshead speeds of 0.01 and Imm/min,

5% to 70% at 10mm/min, and 5% to 45% at 100mm/min.

Loading phase 'Relaxation; Unloading

Tt [
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c

) 0.01'mm/min ‘®
X ; =
g Tmm/min 0. 4imm/min | @
wn 10mm/min 8
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r—————
1 |

Time
Fig. 3.2 Schematic illustration of test procedure used for the first test
The choice of two-test method over one continuous, multi-phase test for this study is because
PE is known to take a long time to recover from the viscous deformation. A study has shown
that deformation recovery for HDPE is still detectable several months after the test [31], though
majority of the recovery occurs within several hours after the unloading [32-34]. In order to
avoid the significant deformation recovery during the second test, all specimens used in this
study were stored for at least two months after the first tests, to allow majority of the viscoelastic
deformation to be recovered, before they were used in the second tests. Furthermore, all second

tests were conducted at a low crosshead speed of 0.0lmm/min which corresponds to an initial

strain rate of 7x107 s™', in order to minimize the possibility of introducing additional damage to
p y g g

the specimens in the second tests.
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Since the cross sectional dimension for the ligament region of the NPR specimens after the
first test depends on the residual strain generated from the first test, engineering stress and area
strain from the second test can be calculated based on the specimen dimensions either before the
first test or at the beginning of the second test. In this chapter, area strains based on dimensions
before the first test are referred to as “first strains” and those based on dimensions at the
beginning of the second test “second strains”. Relaxation strain is defined as the prestrain at the

beginning of relaxation phase in the first stage tests.

3.3 An additional factor to time-temperature superposition for deformation of

PE

This section is to summarize the discovery from a preliminary study, to show the trend of
change of the relaxation modulus with time by varying the strain rate used to reach the relaxation
strain. Based on the test results, this section describes a new approach to construct a master
curve of the relaxation modulus versus time, for a period that is comparable to or longer than the

service time required for the PE pipe.

Four crosshead speeds of 0.01, 1, 10 and 100mm/min were selected to vary the strain rate. A
series of finite element (FE) simulation, following the procedure in [49], was performed to
determine the strain rates generated at a given crosshead speed. The results are presented in Fig.
3.3, which suggests that the maximum strain rates are 7x10°, 7x10~, 7x107, and 7x10" s for
the above four crosshead speeds, respectively. Fig. 3.3 also suggests that the strain rate did not
remain constant during the initial stretch of the relaxation test. Rather, the above maximum
strain rates are about 20 to 30 times of the initial strain rates generated at a given crosshead

speed. Nevertheless, in view that the maximum strain rates show a linear relationship with the
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crosshead speed used, and the ranges of strain rate variation for the four crosshead speeds are
clearly distinguishable, crosshead speed is used to represent the rate of deformation experienced
by each specimen, based on which the amount of horizontal shift is determined for constructing

the master curve, as will be shown later.

Five relaxation strain levels, namely, 5%, 10%, 20%, 30%, and 40%, were used to monitor
the load relaxation at the crosshead speeds of 0.01, 1 and 10mm/min. However, at the crosshead
speed of 100mm/min, the relaxation strains considered were only 5% and 10%, due to
difficulties encountered in manual control of the test machine to generate the desired relaxation

strains at such a high crosshead speed, and sensitivity of the specimens to the presence of foreign

particles [50].
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Fig. 3.3 Variation of strain rate as a function of area strain during the tensile deformation at

crosshead speeds of 0.01, 1, 10 and 100mm/min
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Relaxation modulus is defined here as the ratio of engineering stress to the relaxation strain,
similar to the definition in the literature [39] except that strain is expressed in terms of area
strain, due to the short gauge length of the NPR specimens. Each of the plots in Fig. 3.4
summarizes variation of relaxation modulus as a function of time for NPR specimens that were
stretched to the targeted relaxation strains at the same crosshead speed, that is 0.01, 1, 10 or
100mm/min. The figure clearly shows that, at a given time, the relaxation modulus decreases

with the increase of the relaxation strain, consistent with that reported before [39].

Fig. 3.4 also suggests that curve profile from the relaxation test is affected by the crosshead
speed used to reach the relaxation strain. That is, by increasing the crosshead speed from 0.01 to
100mm/min, the curve profile changes from concave downward to concave upward. The latter
has been reported many times in the literature [39, 51, 52] but the former, to the best of our
knowledge, has never been observed before, possibly because a very low crosshead speed, i.e., at
or below the strain rate of 7x107 s, is needed to introduce the initial stretch in order to generate

such a concave-downward curve profile.
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Fig. 3.4 Plots of relaxation modulus versus time for NPR specimens, stretched to the relaxation

strains at crosshead speeds of 0.01 (a), 1 (b), 10 (c¢), and 100mm/min (d)

Fig. 3.5(a) gives an example of the curves of relaxation modulus from the experimental
testing, and Fig. 3.5(b) the corresponding master curve constructed using the superposition
principle. All curves in Fig. 3.5(a) are with the relaxation strain of 5%, but using different
crosshead speeds to generate the initial stretch. The master curve in Fig. 3.5(b) is also for the

relaxation strain of 5%, with the initial stretch generated at the crosshead speed of 0.0 1mm/min.
g P
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The master curve in Fig. 3.5(b) is constructed by first horizontally shifting each curve in Fig.

3.5(a) by a time duration a,, calculated using an expression similar to the WLF equations [53]

except that the governing variable is changed from temperature to crosshead speed. That is,

]()ga‘é :M (3.2)
(G +v=v,)

where C, and C, are adjusting factors for which the values are 6.4 and 1.7, respectively, for all
crosshead speeds and relaxation strains considered in this study, v, the reference crosshead

speed which is 0.0lmm/min for Fig. 3.5(b), and v is the crosshead speed for the curve to be

shifted.

After the above horizontal shift, vertical shift is applied to the curves to generate a coherent,
continuous master curve. The vertical shift values required for Fig. 3.5(b) are summarized in the
first row of Table 3.1. The table also provides the vertical shift values required to generate the
master curves at other relaxation strains, with the same crosshead speed of 0.0lmm/min to

generate the initial stretch.
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Fig. 3.5 Variation of relaxation modulus with time for NPR specimens at the relaxation strain of

5%: (a) original test results and (b) master curve after the shifting

Table 3.1 Values for vertical shift used to construct the master curves at 0.01mm/min

Relaxation strain Imm/min 10mm/min 100mm/min
5% -0.241 -0.539 -0.573
10% -0.204 -0.462 -0.447
20% -0.175 -0.423 -
30% -0.153 -0.340 -
40% -0.142 -0.365 -

Fig. 3.6 summarizes all relaxation master curves obtained from the study, with the crosshead
speed of 0.01lmm/min for the initial stretch. Note that only curves with relaxation strains of 5%
and 10% contain test data that were obtained at the crosshead speed of 100mm/min. As
mentioned earlier, this is because accurate manual control of the initial stretch is difficult when

the desired relaxation strain is above 10%.
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Fig. 3.6 indicates clearly two transitions for the drop rate of the relaxation modulus, the first at
around 10° seconds, causing the increase of the drop rate, and the second after 10° seconds (over
3 years), for the reverse change of the drop rate. Note that the master curves reported in the

literature, such as in ref. [39], only show the second transition.
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Fig. 3.6 Master curves for relaxation modulus of PE specimens at different relaxation strains,

with the crosshead speed of 0.01mm/min to generate the initial stretch

The above approach can also be applied to construction of master curves for relaxation
modulus with the initial stretch at other crosshead speeds. Fig. 3.7 summarizes master curves at
the relaxation strain of 5%, for which the initial stretch was generated at all crosshead speeds
considered in this study. Fig. 3.7 also includes a master curve from ref. [39], generated at a
strain rate of 1x107 s™', which corresponds to the crosshead speed of around 30mm/min for our
specimens. As mentioned earlier, the curve from ref. [39] shows only the second transition, that

is, for the decrease of the drop rate for the relaxation modulus.

Fig. 3.7 suggests that with the increase of the crosshead speed used to generate the relaxation

strain, time for the appearance of the first transition in the relaxation test decreases. Therefore, it
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is possible that, due to the high strain rate used for the initial stretch in the previous work, only
the second transition could be observed. Further study needs to be conducted to understand
mechanisms that are responsible for the first transition of the drop of the relaxation modulus
shown in Fig. 3.7, and whether a relationship exists between the time for the occurrence of the

first transition and the long-term properties for PE.
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Fig. 3.7 Comparison of master curves for the relaxation modulus at the relaxation strain of 5%,

with various crosshead speeds to generate the initial stretch
3.4 Damage development under tensile loading using two-stage test method

3.4.1 Effect of strain rate on damage development

This section presents a study to investigate the influence of strain rate in the range that is
encountered during the installation, repair and maintenance of the PE pressure pipe on the

damage evolution. The study applies the two-test method to the D-split tensile specimens
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prepared from a PE pressure pipe. Elastic modulus measured from the second test is then used to
establish a phenomenological damage evolution law to depict the influence of strain rate on the

damage evolution.

3.4.1.1 The first stage test

Engineering stress-stroke curves from the NPR specimens at six crosshead speeds of 0.01, 1,
5, 10, 30 and 100mm/min are presented in Fig. 3.8. The figure indicates that yield stress
increases linearly with the increase of the logarithmic scale of crosshead speed at the rate of 1.48

, which is very close to the value of 1.64 reported previously [18].
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Fig. 3.8 Results from the monotonic loading of NPR specimen: (a) plots of engineering stress
versus stroke at different crosshead speeds and (b) yield stress as a function of logarithmic scale

of crosshead speed

Fig. 3.9 summaries results from the first tests, conducted at crosshead speeds of 0.01, 1, 10
and 100mm/min. For example, Figs. 3.9(a) and 4(b), from the crosshead speed of 0.01mm/min,
present curves of engineering stress versus stroke and true stress versus area strain, respectively,

with the prestrain in the range from 5% (the very left curve) to 160% (the very right curve) . It
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should be noted that at the crosshead speed of 100mm/min, Figs. 3.9(g) and 4(h), the number of
specimens actually used for the testing is larger than the number of curves presented here. This
is because at this crosshead speed, deformation and fracture behaviour has been strongly affected
by the presence of foreign particles in the ligament region of the specimens. Therefore, quite a
few tests had to be conducted to obtain curves that show little influence by the presence of

foreign particles, which are presented in Figs. 3.9(g) and (h).
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3.4.1.2 The second stage test

Curves of true stress versus second strain from the second tests, for prestrains of up to 80%,
are presented in Fig. 3.10. Note that since calculation of the second strain does not consider the
residual deformation from the first test, all curves in Fig. 3.10 starts from the origin. An obvious
trend in Fig. 3.10 is that below the second strain of 10%, stress at a given second strain decreases
with the increase of the prestrain applied in the first test. However, this trend is reversed for the
second strain above a critical value which lies between 20% and 30% in Fig. 3.10. This
phenomenon is consistent with that reported previously, from coupon specimens that were

prepared from compression-molded plaques [15, 48].
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Fig. 3.10 Curves of true stress versus second strain from the second test at the crosshead speed of
0.0lmm/min, on NPR specimens that have been subjected to monotonic tensile loading in the

first test, at the following crosshead speeds: (a) 0.01lmm/min, (b) Imm/min
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Curves with the prestrains of 120% and 160%, from specimens that have been subjected to
the crosshead speeds of 0.01 and Imm/min in the first test, are presented in Fig. 3.11. Note that
Fig. 3.11 also includes curves for the prestrain of 80% at the same crosshead speeds, to serve as a
reference for the comparison. Fig. 3.11 suggests that at a prestrain level above 80%, increase of
the prestrain always causes increase of the stress response in the second test, even at the second
strain level below 10%. This is different from the trend shown in Fig. 3.10 in which the curves

are from specimens with the prestrain below 80%.
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Fig. 3.11 Curves of true stress versus second strain from the second test, for the NPR specimens
that have been subjected to monotonic tensile loading to the prestrain level labelled for each

curve. Crosshead speed used in the first test was 0.0lmm/min for (a) and 1mm/min for (b)

Fig. 3.12 shows the relationship between the elastic modulus measured from the second test
and the prestrain applied in the first test, in which the elastic modulus is defined as the slope for
the straight line tangent to the curve of true stress versus second strain at the second strain of
0.5%. Fig. 3.12 suggests that for the specimens that have been subjected to the crosshead speeds
0of 0.01 and Imm/min in the first test, the elastic modulus decreases first with the increase of the

prestrain up to 80%. However, the trend of change for the elastic modulus is reversed with the
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further increase of the prestrain. Such a phenomenon has been observed before [22], except that
in the previous work, the test applied cyclic loading to the specimens and the elastic modulus

was measured during the unloading phase.

Fig. 3.12 also shows that at the crosshead speeds of 10 and 100mm/min, the elastic modulus
changes with the increase of prestrain introduced in the first test. However, since the maximum
prestrain before fracture at those crosshead speeds is below 80%, the V-shaped trend shown by
the specimens tested at the crosshead speeds of 0.01 and 1mm/min could not be observed. In
addition, Fig. 3.12 indicates that at a given prestrain level, increase of the crosshead speed used

in the first test causes decrease of the elastic modulus measured from the second test.

One possible explanation for the V-shaped trend for the elastic modulus in Fig. 3.12 is that at
a high prestrain level, i.e., above 80%, PE molecules become increasingly aligned in the loading
direction, resulting in a microstructure that yields a higher elastic modulus in the loading

direction than that for a virgin specimen [54-56].
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Fig. 3.12 Effect of prestrain introduced in the first test on the elastic modulus measured from the

second test.

The following equation has been suggested, based on the concept of continuum damage

mechanics (CDM) [57], to calculate damage parameter D :

p=1-Eb (3.3)

0

where D represents the ratio of damaged surface area to the total surface area, and £, and E,

are elastic moduli of the damaged and virgin specimens, respectively.

Fig. 3.13 presents variation of D, based on Eq. (3.2), as a function of prestrain introduced in
the first test. The figure includes curves based on the following one-term exponential function,

to fit the trend of change of the D values with the increase of prestrain.

D= A[1-exp(-Bz)] (3.4)
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Fig. 3.13 indicates that damage starts at a critical prestrain level that is lowered by the
increase of the crosshead speed used in the first test. In other words, at a given prestrain level
damage is more severe by using a higher crosshead speed to generate the prestrain. The figure
also indicates that both crosshead speed and prestrain level have a significant effect on the

damage generation.

It should be noted that Fig. 3.13 does not include D values for specimens with the prestrain
levels above 80%, generated at the crosshead speeds of 0.01 and Imm/min in the first test. This
is because at such high prestrain levels, micro-structure of PE should have been significantly
altered from that of the virgin NPR specimen, due to the improved alignment of molecular chains
in the loading direction. Therefore, D for those highly-deformed specimens should be calculated

using £, for a virgin specimen that has already had the microstructure of aligned molecular

chains. It should be pointed out that D for the specimens with the prestrain of 160% would have

been a negative value if E, for a virgin NPR specimens had been used to calculate the D value.
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Fig. 3.13 Variation of damage parameter D for NPR specimens as a function of prestrain

introduced in the first test, up to the prestrain level of 80%.

To take into account the difference of E, due to the microstructure change in PE, the

following expressions are used to calculate D for the entire prestrain range considered in this

study:
1—& £<0.8
El
D= (3.5)
I-—2  £>0.8
EZ

where E, is the elastic modulus for the damaged specimen, and E, and E, the elastic moduli

for virgin specimen with the isotropic, semi-crystalline microstructure and virgin specimen with
aligned microstructure, respectively. The critical strain for the change from the former to the

latter microstructure in PE has been suggested to be around 60% [58]. Our results suggest that
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such a change becomes permanent and shows a significant influence on the elastic modulus at a

strain level around 80%.

Fig. 3.14 presents an example for the above concept, showing variation of damage parameter
D as a function of prestrain for specimens subjected to a crosshead speed of 0.01lmm/min in the
first test. Values for D in Fig. 3.14 were determined based on Eq. (3.4), with E| being the elastic
modulus for a virgin NPR specimen and E, determined using results published in the literature
[55], as detailed in the following. In [55], Bigg summarizes elastic modulus for PE with
different molecular weight characteristics and subjected to a wide range of thermal treatments
and processing techniques [59-64], to show that after the transverse compression, the elastic
modulus values for PEs depict a unique trend line with the draw ratio (L) in the axial direction.
The trend line seems to be independent of the above variations in molecular weight and thermal
and processing history. As a result, £, in Eq. (3.4) for D in Fig. 3.14 was determined based on
the plot of elastic modulus versus L proposed by Bigg, at the values of L that are equivalent to

the area strains of 120% and 160%, determined from the following equation with the assumption

of volume conservation during the deformation process.

L =exp(¢) (3.6)

Using the above equation, area strains & of 120% and 160% correspond to L of 3.32 and 4.95,

respectively.

Variation of D with prestrain shown in Fig. 3.14 suggests that damage evolution in PE may be
a two-stage process. The D value may increase initially at a decreasing rate to a plateau value at

the prestrain of around 80%. Further increase of the prestrain, however, may cause the increase
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of D in an accelerating manner. Such a trend has also been observed in another study using
coupon specimens of HDPE from compression moulded plaques [65]. Note that the two trend
lines in Fig. 3.14 are drawn based on the expressions modified from Eq. (3.3), as given in the
figure, to depict the change of D with the increase of prestrain. Further investigation is planned

to confirm the D evolution at large prestrains.
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Fig. 3.14 Variation of damage parameter D as a function of prestrain introduced in the first test,

including the prestrains of 120% and 160%, at the crosshead speed of 0.01mm/min.

Fig. 3.15 presents yield stress and the corresponding area strain (named yield area strain) as
functions of prestrain applied in the first test, at all four crosshead speeds considered in this
study. Note that yield stress here is the engineering stress calculated using the cross sectional
area before the first test as the reference, and the yield area strain is the “first strain” at the yield
point of the second test. Fig. 3.15 suggests that yield stress from the second test decreases but
yield area strain increases with the increase of prestrain applied in the first test. Values for the

slope of the linear trend lines shown in Fig. 3.15 suggest that increase of the crosshead speed
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used in the first test causes increase of the change rate, with respect to the increase of prestrain,

of the yield stress and yield area strain from the second test.

The increase of the yield area strain with the increase of prestrain, as shown in Fig. 3.15, can
be understood from the viewpoint of microstructure evolution of PE under tensile deformation.
Degree of crystallinity for PE is known to decrease by the tensile deformation, due to the damage
generation, which leads to the eventual destruction of the original lamellar structure [66] and

causes the increase of the tensile yield strain [67].
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Fig. 3.15 Variation of yield stress and yield area strain for NPR specimens as functions of
prestrain introduced at the following crosshead speeds: (a) 0.0lmm/min, (b) Imm/min, (c)

10mm/min, and (d) 100mm/min
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Fig. 3.16 summaries plots of true stress versus first strain from the second tests, for specimens
subjected to different crosshead speeds in the first test. Each plot in Fig. 3.16 contains a curve
from a virgin specimen, to serve as a reference for the comparison. Apart from the reference
curve, each curve in Fig. 3.16 starts from a non-zero first strain due to the residual plastic
deformation generated from the first test. Larger the prestrain applied in the first test, larger the
residual plastic stain measured before the second test. In view that in the continuum damage
mechanics, plastic strain has been adopted to reflect the damage level [68], residual plastic strain
may serve as an indicator to characterize the damage in PE pipe. Such a possibility is being

investigated when this manuscript is prepared.
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Fig. 3.16 Plots of true stress versus first strain from the second test at the following crosshead

speeds: (a) 0.0lmm/min (b) Imm/min (c) 10mm/min and (d) 100mm/min
3.4.2 Effect of microstructure on damage development

In this section, influence of loading conditions on the fundamental mechanical behaviour of
PE80 and PE100 pipe materials is compared. In view of PE’s significantly non-linear, time-
dependent deformation behavior, the comparison is focused on two aspects. The first is the
influence of strain rate (through the change of test crosshead speed) on the short-term mechanical
properties such as tensile modulus, yield strength and relaxation resistance, and the second is the
influence of loading history (in terms of the maximum strain in the loading history, to be named

pre-strain hereafter) on elastic modulus at a strain of 0.5% and strain hardening modulus at post-
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yield strains above 70%. In spite that both PE80 and PE100 pipe materials are now widely used
for gas transportation, systematic comparison for the above properties are yet to be available in
the literature. Note that for PE100 pipe material, results for the influence of pre-strain on the

change of elastic modulus at a low strain level have been reported in our previous publication

[69].

Yield stress is defined based on engineering stress, i.e., calculated using the cross-sectional
area of the virgin specimen, before the first-stage test. Yield stress and elastic modulus at the
strain of 0.5%, measured from tests at the first-stage, are presented in Fig. 3.17(a) and (b),
respectively, as functions of the logarithmic scale of the crosshead speed. The results indicate
that both yield stress and elastic modulus increase linearly with the increase of the logarithmic
scale of the crosshead speed, which is consistent with that reported in ref. [70]. Furthermore,
Fig. 3.17 suggests that both yield stress and elastic modulus of PE100 are larger than those of
PES0, also consistent with results in the literature [41, 71], due to higher density of PE100 [72—

74].
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Fig. 3.17 Variation of yield stress (a) and elastic modulus (b) with crosshead speed for PES80 and
PE100 pipe materials
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Fig. 3.18 presents examples of relaxation behavior for PE80 and PE100 pipe materials,
measured from the first-stage tests after reaching the specified pre-strain levels at the crosshead
speed of either 0.01lmm/min (a) or Imm/min (b). Load drop in the figure is normalized by the
load at the beginning of the relaxation. The plots in Fig. 3.18 are only for two pre-strain levels,
20% and 40%, but the phenomenon and the trend of change are applicable to all other strain
levels. Fig. 3.18 suggests that at a given crosshead speed for the pre-loading and the same pre-
strain level, the percentage of load drop for PE80 pipe material is lower than that for PE100,
suggesting that the former has a better relaxation resistance than the latter. Fig. 3.18 also
suggests that the relaxation resistance increases with the increase of the pre-strain level, or with

the decrease of the crosshead speed used for the pre-loading.

The above difference in the relaxation resistance has been suggested to be due to the
difference in the molecular chain mobility between PES0 and PE100 pipe materials [75]. Based
on the results in Fig. 3.18, molecular chain mobility for PE100 should be bigger than that for
PE80. However, further study is required to determine the mechanisms that are responsible for
the relaxation behavior, in order to fully understand the implication of the difference in

relaxation resistance on the PE pipe performance.
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Fig. 3.18 Comparison of relaxation behavior of NPR specimens made from PE80 and PE100

pipe materials, stretched to pre- strains of 20% and 40% at crosshead speeds of (a) 0.0lmm/min

and (b) Imm/min

As mentioned earlier, elastic modulus was determined using true stress-strain curves from the
second-stage tests, at the strain level of 0.5%. Fig. 3.19 summarizes results of the elastic
modulus, from specimens which have been subjected to the first-stage tests at the crosshead
speed of 0.0lmm/min for (a) and Imm/min for (b). As shown in Fig. 3.19, both PE8O and
PE100 show decrease of the elastic modulus with the increase of the pre-strain levels. Based on
the classical damage mechanics concept [68], in which damage parameter D is defined using the
following Eq. (3.3), Fig. 3.19 suggests that damage can be introduced to both pipe materials at an

early stage of deformation, especially using a high crosshead speed.
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Strain hardening after the yield point [76, 77] has been characterized using the plot of true

stress versus neo-Hookean (NH) strain which is defined as 1> — % , where A is the stretch ratio.

Two examples of true stress versus NH strain from the second-stage tests, one for PES0 and the
other PE100, are shown in Fig. 3.20(a). The figure suggests that a section of the curves, with

NH strain above 3.75 or ¢, defined by Eq. (3.1) larger than 70%, shows an approximately linear

relationship between stress and strain, of which the slope is defined as the strain-hardening

modulus (G, ). In this study, value for G, was determined from the curve section with NH strain

between 12 and 18, as shown in Fig. 3.20(a), or ¢, from 125% to 145%.

Fig. 3.20(b) summarizes G, values for PE8O and PE100 with different pre-strain levels. The
figure suggests that pre-strains (&) up to 45% have little influence on the G, values. This is

different from the trend shown in Fig. 3.19 in which elastic modulus measured at the strain of

0.5% is strongly affected by the ¢, values. Since G, is measured at a high strain level, above
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70% for ¢, at which the deformation should have caused some disintegration of the crystalline
lamellae, the relatively constant G, values in Fig. 3.20 indicate that pre-strain of up to 45%,

introduced in the first-stage tests, does not affect the crystalline lamellae in their resistance to
deformation. On the other hand, deformation introduced for the measurement of elastic
modulus, at &, 0f0.5%, is expected to occur mainly in the inter-lamellar amorphous region.
Therefore, the change in elastic modulus with the pre-strain level, as shown in Fig. 3.19,

indicates that the pre-strain introduced in the first-stage tests should have affected the inter-

lamellar amorphous region in its resistance to deformation.

Fig. 3.20 also suggests that G, for PE100 has a larger value than that for PE8O, possibly due

to the stronger crystalline phase in PE100 than that in PE8O, consistent with the higher degree of

crystallinity for PE100 [40, 41].
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3.5 Conclusions

Effects of deformation-induced damage on mechanical properties of PE pipe have been
assessed using the two-test method, on NPR specimens from the pipe. Results from the second
tests were compared with those for virgin specimens at the same crosshead speed. The results
show that mechanical properties of PE are strongly affected by the loading conditions used in the
first test. In particular, elastic modulus from the second test, measured at the second strain of
0.5%, decreases significantly with the increase of prestrain applied in the first test, up to the
prestrain level of 80%. At higher prestrain levels of 120% and 160%, subjected to the crosshead
speeds of 0.01 and 1 mm/min, the trend of change for the elastic modulus is reversed. Yield
stress and yield area strain, on the other hand, show the monotonic, linear change with the
increase of prestrain, i.e., decrease in yield stress and increase in yield strain with the increase of

the prestrain level.

Damage evolution in the first test is established based on a phenomenological damage law
using the elastic modulus measured from the second test. The results suggest that prestrain for
the damage initiation decreases with the increase of the crosshead speed used to generate the
damage. Therefore, increase of the crosshead speed, i.e., increase of the strain rate, causes

acceleration of the damage evolution, thus increasing the extent of damage in the PE pipe.

The study concludes that the change of mechanical properties for PE pipe shows a strong
dependence on the loading history. In particular, variation of the tensile strain rate in the loading
history, introduced by varying the crosshead speed, can result in a significantly different trend of
change in the mechanical properties for PE pipe. The maximum strain introduced in the loading

history (i.e., the prestrain level) also affects the mechanical properties.
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In addition, mechanical properties, including yield stress, relaxation behavior, and elastic and
strain hardening moduli, were compared between PES0 and PE100 pipe. The results show that
yield stress and elastic modulus of PE100 are larger than those of PES0. PE100 also has a higher
strain hardening modulus than PE80, suggesting that the former is better in the resistance to
deformation. However, PESO has a better resistance to relaxation. Results from the study also
show a different dependence of elastic modulus (at & of 0.5%) and strain hardening modulus (at
strains above 70%) on the prestrain level introduced in the first-stage test, suggesting that the
prestrain levels used in the study, with & up to 45%, affect mainly the deformation resistance in

the inter-lamellar, amorphous region, not in the crystalline phase.

The study also examines the influence of two parameters, relaxation strain and crosshead
speed used to generate the relaxation strain, on the relaxation behavior of PE pressure pipes. An
approach based on superposition of time and strain rate (represented by the crosshead speed
here) is proposed to construct master curves for the relaxation modulus based on short-term test
results. The results show that two transitions exist for the drop of relaxation modulus with time.
One occurs after a long relaxation period, and the other within a short period after the relaxation
strain is reached. The latter causes increase of the drop rate for the relaxation modulus, and has
not been observed before. The study shows the possibility of constructing a master curve for the
relaxation modulus using short-term test results based on the time-strain rate superposition
principle. This approach can serve as an alternative means to evaluate the long-term behavior of

PE and semi-crystalline polymers in general.

74



References

[1] Kiass, N., Khelif, R., Boulanouar, L., and Chaoui, K., 2005, “Experimental Approach to
Mechanical Property Variability through a High-Density Polyethylene Gas Pipe Wall,” J.
Appl. Polym. Sci., 97(1), pp. 272-281.

[2] Azevedo, C. R. F., 2007, “Failure Analysis of a Crude Oil Pipeline,” Engineering Failure
Analysis, 14(6), pp. 978-994.

[3] Shalaby, H. M., Riad, W. T., Alhazza, A. A., and Behbehani, M. H., 2006, “Failure
Analysis of Fuel Supply Pipeline,” Engineering Failure Analysis, 13(5), pp. 789-796.

[4] Majid, Z. A., Mohsin, R., Yaacob, Z., and Hassan, Z., 2010, “Failure Analysis of Natural
Gas Pipes,” Engineering Failure Analysis, 17(4), pp. 818-837.

[5] Hasan, F., Igbal, J., and Ahmed, F., 2007, “Stress Corrosion Failure of High-Pressure Gas
Pipeline,” Engineering Failure Analysis, 14(5), pp. 801-809.

[6] Krishnaswamy, R. K., 2005, “Analysis of Ductile and Brittle Failures from Creep Rupture
Testing of High-Density Polyethylene (HDPE) Pipes,” Polymer, 46(25), pp. 11664—11672.

[7] Palermo, G., 2004, “Correlating Aldyl ‘A’ and Century PE Pipe Rate Process Method
Projections with Actual Field Performance,” Plastics Pipes XII Conference. Milan, Italy.

[8] Yayla, P., and Bilgin, Y., 2007, “Squeeze-off of Polyethylene Pressure Pipes: Experimental
Analysis,” Polymer Testing, 26(1), pp. 132—-141.

[9] Kim, J.-H., Park, W.-S., Chun, M.-S., Kim, J.-J., Bae, J.-H., Kim, M.-H., and Lee, J.-M.,
2012, “Effect of Pre-Straining on Low-Temperature Mechanical Behavior of AISI 304L,”
Materials Science and Engineering: A, 543, pp. 50-57.

[10] Nakajima, M., Akita, M., Uematsu, Y., and Tokaji, K., 2010, “Effect of Strain-Induced
Martensitic Transformation on Fatigue Behavior of Type 304 Stainless Steel,” Procedia
Engineering, 2(1), pp. 323-330.

[11] Kikuchi, S., and Ilschner, B., 1986, “Effects of a Small Prestrain at High Temperatures on
the Creep Behaviour of AISI 304 Stainless Steel,” Scripta Metallurgica, 20(2), pp. 159—
162.

[12] Zhang, C., and Moore, L. D., 1997, “Nonlinear Mechanical Response of High Density
Polyethylene. Part I: Experimental Investigation and Model Evaluation,” Polym Eng Sci,
37(2), pp. 404-413.

[13] Khan, F., 2006, “Loading History Effects on the Creep and Relaxation Behavior of
Thermoplastics,” Journal of Engineering Materials and Technology, 128(4), pp. 564-571.

[14] Dusunceli, N., and Aydemir, B., 2011, “The Effects of Loading History and Manufacturing
Methods on the Mechanical Behavior of High-Density Polyethylene,” Journal of
Elastomers and Plastics, 43(5), pp. 451-468.

[15] Jar, P.-Y. B., 2014, “Effect of Tensile Loading History on Mechanical Properties for
Polyethylene,” Polym Eng Sci, 55(9), pp. 2002-2010.

[16] Ben Jar, P.-Y., 2014, “Transition of Neck Appearance in Polyethylene and Effect of the
Associated Strain Rate on the Damage Generation,” Polym Eng Sci, 54(8), pp. 1871-1878.

[17] Jar, P. B., 2013, “Assessment of Damage and Long-Term Strenght of Polyethylene,”
ICF13.

[18] Dasari, A., and Misra, R. D. K., 2003, “On the Strain Rate Sensitivity of High Density
Polyethylene and Polypropylenes,” Materials Science and Engineering: A, 358(1-2), pp.
356-371.

75



[19] Reis, J. M. L., Pacheco, L. J., and da Costa Mattos, H. S., 2014, “Temperature and Variable
Strain Rate Sensitivity in Recycled HDPE,” Polymer Testing, 39, pp. 30-35.

[20] Reis, J. M. L., Pacheco, L. J., and da Costa Mattos, H. S., 2013, “Tensile Behavior of Post-
Consumer Recycled High-Density Polyethylene at Different Strain Rates,” Polymer
Testing, 32(2), pp. 338-342.

[21] Reis, J. M. L., Pacheco, L. J., and da Costa Mattos, H. S., 2013, “Influence of the
Temperature and Strain Rate on the Tensile Behavior of Post-Consumer Recycled High-
Density Polyethylene,” Polymer Testing, 32(8), pp. 1576—1581.

[22] Ayoub, G., Zairi, F., Nait-Abdelaziz, M., and Gloaguen, J. M., 2010, “Modelling Large
Deformation Behaviour under Loading—unloading of Semicrystalline Polymers:
Application to a High Density Polyethylene,” International Journal of Plasticity, 26(3), pp.
329-347.

[23] Xu, M., and Wang, L., 2006, “A New Method for Studying the Dynamic Response and
Damage Evolution of Polymers at High Strain Rates,” Mechanics of Materials, 38(1-2), pp.
68-75.

[24] Wang, L.-L., Zhou, F.-H., Sun, Z.-J., Wang, Y.-Z., and Shi, S.-Q., 2010, “Studies on Rate-
Dependent Macro-Damage Evolution of Materials at High Strain Rates,” International
Journal of Damage Mechanics, 19(7), pp. 805-820.

[25] Drozdov, A. D., and Yuan, Q., 2003, “The Viscoelastic and Viscoplastic Behavior of Low-
Density Polyethylene,” International Journal of Solids and Structures, 40(10), pp. 2321—
2342.

[26] Hong, K., Rastogi, A., and Strobl, G., 2004, “A Model Treating Tensile Deformation of
Semicrystalline Polymers: Quasi-Static Stress—Strain Relationship and Viscous Stress
Determined for a Sample of Polyethylene,” Macromolecules, 37(26), pp. 10165-10173.

[27] Dusunceli, N., and Colak, O. U., 2006, “High Density Polyethylene (HDPE): Experiments
and Modeling,” Mech Time-Depend Mater, 10(4), pp. 331-345.

[28] Lu, Y., Yang, W., Zhang, K., and Yang, M., 2010, “Stress Relaxation Behavior of High
Density Polyethylene (HDPE) Articles Molded by Gas-Assisted Injection Molding,”
Polymer Testing, 29(7), pp. 866—871.

[29] ASTM D5262 Standard Test Method for Evaluating the Unconfined Tension Creep and
Creep Rupture Behavior of Geosynthetics, ASTM International.

[30] ASTM D6048 Standard Practice for Stress Relaxation Testing of Raw Rubber,
Unvulcanized Rubber Compounds, and Thermoplastic Elastomers, ASTM International.

[31] ASTM F1473 Standard Test Method for Notch Tensile Test to Measure the Resistance to
Slow Crack Growth of Polyethylene Pipes and Resins, ASTM International.

[32] Struik, L. C. E., 1989, “Mechanical Behaviour and Physical Ageing of Semi-Crystalline
Polymers: 3. Prediction of Long Term Creep from Short Time Tests,” Polymer, 30(5), pp.
799-814.

[33] Lai, J., and Bakker, A., 1995, “Analysis of the Non-Linear Creep of High-Density
Polyethylene,” Polymer, 36(1), pp. 93-99.

[34] Bozorg-Haddad, A., and Iskander, M., 2008, “Compressive Creep Behavior of HDPE
Using Time Temperature Superposition,” GeoCongress 2008@, s Geosustainability and
Geohazard Mitigation, ASCE, pp. 915-922.

[35] Nitta, K., and Maeda, H., 2010, “Creep Behavior of High Density Polyethylene under a
Constant True Stress,” Polymer Testing, 29(1), pp. 60—65.

76



[36] Bozorg-Haddad, A., and Iskander, M., 2011, “Comparison of Accelerated Compressive
Creep Behavior of Virgin HDPE Using Thermal and Energy Approaches,” Journal of
materials engineering and performance, 20(7), pp. 1219-1229.

[37] Popelar, C. F., Popelar, C. H., and Kenner, V. H., 1990, “Viscoelastic Material
Characterization and Modeling for Polyethylene,” Polym Eng Sci, 30(10), pp. 577-586.

[38] Cheng, J. J., 2008, “Mechanical and Chemical Properties of High Density Polyethylene:
Effects of Microstructure on Creep Characteristics.”

[39] Adib, A., Dominguez, C., Rodriguez, J., Martin, C., and Garcia, R. A., 2014, “The Effect of
Microstructure on the Slow Crack Growth Resistance in Polyethylene Resins,” Polym Eng
Sci, 55(5), pp. 1018-1023.

[40] Graice, L. M., Younan, M. Y. A., and Naga, S. A. R., 2004, “Experimental Investigation
into the Fracture Toughness of Polyethylene Pipe Material,” Journal of pressure vessel
technology, 127(1), pp. 70-75.

[41] Frank, A., Pinter, G., and Lang, R. W., 2010, “Fracture Mechanics Lifetime Prediction of
PE 80 and PE 100 Pipes under Complex Loading Conditions,” Proceedings Pipes XV,
Vancouver, Canada.

[42] Frank, A., Hutaf, P., and Pinter, G., 2012, “Numerical Assessment of PE 80 and PE 100
Pipe Lifetime Based on Paris-Erdogan Equation,” Macromolecular Symposia, Wiley
Online Library, pp. 112—-121.

[43] Rafiee, R., 2012, “Apparent Hoop Tensile Strength Prediction of Glass Fiber-Reinforced
Polyester Pipes,” Journal of Composite Materials, p. 0021998312447209.

[44] Shlitsa, R. P., and Novikova, E. A., 1983, “Characteristics of the Use of the Split-Disk
Method for Investigating Modern Winding Composites,” Mech Compos Mater, 18(4), pp.
502-508.

[45] Jiang, L., Jonas, J. J., Boyle, K., and Martin, P., 2008, “Deformation Behavior of Two Mg
Alloys during Ring Hoop Tension Testing,” Materials Science and Engineering: A, 492(1—
2), pp. 68-73.

[46] Chen, J. F., Li, S. Q., Bisby, L. A, and Aji, J., 2011, “FRP Rupture Strains in the Split-Disk
Test,” Composites Part B: Engineering, 42(4), pp. 962-972.

[47] Jar, P. B., 2014, “Degradation of Mechanical Properties for Polyethylene by Small-
Deformation Damage,” ASME 2014 Pressure Vessels and Piping Conference, American
Society of Mechanical Engineers, p. VO6BT06A040-V06BT06A040.

[48] Fotheringham, D. G., and Cherry, B. W., 1978, “Strain Rate Effects on the Ratio of
Recoverable to Non-Recoverable Strain in Linear Polyethylene,” J Mater Sci, 13(2), pp.
231-238.

[49] Addiego, F., Patlazhan, S., Wang, K., André¢, S., Bernstorff, S., and Ruch, D., 2015, “Time-
Resolved Small-Angle X-Ray Scattering Study of Void Fraction Evolution in High-Density
Polyethylene during Stress Unloading and Strain Recovery,” Polym. Int., 64(11), pp. 1513—
1521.

[50] Lai, J., and Bakker, A., 1995, “An Integral Constitutive Equation for Nonlinear Plasto-
Viscoelastic Behavior of High-Density Polyethylene,” Polym Eng Sci, 35(17), pp. 1339-
1347.

[51] Dusunceli, N., and Colak, O. U., 2008, “The Effects of Manufacturing Techniques on
Viscoelastic and Viscoplastic Behavior of High Density Polyethylene (HDPE),” Materials
& Design, 29(6), pp. 1117-1124.

77



[52] Muhammad, S., 2014, “Deformation and Fracture of Polymers with Work Hardening
Behavior,” Ph.D., University of Alberta.

[53] Zhang, Y., and Jar, P.-Y. B., 2015, “Phenomenological Modelling of Tensile Fracture in PE
Pipe by Considering Damage Evolution,” Materials & Design, 77, pp. 72—82.

[54] Popelar, C. H., Kenner, V. H., and Wooster, J. P., 1991, “An Accelerated Method for
Establishing the Long Term Performance of Polyethylene Gas Pipe Materials,” Polymer
Engineering & Science, 31(24), pp. 1693—-1700.

[55] Djokovi¢, V., Kostoski, D., and Drami¢anin, M. D., 2000, “Viscoelastic Behavior of
Semicrystalline Polymers at Elevated Temperatures on the Basis of a Two-Process Model
for Stress Relaxation,” Journal of Polymer Science Part B: Polymer Physics, 38(24), pp.
3239-3246.

[56] Ferry, J. D., 1980, Viscoelastic Properties of Polymers, John Wiley & Sons.

[57] Andrews, J. M., and Ward, 1. M., 1970, “The Cold-Drawing of High Density
Polyethylene,” J Mater Sci, 5(5), pp. 411-417.

[58] Bigg, D. M., 1976, “A Review of Techniques for Processing Ultra-High Modulus
Polymers,” Polym Eng Sci, 16(11), pp. 725-734.

[59] Barham, P. J., and Keller, A., 1976, “A Study on the Achievement of High-Modulus
Polyethylene Fibres by Drawing,” J Mater Sci, 11(1), pp. 27-35.

[60] Lemaitre, J., 2012, A Course on Damage Mechanics, Springer Science & Business Media.

[61] Hobeika, S., Men, Y., and Strobl, G., 2000, “Temperature and Strain Rate Independence of
Critical Strains in Polyethylene and Poly(ethylene-Co-Vinyl Acetate),” Macromolecules,
33(5), pp. 1827-1833.

[62] Imada, K., Yamamoto, T., Shigematsu, K., and Takayanagi, M., 1971, “Crystal Orientation
and Some Properties of Solid-State Extrudate of Linear Polyethylene,” J Mater Sci, 6(6),
pp. 537-546.

[63] Gibson, A. G., Ward, I. M., Cole, B. N., and Parsons, B., 1974, “Hydrostatic Extrusion of
Linear Polyethylene,” J Mater Sci, 9(7), pp. 1193—-1196.

[64] Weeks, N., and Porter, R., 1974, “Mechanical-Properties of Ultra-Oriented Polyethylene,”
J. Polym. Sci. Pt. B-Polym. Phys., 12(4), pp. 635-643.

[65] Capaccio, G., and Ward, I. M., 1974, “Preparation of Ultra-High Modulus Linear
Polyethylenes; Effect of Molecular Weight and Molecular Weight Distribution on Drawing
Behaviour and Mechanical Properties,” Polymer, 15(4), pp. 233-238.

[66] Capiati, N., and Porter, R., 1975, “Tensile Properties of Ultradrawn Polyethylene,” J.
Polym. Sci. Pt. B-Polym. Phys., 13(6), pp. 1177-1186.

[67] Capaccio, G., and Ward, 1., 1973, “Properties of Ultrahigh Modulus Linear Polyethylenes,”
Nature-Physical Science, 243(130), pp. 143—-143.

[68] Jar, P.-Y. B., 2015, “Deformation-Induced Change in Long-Term Mechanical Properties of
Polyethylene (PE),” Lille, France.

[69] Jiang, Z., Tang, Y., Rieger, J., Enderle, H.-F., Lilge, D., Roth, S. V., Gehrke, R.,
Heckmann, W., and Men, Y., 2010, “Two Lamellar to Fibrillar Transitions in the Tensile
Deformation of High-Density Polyethylene,” Macromolecules, 43(10), pp. 4727-4732.

[70] Brooks, N. W. J., Duckett, R. A., and Ward, I. M., 1999, “Effects of Crystallinity and Stress
State on the Yield Strain of Polyethylene,” Polymer, 40(26), pp. 7367-7372.

[71] Lemaitre, J., 1996, A Course on Damage Mechanics, Springer.

[72] Zhang, Y., and Jar, P.-Y. B., 2015, “Quantitative Assessment of Deformation-Induced
Damage in Polyethylene Pressure Pipe,” Polymer Testing, 47, pp. 42—50.

78



[73] DesLauriers, P. J., McDaniel, M. P., Rohlfing, D. C., Krishnaswamy, R. K., Secora, S. J.,
Benham, E. A., Maeger, P. L., Wolfe, A. r., Sukhadia, A. M., and Beaulieu, B. B., 2005, “A
Comparative Study of Multimodal vs. Bimodal Polyethylene Pipe Resins for PE-100
Applications,” Polym Eng Sci, 45(9), pp. 1203—-1213.

[74] Popli, R., and Mandelkern, L., 1987, “Influence of Structural and Morphological Factors on
the Mechanical Properties of the Polyethylenes,” Journal of Polymer Science Part B:
Polymer Physics, 25(3), pp. 441-483.

[75] Lu, X., Qian, R., and Brown, N., 1995, “The Effect of Crystallinity on Fracture and
Yielding of Polyethylenes,” Polymer, 36(22), pp. 4239-4244.

[76] Humbert, S., Lame, O., and Vigier, G., 2009, “Polyethylene Yielding Behaviour: What Is
behind the Correlation between Yield Stress and Crystallinity?,” Polymer, 50(15), pp.
3755-3761.

[77] Haward, R. N., 1993, “Strain Hardening of Thermoplastics,” Macromolecules, 26(22), pp.
5860-5869.

[78] Haward, R. N., 2007, “Strain Hardening of High Density Polyethylene,” J. Polym. Sci. B
Polym. Phys., 45(9), pp. 1090-1099.

79



hapter &
Chapter“® |

Phenomenological modelling of tensile fracture in PE
pipe with the consideration of damage evolution

Tensile fracture of polyethylene (PE) pipe in the hoop direction has been investigated using a
phenomenon-based, hybrid approach of combining experimental testing and FE simulation. A
modified D-split test was used for the experimental testing, at three crosshead speeds of 0.01, 1,
and 100 mm/min. The test results were then used to establish the governing equation for the
specimen deformation so that the FE model can regenerate the data obtained from the
experimental testing. Two approaches were considered for the FE simulation, one with separate
expressions for deformation and damage evolution, and the other without. Results from the FE
simulation suggest that the former approach enables the FE model to simulate both large
deformation and ductile fracture of the test, while the latter can only mimic the large deformation
before the final stress drop. Although the expression established in this study is unlikely to be
unique for the damage evolution, it provides a qualitative means to depict the damage evolution
during the test. Using parameters in the expression for damage evolution as variables, with the
stress-strain relationship fixed, the FE simulation provides results to characterize the influence of

damage evolution rate on the load-stroke curve generated from the D-split test.
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4.1 Introduction

Polyethylene (PE) has been widely used to replace steel, concrete and clay as pipe material
for fluid transportation, due to PE’s durability, reliability, relative low cost, and ease for
construction and maintenance. Statistics suggests that PE pipe is now the main component for
over 90% of newly installed natural gas systems [1,2]. In spite of the above advantages and
popularity, however, unexpected, catastrophic failure of PE pipeline has been reported in
Pakistan [3], Mexico [4], Kuwait [5], Brazil [6] and Malaysia [7], suggesting that blind spots still
exist for characterizing the PE pipe. Moreover, experimental results have shown that
degradation of mechanical properties can be caused by small deformation which may happen
during installation and maintenance process, such as squeeze-off [8,9] which has been reported

to lead to failure of PE pipe [10].

It is well established that majority of the PE pipe failures are attributed to a quasi-brittle
fracture behavior known as slow crack growth (SCG) [11-13]. Current method to characterize
resistance of PE pipe to SCG is based on a time-consuming hydrostatic rupture test that should
be conducted using full-sized specimens at different temperatures and stress levels to collect data
for extrapolation, as specified in EN ISO 9080:2012 [14]. To avoid the long duration involved in
the hydrostatic rupture test various laboratory test methods, such as fully-notched creep test
(FNCT) [15,16], the Pennsylvania edge-notched test (PENT) [17], notched pipe test (NPT) [18]
and cracked round bar (CRB) test [19], have been developed to characterize the transition to the
SCG development within a reasonable timeframe. However, because of the artificial notches
that are required for the specimens used in the above laboratory test methods [9], the results
cannot be used to determine the critical stress level for the SCG initiation and propagation.

Therefore, new methods are desired which do not require any notch in the specimen, in order to
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generate data for identifying mechanisms responsible for the pipe failure. Finite element (FE)
method has been used to model pipe failure in the hydrostatic rupture test to estimate the failure
time [20-22]. As a result, the main objective of this chapter is to establish constitutive equations
and damage evolution laws that are needed to input into the FE model in order to accurately
mimic the pipe failure behavior. It should be noted that environmental stress cracking resistance

(ESCR) is another important pipe failure mechanism but is not considered in this chapter.

Many studies for developing new test methods have taken the approach of establishing
constitutive models that consider nonlinear viscoelastic and viscoplastic properties of PE. These
constitutive models can be grouped in two categories, i.e., phenomenological and physical
models. One of the popular models in the former group, known as the BP model [23], was used
to represent the -elastic-viscoplastic strain hardening behaviour by separating the total
deformation rate into elastic and plastic components. The BP model has been adopted by Frank
and Brockman [24] to describe the mechanical behavior of glassy polymers, and modified by
Zairi et al. [25] for the nonlinear viscoplastic behavior of glassy polymers under isothermal

loading.

Rheological models that are composed of springs and dashpots are usually adopted in
modelling viscous behavior of semi-crystalline polymers, such as the extended Khan, Huang and
Liang (KHL) model [26, 27] to include the standard linear solid spring-dashpot elements to
mimic the deformation responses of polymeric materials [28]. Nonlinear mechanical behavior of
high-density PE (HDPE) was modelled by Zhang and Moore [29] using the combination of a
viscoelastic model of one independent spring and six Kelvin elements in series and a viscoplastic

model based on Bodner’s theory [23]. Viscoplasticity based on overstress (VBO) model, derived
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from a unified state variable theory [30, 31], has been widely used to predict cyclic deformation

behaviour of polymeric materials [32-34].

The physical models are based on the relationship between microstructure and mechanical
properties. A one-dimensional model consisting of one Eyring dashpot to represent the
intermolecular resistance and a Langevin spring to represent the entropic resistance was
proposed to describe the stress-strain relationship of glassy thermoplastics [35]. This model was
later expanded by Parks et al. [36] to represent the three-dimensional deformation, and further by
Boyce et al. [37] to include the effect of deformation rate on the resistance to plastic
deformation. A constitutive model to analyze the strain-induced crystallization in polymers has
been proposed by Boyce et al. [38], and later extended by Ahzi et al. [39]. This model was
recently used by Ayoub et al. [40] to simulate a large cyclic deformation behaviour of HDPE. A
different approach for the physical models, based on chain network structure, has been
developed to study deformation of rubbery polymers. Several examples, including 3-chain
model by James and Guth [41], 4-chain model by Flory and Rehner [42], 8-chain model by
Arruda and Boyce [43] and full-network model by Wu and van der Giessen [44], have been
successfully used to simulate mechanical behavior of rubbery polymers. Among these models,
the one by Arruda and Boyce was found to be most computationally efficient as it requires only

two material constants for the model calibration.

For semi-crystalline polymers, modelling of damage and ductile fracture is usually based on
the assumption that inter-lamellar micro-voids are responsible for the initiation of fracture [45,
46]. Most of the models for such fracture behavior adopt one of the following two approaches to
develop the constitutive equation, i.e., continuum damage mechanics (CDM) or porous solid

plasticity. CDM models originate from the work in [47], of which the basic assumption is to
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treat damage as an internal variable that is embedded in the thermodynamics of an irreversible
process. Various CDM models have been proposed, including ductile damage models [48—58],
creep damage models [59-63] and damage models for fatigue fracture [64—68]. The models
based on porous solid plasticity, also known as GTN models [69-72], are mainly used to analyze
the damage phenomena in porous solids. Yield functions for the GTN models were originally
developed by Gurson [69], and later modified and applied to void nucleation in pressure
sensitive materials [73]. Application of the GTN models has been extended to void growth and
coalescence in elasto-plastic deformation [74—76], in which variation of void shape is allowed to

enhance the modelling capability.

The above damage models and their constitutive equations have been implemented in finite
element (FE) simulation to allow the change in mechanical properties so that the deformation
behavior observed from the mechanical testing can be regenerated using the FE simulation. It is
worth mentioning that both CDM and GTN models have been successfully used to evaluate
ductile fracture [77-81], but mainly for metallic materials. For polymeric materials, much fewer
studies have been conducted. Sample works that we could find in literature that applied CDM or

GTN models to fracture of polymeric materials are given in [82—84].

This chapter summarizes results from a hybrid, phenomenological approach, based on
experimental testing and FE simulation, to model large deformation and ductile fracture of ring
specimens prepared from a commercial PE pipe. The experimental testing adopted a modified
D-split test method, from which data were applied to FE simulation to establish the governing
equation for the deformation. In this study, two series of FE simulation were conducted, one
with separate expressions for damage evolution and for the stress-strain relationship, and the

other without. In this work, after verifying the feasibility of using the former series to mimic the
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deformation and fracture behaviour obtained from the experimental testing, the FE model was
then used as a virtual tool to investigate the effect of damage evolution rate on the deformation

and fracture behavior of PE pipe specimen.

4.2 Experimental testing

4.2.1 Specimens and test conditions

Notched pipe ring (NPR) specimens modified from ASTM: D2290-12 [85] were used for the
experimental testing, prepared from a commercial PE4710 Cell classification 445576C HDPE
pipe, manufactured by Endot Industries. The resin used to manufacture the PE pipe is PE-100
and therefore the PE pipe meets the minimum required strength (MRS) of 10MPa specified in
EN ISO standard 12162:2009 [86]. Inner diameter and nominal wall thickness of the PE pipe are
52.5mm and 5.84mm, respectively. The D-split tensile test, first proposed for characterizing the
mechanical properties of composite materials [87-90], was adopted for the testing. For this
study, notch tip of the NPR specimens was modified to have a flat profile, instead of round, so
that stress distribution in the ligament region is relatively uniform. Schematic diagram of the D-
split tensile test and dimensions of the modified NPR specimens are shown in Fig. 4.1. Note that
ligament length for the modified NPR specimens was chosen to be 5.84 mm so that the aspect
ratio of width to thickness in the ligament region is close to 1, in order to generate the same

contraction rate in the width and thickness directions during the test.
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Fig. 4.1 Schematic diagram of the D-split tensile test and dimensions of the modified NPR

specimens

The experimental testing was conducted using a universal testing machine (QUASAR 100) at
three crosshead speeds, 0.01, 1 and 100 mm/min, until one of the ligaments broke. Changes in
load, stroke, and ligament length were recorded as functions of time. The test results showed
excellent repeatability, except the stroke at break for which the scattering was possibly caused by
defects (voids, foreign particles, etc.) that happened to be in the ligament region in some
specimens. The scattering, however, did not affect the trend of change with the increase of

crosshead speed from 0.01 to 100 mm/min.

A preliminary study has confirmed that the aspect ratio of the ligament cross section remained
nearly constant during the test. Therefore, ligament length measured during the test was used to
determine the change of ligament cross sectional area during the test, which was then used to

verify the input to a finite element model for the simulation of the deformation behavior.

4.2.2 Test results

Typical curves of engineering stress versus stroke at the three crosshead speeds are presented

in Fig. 4.2. The trend is similar to that reported in the literature [91], that is, yield stress
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increases, but stroke at break decreases, with the increase of the crosshead speed. Note that
localised deformation (necking) did not occur in any of the specimens, possibly due to the short
ligament height of 2.36 mm (Fig. 4.1) that was insufficient to accommodate the neck

development.
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Fig. 4.2 Typical curves of engineering stress versus stroke at different crosshead speeds

Damage evolution during the deformation was characterized using damage variable D which

based on the concept of continuum damage mechanics (CDM), is defined as:

D=1-=2 (4.1)

where E, is the elastic modulus for the damaged specimen and E| the elastic modulus for the
virgin specimen. Some studies have measured the change of E, by introducing unloading

periodically during the test [92-94]. However, HDPE is known to have a strong viscous
component in the stress-strain relationship, which results in a significant load drop immediately

at the end of the loading phase [40, 97]. The preliminary results from our experimental testing
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showed that the unloading curve for the modified NPR specimens is highly nonlinear and the
amount of load drop at the end of the loading phase affects the unloading curve profile.

Therefore, value for E, determined from the unloading curve is strongly dependent on the

crosshead speed used for the testing and location selected in the unloading curve for the

calculation. Because of these factors, decrease of the £, value from the unloading curve may

not reflect the damage development. As a result, rather than choosing an arbitrarily condition to

determine E,, from the unloading curve, we decided to treat D as an intrinsic variable which is

governed by a phenomenological damage law based on a one-term exponential function [93], as

given below.
D= A[l —exp(-Be, )] (4.2)

where ¢, is the plastic strain, and 4 and B the user-defined constants. In this study, values for 4

and B were determined through the FE simulation so that data from the experimental testing can
be regenerated by the FE model. Details of the simulation procedure are given in the next

section.

4.3 Finite element simulation

4.3.1 The FE model

A three-dimensional FE model of the modified NPR specimen was developed using
ABAQUS/Explicit (Version 6.12-2). The model consists of half of the NPR specimen and the
corresponding D-shaped loading blocks inside the NPR. The former, as shown in Fig. 4.3(a), has
34860 elements (C3D8R) of the first-order, following the suggestion given in [96]. The D-

shaped loading block, not shown in Fig. 4.3(a), are modelled as analytical rigid body. Fig. 4.3(b)
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depicts a deformation behavior generated from the FE simulation, and Fig. 4.3(c) a typical

deformed specimen from the experiment.
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Fig. 4.3 FE model of the modified NPR specimen: (a) mesh pattern, (b) deformation from the FE

model and (c¢) deformation from the experimental testing

Two series of FE simulation were conducted in the study. In the first series, deformation of
the FE model was governed only by the input stress-strain relationship, but in the second series,
the deformation was also governed by an explicit expression for the damage evolution. Both
series used a tabular format for the material input, which consisted of more than two thousands

discrete points.

It should be noted that the version of ABAQUS used in this study does not allow the FE
simulation to consider both creep deformation and damage evolution. Therefore, time involved
in the simulation was set to be very short (around 1s), in order to avoid any requirement of

considering the viscous properties of PE for the model deformation.
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4.3.2 The first series of FE simulation

The first series of FE simulation followed the framework described in [97-99], that is, based
on the following constitutive equation for the stress-strain relationship and without any explicit

expression for the damage evolution.

3
o) ” £26 (@)
a(e)=14 {[“(‘9 +0)]” ~[a(e +b)](6)} te ¢,se5¢, (b) (4.3)
ake" g, <e<¢g (c)
kexp(Mg'B) e>g  (d)

where o and ¢ are equivalent stress and equivalent strain, respectively, &, the transitional
strain from linear to nonlinear deformation, ¢, the critical strain for the on-set of necking, and

g, the strain at the beginning of the exponential hardening. The other parameters (a, b, c, d, e,

ok, N and M) are user-defined variables for which the values were determined in an iterative
process until variations of engineering stress and ligament cross sectional area as functions of
stroke from the FE simulation matched those from the experimental testing. Details of the

iterative process are described in [98].

It should be noted that although damage evolution was not explicitly considered in the first
series of FE simulation, values determined for parameters in Eq. (4.3) have actually included the

influence from the damage evolution.

Fig. 4.4 presents results from the first series of FE simulation (open circles), compared with

data from the experimental testing (solid line) at all three crosshead speeds used in the study.
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The figure clearly shows that good match can be achieved using Eq. (4.3) alone, without any

explicit consideration of the damage evolution, except for the stress drop before the final

fracture, as illustrated in Fig. 4.4(c) at the crosshead speed of I mm/min. Similar phenomena

were also observed for the other two crosshead speeds.
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Fig. 4.4 Comparison between the first series of FE simulation and the experimental testing at all
three crosshead speeds: (a) engineering stress versus stroke at 0.01 mm/min, (b) normalized

ligament area versus stroke at 0.01 mm/min, (c) engineering stress versus stroke at 100mm/min
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Fig. 4.5 summarizes the stress-strain relationship used for the FE model in the first series of
FE simulation, in order to produce the data shown in Fig. 4.4. Values for the parameters in Eq.
(4.3) and the corresponding strain ranges for each of the three crosshead speeds are given in
Tables 4.1 and 4.2, respectively. Fig. 4.5 indicates that the initial yielding stress increases with
the increase of the crosshead speed, but the trend for the strain hardening rate at the strain level

above 1.5 is opposite.
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Fig. 4.5 Curves of equivalent stress versus equivalent strain established from the first series of

FE simulation

92



Table 4.1 Values for parameters in Eq. (4.3) determined from the first series of FE simulation

FE model Notched pipe ring specimen
Crosshead speed 0.0Ilmm/min Imm/min 100mm/min
Equation (4.3a) E 864 880 885
v 0.35 0.35 0.35
a 6.3 20 32
b 0.0889 0.0260 0.0186
Equation (4.3b) c 0.09 0.141 0.002
d -23.8 -23.8 -23.8
e 15.5 15.5 15.5
, ak 22.4 30.4 343
Equation (4.3c)
N 0.15 0.1 0.08
Section 1 K, 17.5 25.4 29.5
M, 0.59 0.54 0.50
B 1.8 1.8 1.8
Section 2 K, 19.5 27.4 314
M, 0.43 0.43 0.41
B2 1.8 1.8 1.8
Section3  Kj 15.7 30.1 35.1
Equation (4.3d) M3 0.55 0.38 0.35
B3 1.8 1.8 1.8
Section 4 K4 11.7 24.7 27.1
M, 0.65 0.45 0.45
Ba 1.8 1.8 1.8
Section5  K; 13.0 24.7 27.1
Ms 0.6 0.45 0.45
Bs 1.8 1.8 1.8
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Table 4.2 Strain ranges for Eq. (4.3) used in the first series of FE simulation

FE model Notched pipe ring specimen

Crosshead speed 0.0Ilmm/min Imm/min 100mm/min

Equation (4.3a) 0-0.0005 0-0.0005 0-0.0005

Equation (4.3b) 0.0005-0.065 0.0005-0.065  0.0005-0.04

Equation (4.3c¢) 0.065-0.3 0.065-0.3 0.04-0.3

Equation (4.3d) Section 1 0.3-0.8 0.3-0.8 0.3-0.8
Section 2 0.8-1.4 0.8-1.4 0.8-1.4
Section 3 1.4-1.8 1.4-1.8 1.4-1.8
Section 4 1.8-2.0 1.8-2.0 1.8-2.0
Section 5 2.0-2.5 2.0-2.5 2.0-2.5

4.3.3 The second series of FE simulation

For the second series of FE simulation, in addition to the use of Eq. (4.3) to govern the stress-
strain relationship, Eq. (4.2) was used for the damage evolution. Ideally, Eq. (4.3) is to represent
the damage-free stress-strain relationship and Eq. (4.2) for all changes in mechanical properties
due to the presence of damage. However, at this stage no data are available to quantify the
change in mechanical properties purely due to the damage. Therefore, the second series of FE
simulation was simply to ensure that the FE model based on Eq. (4.2) and (4.3) can regenerate
the results obtained experimentally. For this purpose, two additional pieces of information are
needed to mimic the deformation and fracture behavior of the modified NRP specimens: (a)
criterion for the onset of damage, and (b) critical damage level (D¢) for the element failure.
Following the suggestion given in [100, 101], damage was assumed to start at the yield point

during the loading phase, that is, when the equivalent strain reached ¢,. For the D, value,

Lemaitre’s damage model [48] has suggested that material is fully damaged when D reaches 1.
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However, experimental studies [49, 102, 103] have suggested that the final fracture may occur
before D reaches 1. After several attempts in our preliminary study to mimic the experimental
results, it was decided that D¢ value can be fixed at 0.8 for all crosshead speeds to mimic the

onset of fracture observed in the study.

The iterative process to determine the values for the user-defined parameters in Eq. (4.2) and
(4.3) in the second series was similar to that used in the first series of FE simulation, i.e., until
variations of engineering stress and normalized cross sectional area generated from the FE model
matched those from the experimental testing. However, in the second series of FE simulation,
the iterative process used to match the engineering stress-stroke curve included the consideration
of the curve section during the final stage of the test, i.e., the final load drop with the increase of

the stroke before the specimen fracture.

Fig. 4.6 compares results from the second series of FE simulation (open circles) with those
from the experimental testing (solid line). The figure suggests that with the consideration of
damage evolution, even based on a simple one-term exponential function to express the variation
of D during the test, the curve profile for the engineering stress drop in the final stage of the D-

split test can be regenerated by the FE model.
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Fig. 4.6 Comparison of results from the second series of FE simulation with those from the
experimental testing: (a) engineering stress at 0.01 mm/min, (b) normalized ligament area at 0.01
mm/min, (c) engineering stress at 1 mm/min, (d) normalized ligament area at 1 mm/min, (e)

engineering stress at 100 mm/min, and (f) normalized ligament area at 100 mm/min

The stress-strain relationship and damage evolution determined from the second series of FE

simulation are presented in Fig. 4.7(a) and 7(b), respectively, and the corresponding values for
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the parameters in Eq. (4.3) listed in Table 4.3, Eq. (4.3) in Table 4.4, and the strain range for Eq.

(4.2) in Table 4.5.
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Table 4.3 Values for parameters in Eq. (4.3) used in the second series of FE simulation

FE model Notched pipe ring specimen
Crosshead speed 0.0lmm/min  Imm/min 100mm/min
. E 864 880 885
Equation (4.3a)
v 0.35 0.35 0.35
a 6.3 20 32
b 0.0889 0.02598 0.01861
Equation (4.3b) c 0.09 0.141 0.002
d -23.8 -23.8 -23.8
e 15.5 15.5 15.5
Equation (4.30) ok 25.7 35.8 36.51
N 0.2 0.16 0.1
Section 1 K, 18.1 26.25 28.92
M, 1 0.95 1.3
Bl 1.8 1.8 1.8
Section 2 K> 22.2 28.41 35.25
M, 0.7 0.83 0.8
B, 1.8 1.8 1.8
Section 3 Ks 16.9 28.36 50.8
Equation (4.3d) M; 0.85 0.83 0.6
Bs 1.8 1.8 1.8
Section 4 Ky 3.73 24.6 58.6
M, 1.5 0.88 0.55
Ba 1.8 1.8 1.8
Section 5 Ks 64.7 13.11 24.5
M 0.8 1.06 0.8
Bs 1.8 1.8 1.8
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Table 4.4 Strain ranges used for Eq. (4.3) in the second series of FE simulation

FE model Notched pipe ring (NPR) specimen

Crosshead speed 0.01lmm/min Imm/min 100mm/min

Equation (4.3a) 0-0.0005 0-0.0005 0-0.0005

Equation (4.3b) 0.0005-0.065 0.0005-0.065  0.0005-0.04

Equation (4.3c¢) 0.065-0.3 0.065-0.2 0.04-0.15
Section1  0.3-0.8 0.2-0.8 0.15-0.6

Equation (4.3d) Section2  0.8-1.4 0.8-1.4 0.6-1.4
Section3  1.4-1.6 1.4-1.8 1.4-1.8
Section4  1.6-2.5 1.8-2 1.8-2.0
Section5  2.5-3.0 2.0-2.5 2.0-2.5

Table 4.5 Values for parameters in Eq. (4.2) for the second series of FE simulation

FE model Notched pipe ring (NPR) specimen

Crosshead speed  0.0lmm/min Imm/min 100mm/min
A 1.78709 1.58198 1.58198

B 1.09333 1.53846 1.81818

4.3.4 Rate of damage evolution

Although the second series of FE simulation gives an explicit consideration for the damage
evolution during the test and as shown in Fig. 4.7(b), suggests that the rate of damage evolution
increases with the increase of the crosshead speed, these results do not show clearly whether the
changing rate of damage increase is responsible for the change of the flow stress section shown

in Fig. 4.2, that is, from a positive slope for the crosshead speed of 0.01 mm/min to a negative

slope for 100 mm/min.
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To further investigate the above issue, the FE model with an explicit expression for the
damage evolution, based on Eq. (4.2), was used to investigate the influence of the damage
increase rate on the change of the flow stress slope. For this part of the FE simulation, the stress-
strain relationship is based on the curve for the crosshead speed of 0.01 mm/min in Fig. 4.7(a)
and the D¢ value 0.8. Five damage evolution curves, as shown in Fig. 4.8(a), were considered, in
which curve #4 is same as that for the crosshead speed of 0.01 mm/min in Fig. 4.7(b) and curve
#3 very close to that for 100 mm/min. The curves of engineering stress versus stroke generated
from the FE model are presented in Fig. 4.8(b). The number next to each curve indicates the
damage evolution law from Fig. 4.8(a) for the FE simulation. Fig. 4.8(b) clearly shows that with
the increase of the damage evolution rate, the flow stress after yielding and the maximum stroke
before break decrease. The figure also shows that with a sufficiently high damage evolution rate,
i.e., #1 in Fig. 4.8(a), specimen with a stress-strain relationship same as that for the crosshead
speed of 0.01 mm/min can fracture before the flow stress in the engineering stress-stroke curve is
fully developed, similar to the phenomenon shown in Fig. 4.2 for the crosshead speed of 100

mm/min.
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Fig. 4.8 (a) Damage evolution laws considered for the FE simulation, and (b) the corresponding
curves of engineering stress versus stroke generated from the FE model, based on the stress-

strain relationship shown in Fig. 7(a) for 0.01 mm/min

4.4 Conclusions

A phenomenological approach based on experimental testing and FE simulation has been
used to investigate large deformation and fracture behavior of modified NPR specimens of
HDPE. The results show that through the combination of a phenomenological constitutive
equation and an empirical ductile damage model, the FE simulation can successfully regenerate
the deformation and fracture behavior observed from the experimental testing. Good agreement
between the second series of FE simulation and the experimental testing demonstrates the
effectiveness of considering damage evolution for the simulation of large deformation and
fracture behavior of HDPE. Results from the FE simulation also indicate that the increase of the
damage evolution rate reduces the maximum elongation before fracture. Similarity in the trend
of change between Fig. 4.8(b) and Fig. 4.2 suggests that the increase of the crosshead speed has
caused the increase of the damage evolution rate, resulting in a significant change of the

maximum elongation in the D-split test.
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Effects of squeeze-off on mechanical properties of PE
pipe

Squeeze-off is a common practice in industry to shut off or reduce gas flow in polyethylene (PE)
pipe. In this study, influence of squeeze-off on degradation of mechanical properties for PE pipe
was examined. Three squeezing speeds of 0.01, 1 and 50mm/min were used to cover the
possible scenarios that may be encountered during the pipe repair or maintenance. Results show
that squeeze-off of PE pipe causes significant degradation in elastic modulus and yield strength,
with the maximum reduction of 82% for elastic modulus and 27% for yield strength.
Furthermore, contradictory to the common belief that slower is better, reducing the squeezing
speed was found to have no effect on the extent of property degradation. In view of those
findings, a study was conducted using mechanical testing and finite element (FE) simulation to
elucidate the damage evolution in PE pipe in different loading modes (including tension and
compression) and with different loading history (in terms of maximum pre-strain level and
loading speed). Results show that both tensile and compressive loading modes can cause severe
degradation in elastic modulus and yield strength. The results also show that under a single
loading mode, the extent of damage at a given pre-strain level is indeed a function of loading
rate. However, in a pipe which has been squeezed to subject the pipe wall to both tensile and
compressive stresses, degradation of the “apparent” elastic modulus and yield strength, defined

as their equivalent values for a given wall thickness, becomes insensitive to the loading rate.
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5.1 Introduction

Use of polyethylene (PE) for natural gas transportation has increased rapidly due to its good
physical and mechanical properties and outstanding corrosion resistance. Statistics shows that
over 90% of the newly installed gas pipeline systems are now made of PE [1]. One main
advantage of PE pipe over the metallic counterpart is that a simple and fast procedure, known as
squeeze-off process, can be employed to shut off or control gas flow when the pipeline system
requires maintenance or repair. However, it is also recognized that several external loading
modes, including squeeze-off, rock impingement and pipe bending, can cause mechanical
property degradation of the pipe, thus reducing its remaining service life. Evidence has led to
suspect that degradation of mechanical properties caused by the squeeze-off process is

responsible for some of the unexpected, catastrophic failures of PE pipe [2,3].

A number of experimental studies have been conducted to investigate the influence of
squeeze-off process on the mechanical properties of PE pipe [2-9]. Results from the studies
suggest that the squeeze-off introduces damage that affects both short- and long-term
performance of PE pipe. Parameters in the squeeze-off process that may affect mechanical
properties for PE pipe include squeezing speed, release rate, squeeze-off ratio (also known as
pipe wall compression ratio), geometry of the squeeze-off tool, PE pipe dimensions, and
temperature, just to name a few. Previous work, such as that described in ref. [6], considered the
influence of squeezing ratio, pipe diameter and squeeze-off tool geometry on the pipe
performance. To our knowledge, not much attention has been paid to the influence of squeezing
speed on the mechanical property degradation. It should be noted that although the maximum
squeezing speed is specified in standards such as ASTM F1041, no work has been reported

which concerns about the effect of squeezing speed on the PE pipe performance.
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One of the challenges for quantifying the effect of squeezing speed on the PE pipe
performance is the strong time-dependent deformation behaviour of PE. A number of
constitutive models, either physically- or phenomenologically-based, have been proposed in the
past three decades, to describe elasto-viscoplastic behavior of solid polymers. The physically-
based models consider the relationship between macroscopic mechanical properties and
microstructure such as orientation of macromolecular chains. A pioneering physically-based
model, composed of Eyring dashpot and Langevin spring [10], was proposed to describe the
uniaxial stress-strain relationship of glassy thermoplastics. Application of this model was later
extended to the assessment of three-dimensional deformation behavior [11]. The approach in
[12] was further modified for several applications. One was to investigate the strain-induced
crystallization behaviour in poly(ethylene terephthalate) at temperatures above its glass transition
[13], another to include the pressure-dependent yield criterion [14], and the third to describe the
effect of crystal content on the mechanical behavior of PE [15]. In a similar way, the physically-
based models proposed in [11] were modified to simulate large deformation of HDPE under
loading-unloading tests [16]. More recently, the model proposed in [14] was used to investigate
the mechanical behavior of PVC and HDPE under various levels of stress triaxiality, induced by

changing notch radius of the specimens [17].

If the study is only concerned about the macroscopic deformation behavior, the
phenomenologically-based models are an attractive alternative to the physically-based models,
due to the former’s simple process for identifying the model parameters. One of the popular
phenomenologically-based models, known as BP model [18], was proposed to assess the elastic-
viscoplastic strain hardening behavior of materials, which was later adopted and modified [19] to

describe the mechanical behavior of glassy polymers. An empirically-determined constitutive
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equation for the stress-strain relationship was proposed [20] and successfully adopted and
modified [21-23] to determine neck formation and propagation in polymeric materials. Other
phenomenologically-based models, including Khan-Huang-Liang (KHL) model [24-26] and
viscoplaticity model based on overstress (VBO) [27-30], are also widely used to represent
viscoplastic deformation for both metallic and polymeric materials over a wide range of strain

rates and temperatures.

Using some of the above constitutive equations for different stages of the deformation
process, a finite element (FE) model has been successfully used to mimic the experimentally
observed load-elongation curve and cross sectional reduction of high-density PE (HDPE) in
tensile deformation [31,32]. This FE approach is adopted here to determine distribution of stress

and strain in PE pipe when subjected to the squeeze-off process.

Work presented in this chapter was initiated from a study that is to quantify the change in
mechanical properties of HDPE pipe in terms of squeezing speed in the range recommended in
ASTM F1041. As to be shown in the first part of the chapter, the study discovered the
unexpected independence of mechanical property change on the squeezing speed. This led to an
investigation using experimental testing and FE simulation to understand the influence of loading
mode (tension and compression) and loading speed on the mechanical property change of PE.
Coupon specimens from the HDPE pipe were used to characterize the mechanical property
change, and the concept of damage evolution with the increase of deformation is used to
understand the mechanical property change. This chapter uses results from the coupon testing to
provide explanations for the influence of squeeze-off on the discovered mechanical property

change of HDPE pipe.
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5.2 Experimental details and test results

A two-stage scheme was adopted for the mechanical tests, including the following
combination of loading modes: squeeze-off-and-tensile, tensile-and-tensile, compressive-and-
compressive, and compression-and-tensile tests.  These tests were conducted at room
temperature using a universal test machine (QUASAR 100). All specimens were prepared from
2-inch HDPE pipe (PE3408, Cell classification 445574C), made of PE8O resin with a minimum

required strength (MRS) of 8 MPa.

5.2.1 Squeeze-off-and-tensile tests

Each pipe sample used for the squeeze-off test has length of at least five times of its diameter,
following the recommendation given in ASTM F1041. As shown in Fig. 5.1(a), the squeeze-off
tool consists of two round bars of 19 mm in radius, as suggested in ASTM F1563. The pipe
samples were squeezed to the squeezing ratio of 30% at a constant crosshead speed of 0.01, 1 or
50 mm/min, and then maintained at this squeezing ratio for 10,000 seconds to mimic the onsite
maintenance or repair period before being released at a constant crosshead speed of 0.1 mm/min.
An example of displacement and force as functions of time applied in the squeeze-off tests are

depicted in Fig. 5.1(b).
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Fig. 5.1 Squeeze-off test: (a) test setup and specimen and (b) an example of displacement and

force as functions of time

In this study, wall compression (WC) and squeezing ratio (SR), as defined in Eq. (5.1)
according to ASTM F1734, are kept at 30% and 70%, respectively, for all three squeezing speeds

of 0.01, 1 and 50mm/min.

C

(1 - £)x 100%
2t

(5.1)
L
2t

4
SR =
where L and ¢ are the minimum distance between the squeeze-off bars and the uncompressed

pipe wall thickness, respectively.

Fig. 5.2 presents the relationship between force and displacement of the squeeze-off tests at
the above three squeezing speeds. It can be seen that the squeeze-off force increases with the

increase of the squeezing speed due to the viscous nature of PE pipe.
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Fig. 5.2 Variation of squeezing force with displacement at squeezing speeds of 0.01, 1 and 50

mm/min

After two months to allow visco-elastic recovery from the squeeze-off tests, the pipe samples
were sliced to make notched pipe ring (NPR) specimens, as shown in Fig. 5.3(a). The NPR
specimens were stretched in the D-split tests till fracture occurred in one of the two ligaments at
the crosshead speed of 0.01 mm/min, as shown in Fig. 5.3(b), to assess the influence of
squeezing speed used in the first test (squeeze-off) on the change in mechanical properties (i.e.,
yield stress and elastic modulus). Here, yield stress is the engineering stress based on the cross
sectional area of the ligament section at the beginning of the test, and the elastic modulus the

slope of the curve of true stress versus area strain (¢, ) at &, =0.5%, where ¢ is calculated

using the following expression under the assumption of volume conservation during the

deformation [33].

€, =2xIn(w,/w) (5.2)

where W, and w are the original and deformed ligament lengths, respectively. Variation of w

during the test was measured using an extensometer. Dimensions of the NPR specimens used in
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the study follow those recommended in ASTM D2290-12, except that the notch profile is flat,
instead of round, in order to have a relatively uniform stress distribution in the ligament. Note
that ligament length for the NPR specimens was chosen to be close to the pipe wall thickness, of
5.84 mm so that the aspect ratio of width to thickness for the ligament cross section is close to 1.

This allows similar contraction in the width and thickness directions during the D-split test.

f————10mm

A 2.36mm
®é4.70mm ©52.50mm C—[ =

Illllllllllllllllllll S5 I S——

(a) (b)

Fig. 5.3 D-split test and specimen preparation from a squeezed pipe section: (a) schematic
description of relative positions (left) and dimensions (right) of NPR specimens, sampled from a

squeezed pipe, and (b) D-split test setup

Fig. 5.4 presents yield stress and elastic modulus measured from the D-split test, as functions
of distance from the squeeze-off ears of the PE pipe (i.e., the section marked “0” in Fig. 5.3(a),
which was directly between the round bars in the squeeze-off test). The elastic modulus is
defined as the slope for a straight line that is tangent to the true stress-area strain curve from the
second test, at the area strain of 0.5%. Fig. 5.4 suggests that significant degradation for both
yield stress and elastic modulus has occurred at the squeeze-off ears. However, at a distance of
more than one pipe diameter from the squeeze-off position, i.e. at the relative position bigger
than 3 or smaller than -3 in Fig. 5.3(a), both yield stress and elastic modulus were barely affected

by the squeeze-off process.
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Fig. 5.4 Effects of the squeeze-off process on mechanical properties of PE pipe at the squeezing
speeds of 0.01 mm/min (a), 1 mm/min (b), and 50 mm/min (c) (Note that the relative position is

defined in Fig. 5.3(a))

Fig. 5.4 also suggests that the squeezing speeds used in the study, over 3 orders of magnitude
in difference, show little effect on the change in mechanical properties for the NPR specimens.
This is not consistent with the expectation based on results published previously in which higher
the crosshead speed used to apply the tensile loading, more significant the decrease in the
measured mechanical properties. Results in Fig. 5.4 are also contradictory to a common belief

that a low squeezing speed can prevent damage of the pipe.

To resolve the above contradiction, an investigation was conducted using two-stage tests on
three types of coupon specimens, i.e., NPR, stub, and half NPR specimens. As proposed initially
in refs. [34,35], first stage of the two-stage tests is to introduce various loading history to the
specimens, and after at least two months for the viscoelastic discovery the second stage is

conducted to measure the mechanical properties.

5.2.2 Tensile-and-tensile tests on NPR specimens

In this part of the study, the first tensile tests were to stretch the NPR specimens to the
predetermined area strains of 20%, 40% or 60%, at one of the three crosshead speeds of 0.01, 1

and 50 mm/min. At the end of the stretch in the first tests, the specimens were held at the final
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stroke position for 3 hours and then unloaded at the crosshead speed of 0.1 mm/min. To allow
post-test recovery of most of the viscoelastic deformation, all specimens were stored for at least
two months before the second tests were conducted, in a monotonic tensile mode at the

crosshead speed of 0.01 mm/min.

Fig. 5.5 summarizes elastic modulus, the corresponding damage evolution and yield stress for
the NPR specimens that have been subjected to the monotonic tensile loading at the crosshead
speeds of 0.01, 1 and 50 mm/min in the first tests. Variation of values for the damage parameter,
calculated using results in Fig. 5.5(a) based on continuum damage mechanics (CDM), is
presented in Fig. 5.5(b) as a function of prestrain introduced in the first tests. Fig. 5.5(b) also

includes the fitting curves generated based on an one-term exponential function,

D=A[1—exp(—35)] , with values for constants 4 and B adjusted to have the optimum

coefficient of determination (R”). Results in Fig. 5.5(b) suggest that at the same prestrain level,

damage generated under tension evolves faster at a higher crosshead speed.
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Fig. 5.5 Variation of the tensile elastic modulus (a), the corresponding damage evolution (b), and

yield stress (c) for NPR specimens, as a function of prestrain introduced in the first test
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5.2.3 Compressive-and-compressive tests on stub specimens

Compressive loading was also considered in the two-stage test to evaluate the influence of
compressive prestrain on the change in mechanical properties. Specimens for this type of tests
were stubs from PE pipe, with dimensions depicted on the left of Fig. 5.6 and test setup on the
right. The first test was to introduce to the stub specimens compressive area strains of up to
45%, at the crosshead speed of 0.01, 1 or 50 mm/min. After a period of at least two months,
these specimens were compressed again for the second time to measure the elastic modulus and
yield stress. Lubricant was applied between the test fixture and the specimen surface to reduce

the effect of interfacial friction on the specimen deformation.

Fig. 5.6 Dimensions for the stub specimens (left) and compressive test setup (right)

Variation of compressive elastic modulus, the corresponding damage evolution and
compressive yield stress for the stub specimens are presented in Fig. 5.7, as functions of prestrain
at the crosshead speeds of 0.01, 1 and 50 mm/min. Same as that shown in Fig. 5.5(b), Fig. 5.7(b)
includes the fitting curves for the data with the optimum R? values. The fitting curves in Figs.

5.5(b) and 5.7(b), named tensile and compressive damage evolution curves, respectively, will be
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used later to represent the relationship between damage parameter and prestrain level in order to

determine the damage variation across the wall thickness in the squeezed pipe section.

Results presented in Figs. 5.5 and 5.7 suggest that both tensile and compressive loadings
introduced in the first tests can cause decrease in elastic modulus and yield stress measured from
the second tests. The results support findings from the previous studies which suggest that both
tensile [36, 37] and compressive [38, 39] loadings are able to cause decrease in the degree of

crystallinity and density of HDPE.

Note that tensile elastic modulus from virgin NPR specimen is 535 MPa, and the compressive
counterpart from virgin stub specimen 695 MPa. Although work in the past [40] has suggested
that mechanical properties in the axial and hoop directions should almost be identical, difference
in the test set-up and loading mode may have caused the difference in the measured elastic
modulus values. Furthermore, drop in elastic modulus and yield stress in Fig. 5.5 was measured
from tests that applied tensile loading, but that in Fig. 5.7 from tests that applied compressive
loading. Therefore, as to be shown in the next section, an additional investigation was conducted
to confirm that the phenomenon shown in Fig. 5.7 also exists if tensile loading was applied in the

second test.
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Fig. 5.7 Variation of the compressive elastic modulus (a), the corresponding damage evolution (b)

and compressive yield stress (c¢) for stub specimens, as a function of compressive prestrain

introduced in the first test

5.2.4 Tensile-and-tensile and compressive-and-tensile tests on half NPR specimens

This part of study is to conduct tests on half NPR specimens that have both ends clamped, as

shown in Fig. 5.8, so that tensile or compressive prestrains in the hoop direction can be

introduced in the first test, and elastic modulus and yield stress under tensile loading can be

measured in the second test.

Since purpose of these tests is to confirm that the phenomenon shown in Fig. 5.7 also exists in

the hoop direction for elastic modulus and yield stress measured under tensile loading, only one

crosshead speed of 50 mm/min was used for the first tests to introduce tensile or compressive

prestrains, and a crosshead speed of 0.01 mm/min for the second tests to measure elastic

modulus and yield stress under the tensile loading.
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Fig. 5.8 Schematic description of the two-stage tests on half NPR specimens

Fig. 5.9 depicts results from the half NPR specimens, expressed as a function of absolute
prestrain values introduced in the first test. The figure suggests that both tensile and compressive
prestrains can cause decrease of elastic modulus and yield stress, and compressive prestrains

have a more significant effect than tensile prestrains on the decrease of the elastic modulus.

Fig. 5.10 presents the same set of data as that for Fig. 5.9 but expressed as a function of stroke
used in the first test. Fig. 5.10 is less significant than Fig. 5.9 in the difference of elastic modulus
drop caused by the two deformation modes (tension and compression) applied in the first test.
On the other hand, the two figures show a similar effect of the two deformation modes used in
the first test on the drop of yield stress. Therefore, it can be concluded that the phenomenon
shown in Fig. 5.7 also exists in the hoop direction of the PE pipe, for the elastic modulus and
yield stress measured under tensile loading. However, Figs. 5.9 and 5.10 do not give a clear
indication on how differently the two deformation modes in the first test cause the drop of elastic
modulus. This is probably because boundary condition introduced by the grips in Fig. 5.8 is not
well defined. Further tests using coupon specimens with firm fixtures are needed. Nevertheless,

it is evident that results in Fig. 5.9 support the phenomena shown in Fig. 5.5. Therefore, the
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mechanical property change shown in Fig. 5.4 is from a combined effect of tensile and

compressive deformation introduced by the squeeze-off process.
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Fig. 5.9 Elastic modulus (a) and yield stress (b) for half NPR specimens, as a function of

prestrain applied in the first test
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5.3 Finite element simulation

Finite element (FE) simulation was carried out using ABAQUS Standard, to quantify the

complex strain distribution generated in the PE pipe by the squeeze-off process. The 3-D FE

model of which the 2-D view is shown in Fig. 5.11, includes a quarter cross section of a PE pipe
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specimen which consists of 18600 C3D8R elements and the upper squeeze-off bar that is
modelled as an analytical rigid body. Due to the geometric symmetry only half of the pipe
length was constructed in the model. The constitutive equation proposed by Kwon and Jar [31]
and later extended by Muhammad and Jar [32] was adopted to simulate the deformation
introduced by the squeeze-off process. As shown in Eq. (5.3) below, the constitutive equation is
expressed through a series of stress-strain relationships, in which the first four expressions are
for different strain ranges of elastic-plastic deformation and the last one for the creep

deformation.

3
2(1+U)E8 e<e,  (a)
(c-1) (-0
d +b - +b + <e<g, (b
Lot atern] e s sosa .
aks" g, <e<¢g (c)
kexp(Mgﬁ) e>g  (d)
£ = Ao"t" (e)

where o and ¢ are equivalent stress and equivalent strain, respectively, &, the transitional
strain from linear to nonlinear deformation, ¢, the critical strain for the on-set of necking, and
g, the strain at the beginning of the exponential hardening. The other parameters (a, b, ¢, d, e,

ok, N, M, B, A, n and m) are user-defined variables for which the values were determined from
an iterative process until the time function of force from the FE simulation matched that from the

experimental testing.
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Fig. 5.11 The 2-D view of a 3-D FE model for the squeeze-off process

Fig. 5.12 compares load-time curves generated from the FE model with those from the
experimental testing at squeezing speeds of 0.01, 1 and 50 mm/min. For clarity, zoom-in plots in
the time range of 340,000 to 355,000 seconds for the squeezing speed of 0.01 mm/min and 0 to
200 seconds for the squeezing speed of 50 mm/min are also included in the figure. The results
suggest that the experimental curves can be reasonably regenerated by the FE model using Eq.
(5.3) with values for the parameters and the corresponding strain ranges specified in Table 5.1.
Using the FE model, explanation for the drop of elastic modulus being insensitive to the change
of squeezing speed, as shown in Fig. 5.4, was searched. Details of the explanation are given in

the next section.
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Fig. 5.12 Comparison between FE simulation and experimental testing at squeezing speeds of
0.01 (a), 1 (b) and 50 mm/min (c)
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Table 5.1 Values for parameters and strain range in Eq. (5.3), determined from the FE
simulation

FE model Squeeze-off process
Crosshead speed (mm/min) 0.01 1 50
gy 0.01 0.005 0.005
Equation (3a) E (MPa) 900 950 1100
v 0.4 0.4 0.4
€, 0.022 0.02 0.02
a 9.9 21 31.02
. b 0.057 0.025 0.018
Equation (3b) ¢ 0.05 0.05 0.004
d -23.8 -23.8 -23.8
e 15.5 15.5 15.5
& 0.3 0.3 0.3
Equation (3c) ok 14.52 18.1 24.1
N 0.12 0.07 0.07
€1 0.6 0.6 0.6
Section 1 K 11.7 15.6 21.06
M, 0.68 0.59 0.44
B 1.8 1.8 1.8
€n 0.8 0.8 0.8
Section 2 K, 11.6 14.6 20.6
M, 0.72 0.71 0.5
. B, 1.8 1.8 1.8
Equation (3d) £ 12 12 12
Section 3 K3 9 13.05 19.13
M; 1.1 0.93 0.61
Bs 1.8 1.8 1.8
€4 2 2 2
. K4 6.82 9 16.63
Section4 13 12 0.71
Bs 1.8 1.8 1.8
Ax10" 6.6 6.6 6.6
Equation (3e) n 10 10 10
m -0.61 -0.61 -0.61

5.4 Insensitivity of the drop of elastic modulus to the squeezing speed

Work in literature [37, 41-44] has suggested that damage development in semi-crystalline

polymers depends on strain rate, that is, more damage at a higher strain rate. However, damage
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generated in those studies was through tensile, monotonic loading. None of the work considered

the damage development under compressive loading.

The finding shown in Fig. 5.4, i.e., little dependence of mechanical property degradation on
the squeezing speed, suggests that damage of PE pipe generated by the squeeze-off process may
not come only from the tensile loading. Results presented in Figs. 5.7 and 5.9 suggest that
compressive loading can also cause damage in PE pipe. Therefore, analysis presented here
considers damage generated by both tensile and compressive loading. With the rate sensitivity
of the damage evolution and variation of strain rate during the squeeze-off process, even at a
constant squeezing speed, the analysis is to seek the possibility of reconciling the difference
between the insensitivity of the mechanical property degradation to the loading rate, as shown in

Fig. 5.4, and the sensitivity reported in the literature.

An example of PE pipe deformation generated by the squeeze-off process and the
corresponding strain distribution are given in Fig. 5.13. Fig. 5.13(a) depicts the overall
deformation of the PE pipe and a schematic presentation of loading mode on the pipe wall cross
section between the round bars where a smaller, outer region (denoted Ar in Fig. 5.13(a)) is
under tension and a larger, inner region (Ac) under compression. Fig. 5.13(b) depicts variation

of the circumferential normal strain (¢,, ) from the inner pipe wall (Y=0 mm) to the outer pipe

wall (Y=6 mm). Based on the FE simulation, it is estimated that approximately 30% of the pipe
wall thickness in the section between the round bars is subjected to tensile deformation and the
remaining 70% subjected to compressive deformation. Therefore, damage generated by the
compressive deformation is expected to play a major role on the mechanical property

degradation shown in Fig. 5.4.
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Three assumptions are made for the following analysis, as detailed here, in order to simplify
the calculation of damage evolution during the squeeze-off process. The first assumption is that

the circumferential normal strain (¢&,,) is uniform for each area of Ac and Ar shown in Fig.
5.13(a), and the ¢,, value can be represented by the average equivalent strain (&, ) value for the

area, determined from the FE model in Fig. 5.11. The second assumption is that strain rate ( &)
during the squeeze-off process is uniform in each area of Ac and Ar, and the & value can be
determined from the FE model by averaging the strain rate in the corresponding area. The third

assumption is that damage parameter D is a function of ¢,, only for each of the squeezing speed,
and the relationship between D and ¢,, can be expressed using the fitting curves given in Figs.
5.5(b) and 5.7(b). With the first and third assumptions above, the analysis uses &, value from

the FE model for each area of Ac and At to calculate the corresponding D value based on the

fitting curves provided in Figs. 5.5(b) and 5.7(b).

NPR specimens

Squeezed PE pipe 1 Cross-section

Inner pipe wall —>»
—— Under compression

Outer pipe wall = Under tension

(a) (b)
Fig. 5.13 Strain generated across wall thickness of the PE pipe: (a) schematic description of the

cross-section of the PE pipe wall between the squeeze-off bars, and (b) distribution of

circumferential normal strain (&, ) on the cross-section of pipe wall directly between the

squeeze-off bars
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Fig. 5.14 summarizes results from the FE model, showing variation of &,, with displacement

during the squeeze-off test, in the pipe wall section where the most severe damage is generated.
Fig. 5.14(a) is for the cross sectional area At and (b) for Ac. Each figure shows three stages of
strain development: stage I for the initial compression of the pipe, stage II before the top and

bottom inner surfaces contact with each other during which &, remains nearly constant, and

stage III after the top and bottom inner surfaces meet and are squeezed by the two round bars till

the final squeezing ratio is reached.

0.8 Tension 08 Compression
1 — 0.01mm/min (a) 1 ——0.01mm/min (b)
1 079 - 1mm/min I8 079 ----1mm/min
R 1 e 50mm/min R q oo 50mm/min
£ 0.6 Stage | I 1 £ 0.6 Stage | 1] m
© ©
= 1 =
e ® 0.5
-~ o
c c 4
2 L
© © 0.4+
2 2
& g 03l
2 g 034
<) S .,
® ® 0.2+
o o ]
> >
<< < 0.1+
— T v T 0.0 v : v v T v
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Displacement (mm) Displacement (mm)

Fig. 5.14 Variation of average equivalent strain from the FE simulation as a function of

displacement: (a) tension and (b) compression

Using the FE model, strain rate (£ ) can also be established as a function of displacement with

which the average strain rate (E) for each cross sectional area of Ac and At can be established as
a function of displacement, which is presented in Fig. 5.15 for each squeezing speed used in the

study. Fig. 5.15 shows clearly that for a given squeezing speed and displacement, absolute value

of & for Ac is very close to that for Ar.
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Fig. 5.15 Evolution of average strain rate with deformation under tension and compression for

squeezing speeds of 0.01 (a), 1 (b) and 50mm/min (c) from the FE simulation

Fig. 5.16 shows two examples of the relationship between éandData given strain level: (a)
for tensile strain of 0.56 and (b) for compressive strain of 0.27. Both examples indicate that D
increases with the increase of the strain rate, which is consistent with the results reported in the
literature [37, 41-44]. The amount of increase for D from the lowest squeezing speed to the

highest used in this study is about 0.2 in Fig. 5.16(a) and 0.1 in Fig. 5.16(b).

Through curve fitting using the power-law function, variation of D with the logarithmic value

of strain rate is established and also given in Fig. 5.16 for tensile £, 0f0.56 and compressive &,

of 0.27.
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Fig. 5.16 Relationship between damage parameter (D) and strain rate at tensile strain 0.56 (a)

and compressive strain 0.27 (b), from Fig. 5.5(b) and 5.7(b), respectively

The accumulative change of D for each of stages I, II and III in Fig. 5.14, at the squeezing

speeds of 0.01, 1 and 50 mm/min, are denoted as D/’ for the damage generated by tensile

deformation and D’/ by compressive deformation, in which subscript i stands for stage I, II or

III, and superscript j crosshead speed of 0.01, 1 or 50 mm/min. The corresponding D value for

the whole squeeze-off process, for a given cross section, is calculated using Eq. (5.4) below for

tensile deformation and Eq. (5.5) for compressive deformation.

3

DT -J —
total

i=1

3

DC =J
total
i=1

The range for ¢, ,

=>'D/7 =D/ + Dy + Dy”, j=0.01,1and 50mm/min

=YD/ =D’ +Dj” + Dy, j=0.01,1and 50mm/min

(5.4)

(5.5)

£ and change of D (AD) for each stage of Fig. 5.14 and the total damage

for the tensile part of the cross-section are summarized in Table 5.2, and the compressive part in

Table 5.3. Values in the two tables indicate that change of squeezing speed not only changes
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strain rate, but also the strain range covered for each stage. Therefore, AD for each stage and

D, ., for a given squeezing speed are not just functions of strain rate generated by the squeezing

speed, but also functions of strain range covered in each stage. As a result, difference of D,

otal

between squeezing speeds of 50 and 0.01 mm/min in Table 5.2, is much smaller than that shown

in Fig. 5.16(a). Similarly, difference of AD{ between squeezing speeds of 50 and 0.01 mm/min
in Table 5.3 is much smaller than that in Fig. 5.16(b), even though the maximum &,, for stage 1

of compressive deformation at 50 mm/min is larger than that for Fig. 5.16(b), 0.31 and 0.27,
respectively. Furthermore, with the consideration of the difference between Ac and Ar, that is,

30% of the cross section under tension and 70% under compression, the area-averaged total

damage parameter (D, ) for the whole cross sectional area with at a given squeezing speeds of

0.01, 1 or 50 mm/min can be calculated using the following equations:

Dy = Dy* x30%+Dj, " x 70% = 0.48 (5.6)
D, =D}, x30%+ Dy, x70%=0.50 (5.7)
DX =D x30%+ DS > x70% = 0.55 (5.8)

Values above indicate that the overall damage among the three squeezing speeds is
dominated by compressive deformation and difference of the overall damage caused the change
of squeezing speed is less than that would have been expected based on Figs. 5.5(b) or 5.7(b) for

the same maximum prestrain level.
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Table 5.2 Damage accumulation data for the part of cross section under tension

0.0lmm/min Imm/min 50mm/min
Stage I  Stage Il  Stage Il Stage I  Stage Il  Stage III Stage | Stage 11 Stage 111
€eq 0-0.29 0.29 0.29-0.55 0-0.31 0.31 0.31-0.56 0-0.34 0.34 0.34-0.49
g 3HA0 0 1.8x107 2.2x10* 0 1.2x10° 1.1x10° 0 4.1x107
ADT™" 013 0 0.28 0.17 0 0.27 0.34 0 0.15
DT... 0.41 0.44 0.49
Note. “average equivalent strain;  average strain rate;  damage generated during the stage
Table 5.3 Damage accumulation data for the part of cross section under compression
0.01mm/min Imm/min 50mm/min
Stage [ Stage I  Stage III Stage I  Stage [I  Stage III Stage I Stage 11 Stage I11
€eq 0-0.25 0.25 0.25-0.54 0-0.27 0.27 0.27-0.54 0-0.31 0.31 0.31-0.50
& 2.5x10° 0 1.7x107 1.9x10* 0 1.2x107 9.9x10” 0 5.2x10°
ADE™" 039 0 0.12 0.41 0 0.13 0.41 0 0.16
DS 0.51 0.54 0.57

Note. average equivalent strain; average strain rate;  damage generated in the given stage

5.5 Conclusions

The work presented here is to characterize the effects of the squeeze-off process, a popular

procedure for pipe maintenance or repair, on PE’s mechanical properties, with a special attention

to the influence of squeezing speed. The experimental results showed that both elastic modulus

and yield stress of the pipe are significantly affected by deformation introduced by the squeeze-
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off process. Additionally, the change in mechanical properties showed little dependence on the

squeezing speed.

A three-dimensional FE model was developed to facilitate the determination of strain and
strain rate in the pipe wall during the squeeze-off process. The FE simulation show that around
70% of the cross section was under compression and 30% under tension. Furthermore, two-stage
tests were conducted to confirm the damage development under different loading modes and
crosshead speeds. Test results show that both yield stress and elastic modulus decrease with the
increase of the deformation. Based on the concept of continuum damage mechanics, value for
damage parameter D was calculated across the pipe wall thickness. The results show that
difference of the overall damage among the three squeezing speeds is smaller than that could
have been generated in a single loading mode. The study concludes that compressive loading
can cause damage in PE pipe, and this damage plays a crucial role in the change of elastic
modulus and yield strength of PE pipe. Such an influence of squeeze-off process or any loading
scenario that involves compressive deformation should be taken into consideration for evaluation

of PE pipe performance.
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hapter O
Chapter U |

Characterization of ductile damage in polyethylene
based on effective stress concept

In this chapter we introduce a new approach to the characterization of ductile damage in
polyethylene (PE) material using the damage variable defined as D = 1 — 0/0, s which is based
on the concept of effective stress in continuum damage mechanics (CDM). Quasi-static stress-
strain relationship has been established using a spring-damper-plastic element model, calibrated
using results from stress relaxation tests. The viscous stress component was then removed from
the experimentally measured total stress to determine the quasi-static stress component. The
results were used to investigate the influence of crosshead speed and specimen geometry,
through varying the ligament width of the PE specimen, on the quasi-static stress-strain curves.
Results show that reduction of the crosshead speed leads to larger quasi-static stress due to less
damage generated at a lower crosshead speed, while variation of the ligament width has little
effect on the quasi-static stress. Using a curve that is fitted to the experimentally determined
quasi-static stress as a function of crosshead speed and extrapolated to zero crosshead speed, the
effective stress in the undamaged configuration was successfully estimated and used to
determine the stress-based damage variable. The damage variable so determined is compared
with those measured through the degradation of elastic modulus either based on the hypothesis of
strain or energy equivalence. The stress-based damage variable shows good agreement with the

damage variable based on the energy-equivalence approach.
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6.1 Introduction

Semi-crystalline polymers such as polyethylene (PE) and polypropylene (PP) are now widely
used in industry as structural materials. Statistics shows that over 90% of the newly installed gas
pipeline systems are made of PE [1]. Because of the potentials of pipeline failure for the huge
economic losses and threats to the public safety [2-4], it is extremely important to have a tool to
characterize the likelihood of pipeline failure. Over the past two decades, continuum damage
mechanics (CDM) has played a critical role in modelling material failure behaviour. However, a
material-specific damage parameter D is needed in CDM to quantify degradation in mechanical
properties due to various mechanisms such as nucleation, coalescence and growth of micro-
voids. Accurate quantification of D relies on proper methodologies to measure the changes in

mechanical properties.

Various methods have been proposed to measure and characterize ductile damage in
materials. These methods can be categorized into two main approaches, based on (I) mechanics
of porous media theory (MPM) and (II) continuum damage mechanics (CDM). The former
regards cavitation as the main mechanism for the damage generation, and uses porosity, volume
strain or void volume fraction to represent the damage level. In this approach, Gurson damage
model [5] is the most popular way to quantify the ductile damage evolution, especially in porous
materials, through the use of a porosity term to represent the progressive shrinkage of the yield
surface. Later, this model was successfully extended to consideration of voids coalescence and
growth [6-8]. Damage quantification based on the porosity measurement has been widely used

for semi-crystalline polymers at the macroscopic scale by means of 2D video extensometer [9—
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11]. At the microscopic scale, the volume strain or porosity has been characterized by scanning
electron microscopy (SEM) [11-14], wide-angle X-ray scattering (WAXS) and small-angle X-
ray scattering (SAXS) [15-20]. Although these methods are powerful tools for understanding
deformation and cavitation mechanisms from the microscopic point of view, they are difficult to
perform, time consuming and subjected to errors due to the lack of objectivity in the definition of

the reference volume [21].

The second approach is to characterize the damage state based on a macroscopic damage
variable, D, defined as the ratio of effective area of micro-cracks and cavities to the overall
cross-sectional area of the representative volume element (RVE). The concept of effective stress
under uniaxial tension, first introduced by Kachanov [22, 23], was later extended to three
dimensional stress state by Lemaitre [24, 25]. For the case of isotropic damage, the effective

stress is defined by

Oy =—— (6.1)

where o is Cauchy stress in the damaged configuration and o, the corresponding effective

stress in a fictitious state of totally undamaged material. In most cases, hypothesis of either
strain equivalence or energy equivalence is needed to convert the above effective-stress-based
concept to other experimentally measurable quantities in order to characterize the damage. A
number of measurable quantities and the corresponding experimental methods have been
proposed to characterize the damage evolution process, such as elastic modulus, stiffness,
toughness and hardness. The pioneering work on the damage quantification was conducted by

Lemaitre and Dufailly [26] through the application of the effective stress concept to eight
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experimental techniques. For example, damage can be quantified directly using the ratio of

damaged to total cross-sectional areas, D, =A,/A4, , or the change in material density,

D, :( -pp/ po) " In addition to these direct experimental measurements, indirect techniques

based on variation in mechanical properties were also proposed, such as the change in elastic

modulus, D, =1—-E,/E, , micro-hardness, D,, =1—-H,/H, , or ultrasonic velocity with the

assumption of constant density during the damage development, D, ~1-v;, / v; . More recently,

an in-depth comparison of six methodologies was made by Tasan et al. [27] and the results
showed that geometry-based damage characterization methodologies introduce significant
systematic errors as they probe a very limited damage spectrum, whereas methodologies that
measure the degradation of mechanical properties suffer from low precision and high

complexity, especially for deformation with large strains and material anisotropy.

Since the damage concept was developed, these CDM-based methodologies have been widely
employed for the measurement and characterization of ductile damage in a wide range of
engineering materials. For instance, ductile damage in metallic materials was characterized
through the degradation of elastic modulus, measured from the unloading phase of loading-
unloading tensile test [28—37] or micro-indentation test [38—41]. In addition, potential drop
method [42, 43] and ultrasonic technique [44—47] have also been proposed to quantify the ductile
damage. Furthermore, influence of external factors, including strain rate, stress triaxiality and
temperature, on the evolution of ductile damage has also been investigated. The results show
that damage is developed faster at a higher strain rate [35, 36] or a higher level of stress

triaxiality [32, 48, 49]. Although significant efforts have been made to evaluate ductile damage
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evolution in metallic materials, much less work has been carried out to apply the CDM-based

damage characterization methods to semi-crystalline polymers [50-53].

Further to the lack of research work on the damage characterization in semi-crystalline
polymers, current approaches to prediction of degradation and failure of engineering structures
require a transformation hypothesis such as strain equivalence or energy equivalence to relate
stress and strain tensors in the damaged configuration to the corresponding tensors in the
undamaged configuration [54-60]. However, constitutive equation for the undamaged
configuration of semi-crystalline polymers is not readily available. Without the information,
quantifying the damage evolution requires the above hypotheses of strain or energy equivalence.
However, deformation in PE is nonlinear and strongly time-dependent, which limits the
applicability of the above hypotheses to a very small strain range, thus impractical for common
engineering applications. In view of this limitation, an alternative damage parameter is needed
to quantify the damage evolution in semi-crystalline polymers. Work presented in this chapter is
to develop a stress-based damage characterization approach, by determining the effective stress

for a given material and use Eq. (6.1) to quantify the damage.

In this chapter, a procedure to determine the effective stress as a function of strain for the
fictitious undamaged state of PE material is described, by removing the viscous stress component
and extrapolating the remaining quasi-static stress component to the test condition of zero
crosshead speed. Damage introduced to PE under various strain rates is then characterized using
the new stress-based damage variable, and compared with the damage variables based on the
change of elastic modulus, measured from a two-stage test method [61, 62], under the hypothesis

of either strain or energy equivalence.
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6.2 Experimental details

6.2.1 Material and specimens

Notched pipe ring (NPR) specimens, modified from ASTM: D2290-12 [63], were used for the
experimental testing, prepared from a commercial PE4710 HDPE pipe with a minimum required
strength (MRS) of 10MPa. The inner and outer diameters of all pipes, manufactured by Endot
Industries are approximately 52.5 and 64.5mm with a standard dimension ratio of about 11
(average wall thickness of approximately 6mm). For this study, notch tip of the NPR specimens
was modified to have a flat profile, instead of round, so that stress distribution in the ligament
region is relatively uniform. Since the NPR specimens have a nominal thickness of 6mm,
variation of the specimen geometry was through the change of ligament width w from 6 to

2.5mm, corresponding to the aspect ratio (thickness/width) from 1 to 2.4, as shown in Fig. 6.1(a).

~| 10mmr—

R0O.40mm

2.36mm
©64.50mm ©52.50mm CJ

N

2.5,3.5,45,55and 6mm

(a) (b)
Fig. 6.1 D-split test: (a) NPR specimen dimensions and (b) test setup

6.2.2 Mechanical testing

All tests were conducted using a universal test machine (QUASAR 100) at room temperature.

Fig. 6.1(b) presents the D-split tensile test set-up used in this study, which was first proposed for
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testing composite materials [8]. Damage development measured from the elastic modulus
degradation was characterized using a two-stage test procedure, proposed by Jar [9-11], in which
tests at the first stage were to introduce various prestrain levels at crosshead speeds of 0.001,
0.01, 0.1, 1 and 10mm/min, and the second stage tests, conducted at a constant crosshead speed

of 0.01lmm/min, were to characterize the corresponding change in elastic modulus.

In the first stage tests, stress relaxation was conducted immediately after the NPR specimens
were stretched to the preselected strain levels for 3 hours. The prestrain value, which is also

equal to relaxation strain (¢,,, ) is calculated based on the change of ligament width and

thickness, using the following expression:

e =In (ﬁt—(’j 6.2)

w t

where w,, f, w, and ¢ are original ligament width, original ligament thickness, deformed

ligament width and deformed ligament thickness, respectively. Variation of w and ¢ during the
test was measured using two separate extensometers. Five crosshead speeds of 0.001, 0.01, 0.1,
1, and 10mm/min, corresponding to the initial strain rates of 7><10'6, 7x107, 7><10'4, 7x10 and
7x107 s, respectively, were used in the first stage tests to vary the deformation rate, to examine
its influence on the damage development and for the prediction of effective stress in an
extrapolation process, as to be shown in Results and Discussion. Unloading for all first tests was
kept at the same crosshead speed 0.lmm/min. The prestrain levels were chosen to be 5%, 10%,

20%, 30%, 40% and 50%.
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6.3 Model for determining the quasi-static stress

A two-component model modified from Strobl’s group [24-26] by combining the crystal and
network branches into one elasto-plastic branch was used to determine the quasi-static stress-
strain relationship of PE materials through removing the viscous stress component from the total
true stress measured from uniaxial tensile tests. The proposed two-component model was
applied to determine viscous stress component at a given strain level by regenerating results from
a stress relaxation test. In addition to the elasto-plastic branch, that contains a spring and a finite

plasticity element connected in series, and is responsible for the quasi-static stress o, , a viscous

ep?d
branch that contains a spring and a damper connected in series and is responsible for the time-

dependent stress component o, is included in this model.

Based on the above model, the elastic-plastic stress o, at a given strain &

true

1s equivalent to
the difference between the total stress and viscous stress o, at the beginning of the stress

relaxation process at the same strain ¢ Value for o, at the beginning of the stress relaxation

true *
process is denoted as o,(0), and is determined by calibrating the model using the stress

relaxation curve obtained experimentally. By determining o, values at several strain levels, the

quasi-static stress-strain relationship is determined. Details of this procedure are given in [64],

and therefore will be briefly described as follows.

The relaxation process in PE can be described using the Eyring’s viscosity law using the

following expression according to the suggestion made by Hong et al. [25].

do _ —lsinh(ar J (6.3)
dt o, T o,

T
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with

L (6.4)
Oy Mo

where 7,, £ and o, are characteristic relaxation time, relaxation modulus and reference stress,
respectively. Solution for Eq. (6.3) can be explicitly obtained and described as

o.() :2atanh{tanh£wjexp[—iﬂ 6.5)

o, 20, T

T

Using Eq. (6.7), the stress decay (Ao ), defined as

Ao =0.(0)—0.(f) (6.6)

can be expressed as

Ao =0, (0)-20, atanh{tanh[ar (O)Jexp[—iﬂ 6.7)

20,

6.4 Results and discussion

6.4.1 Effects of strain rate

True stress-strain curves from PE specimens at five crosshead speeds of 0.001, 0.01, 0.1, 1
and 10mm/min are presented in Fig. 6.2. It should be pointed out that in view of the high
reproducibility of results from this type of tests [53], only one specimen was used for the
monotonic tensile test at each crosshead speed, to depict the effects of crosshead speed on the

overall stress-strain relationship under the tensile loading. Fig. 6.2 shows the general trend of the
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test results, with increase of stress with the increase of crosshead speed, which is consistent with
the results reported before [65]. The results suggest that PE used in this study exhibits highly
nonlinear and rate-dependent behavior. It has been suggested that the trend of change shown in
Fig. 6.2 is attributed to the change in mechanisms involved in the deformation processes. That
is, at a low deformation rate, the amorphous region is relatively soft, and therefore the overall
stress response is mainly controlled by the stress response to deformation in the amorphous
phase. On the other hand, mobility of the amorphous phase is reduced to increase its resistance
to deformation at higher strain rate [11, 66], thus increasing the involvement of the crystalline

phase in the deformation process.

60
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Fig. 6.2 True stress-strain curves for five crosshead speeds

Curves of stress decay versus relaxation time generated from Eq. (6.7) and those obtained
experimentally (lines) at the relaxation strain of 10% and 30% are compared in Fig. 6.3,
depicting the excellent agreement. All parameters in Eq. (6.7) used to regenerate the curves in

Fig. 6.3 are summarized in Table 6.1.
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Fig. 6.3 Curves generated from Eq. (6.7) (open symbols) and obtained from stress relaxation
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the crosshead speeds of 0.001, 0.01, 0.1, 1 and 10mm/min

Table 6.1 Summary of values for &,(0) and &, in Eq. (6.7), with 7, =1.6x10*

Relaxation 0.00lmm/min  0.0lmm/min 0.1mm/min Imm/min 10mm/min

strain & (0) o, .0 o, o0 o o0 o 00 o
5% 1.1 0.32 4.1 0.82 6.1 0.88 124 1.03 174 1.06
10% 1.3 0.37 512 1 7.3 1.05 147 132 18.8 1.10
20% 1.63 0.52 5.6 1.05 8.55 1.2 16.1 1.35 207 1.22
30% 1.9 0.59 597 1.08 8.7 1.21 16.7 143 212 124
40% 2.1 0.65 6.01 1.09 9.1 122 169 153 215 1.27
50% 2.25 0.72  6.18 1.1 9.3 1.25 177 155 218 1.36

Fig. 6.4 presents results of viscous stress and quasi-static stress determined at crosshead

speeds of 0.001, 0.01, 0.1, 1 and 10mm/min for the PE material.

As shown in Fig. 6.4(a),

viscous stress is larger at a higher deformation rate, which is consistent with the experimental
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observation that under monotonic tensile loading condition the measured stress increases with
the increase of strain rate. Despite of the widely observed phenomenon that the total stress
increases with the increase of strain rate, an opposite trend has been observed after the viscous
stress component is removed from the total stress. This is supported by Fig. 6.4(b) in which the
quasi-static stress decreases as increase in the crosshead speed. Such an opposite trend of change
in stress with the increase of crosshead speed is consistent with the results reported previously
[12], and can serve as another evidence to support the effects of deformation rate on the damage
growth in PE materials. That is, at a given strain level, damage is larger and grows faster at

higher strain rate [8].
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Fig. 6.4 Viscous stress (a) and quasi-static stress (b) for crosshead speeds of 0.001, 0.01, 0.1, 1

and 10mm/min

To demonstrate clearly the effects of crosshead speed on the quasi-static stress, the results
presented in Fig. 6.4(b) are presented in a different way in Fig. 6.5, by plotting the quasi-static
stress as a function of logarithmic crosshead speed. In addition to the phenomenon that the
quasi-static stress increases with the crosshead speed which is also represented in Fig. 6.4(b),

Fig. 6.5 shows a clear trend that reducing the crosshead speed leads to the increase of quasi-static
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stress. Taking the damage effects into consideration, the decrease of quasi-static stress with the
increase of strain rate is probably caused by the larger damage generated at a higher strain rate.
As a result, the quasi-static stress as the strain rate approaches zero should be equivalent to the
effective stress at the undamaged configuration (i.e., D=0). The curves of quasi-static stress
versus logarithm crosshead speed, as shown in Fig. 6.5, can be fitted using the following three-

parameter arctangent function:
y = A— Batan(Cx) (6.8)

where x and y are logarithmic crosshead speed and quasi-static stress, respectively, 4, B and C
user-defined parameters for which the values are adjusted to fit the experimental data. Choice of
the above fitting function is based on the following criteria: (1) the function should fit the
experimental results satisfactorily, (2) the function should have a limit when the crosshead speed
or strain rate reaches zero, and (3) the function should be monotonic. All values used for
parameters in Eq. (6.8) to generate the fitting curves in Fig. 6.5 are summarized in Table 6.2. It
should be noted that the zero crosshead speed corresponds to x value in Eq. (6.8) of negative
infinity. The predicted quasi-static stresses at zero crosshead speed (i.e., zero strain rate) are

given in the bottom row of Table 6.2.
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Table 6.2 Values for parameters in Eq. (6.8) and quasi-static stress as crosshead speed reaches
Zero

Prestrain 5% 10% 20% 30% 40% 50%
A 9 11.5 13.1 14.4 16 17.1

B 0.3 0.5 1.3 1.7 1.9 2.1

C 2 2 2 2 2 2
y @ X—-0 9.47 12.29 15.14 17.07 18.98 20.39

6.4.2 Effects of specimen geometry

Typical plots of true stress versus area strain for NPR specimens of different ligament widths,
obtained at the crosshead speed of 0.001mm/min, are presented in Fig. 6.6. The figure suggests
that change in the ligament width has little effect on the stress-strain curves, which is consistent

with the results reported before [67].

151



30

True stress

3 I
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Area strain

Fig. 6.6 Experimental curves of true stress versus area strain for PE samples with different

ligament widths, at the crosshead speed of 0.00 I mm/min

Using the model and approach presented in Section 3, the experimentally determined
relaxation test results for NPR specimens of different ligament widths, as shown in Fig. 6.6, have
been successfully regenerated using Eq. (6.7). Fig. 6.7 presents the results of viscous stress and
quasi-static stress components for the data shown in Fig. 6.6. As shown in Fig. 6.7(a), reducing
the ligament width leads to increase in the viscous stress. The variation of ligament width,

however, does not affect the quasi-static stress-strain curves, as shown in Fig. 6.7(b).
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Fig. 6.7 Viscous stress and quasi-static stress for PE samples with different widths, tested at the

crosshead speed of 0.00 lmm/min

In order to demonstrate clearly the influence of ligament width on the quasi-static stress, data
for Fig. 6.7(b) are presented in a different way in Fig. 6.8, by plotting the quasi-static stress as a
function of ligament width. Fig. 6.8 suggests that the change in ligament width in the range used
in this study does not show a clear influence on the quasi-static stress. As a result, extrapolating
the quasi-static stress to zero ligament width was not performed for determining the effective

stress values.
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6.4.3 Damage characterization

The general definition of damage variable D for isotropic damage is the ratio of damaged area

S, over the total surface area S .

The relationship between the effective stress o

D:S

Sp
S

eff

(6.9)

in the fictitious undamaged configuration

and the stress o in the damaged configuration, as shown in Fig. 6.9, is described using the

expression in Eq. (6.1).
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In order to derive the expression for D based on the degradation of elastic modulus, an

assumption needs to be made, which is usually one of the following two hypotheses.

(1) Strain equivalence: Under this assumption, the strain ¢ in the damaged configuration is

equal to the effective strain &,, in the fictitious undamaged configuration, that is,

€

E=€&

” (6.10)

In the case of elastic deformation, the constitutive equations for damaged and undamaged

configurations are given by

o=Eye (6.11)
o, =Ey, (6.12)
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where E, and E, are elastic moduli of the damaged and virgin materials, respectively.

The corresponding damage variable Dy, , based on the definition of effective stress given in

Eq. (6.1), can be expressed as

D, =1--2 (6.13)
SE EO

Since this damage variable is based on the hypothesis of strain equivalence, it is named SE

method hereafter.

(2) Energy equivalence: Under this assumption, both damaged and fictitious undamaged

configurations have the same strain energy, o~ / 2F, that is,

o’ O'f
S ﬁ (6.14)

D 0

Under the hypothesis of energy equivalence and the definition of effective stress given in Eq.

(6.1), the damage variable D,, can be expressed using the following expression.

E
Dy =1- |2 (6.15)

0

Since this expression is based on the hypothesis of energy equivalence, it is named as EE method

hereafter.

Fig. 6.10 presents variation of the damage parameter D, , based on Eq. (6.13), as a function

of prestrain introduced in the first-stage tests. Fig. 6.10 indicates that damage starts at a critical
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prestrain level that is lowered by the increase of crosshead speed used in the first test. In other
words, at a given prestrain level damage is more severe by using a higher crosshead speed to
generate the prestrain. The figure also indicates that both crosshead speed and prestrain level

have a significant effect on the damage generation.
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Fig. 6.10 Damage variable as a function of prestrain, generated at crosshead speeds of 0.01, 1

and 10mm/min

Instead of characterizing damage based on degradation of elastic modulus, damage can be

directly expressed in terms of decrease of the stress:

D, =1--—= (6.16)

where o and o, are stress for the damaged and undamaged material, respectively, at a given

strain level. Using the effectives stress for fictitious undamaged material, as summarized in
Table 6.2, and the stress for the damaged material shown in Fig. 6.2, the damage variables for the
crosshead speeds of 0.01, 1 and 10mm/min are presented in Figs. 6.11(a), 6.11(b) and 6.11(c),

respectively. For comparison, damage variables calculated using SE and EE methods, according
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to Egs. (6.13) and (6.15), respectively, are also included in Fig. 6.11. Fig. 6.11 suggests that D
values based on the proposed effective stress method and those from the conventional EE
method are in close agreement, indicating the feasibility of using the proposed approach to
determine the effective stress for polymeric materials that show strong viscous behaviour.
Advantage of the proposed effective stress method is that it does not require any hypothesis such

as strain or energy equivalence to characterize the damage.
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6.5 Conclusions

An approach for determining the effective stress in the fictitious undamaged state for PE is
presented. First, the quasi-static stress-strain relationships for PE deformed at various crosshead
speeds were determined by removing the viscous stress component based on a model that
consists of spring, damper and finite plasticity elements. The model was calibrated using results
from stress relaxation tests. The results show that the quasi-static stress at a given strain level
decreases with the increase of crosshead speed, indicating the influence of strain rate on the long-
term performance of the PE pipe material (i.e., after viscous stress component is diminished). In
addition, influence of aspect ratio of the ligament cross section on the quasi-static stress-strain
curves has also been studied by changing ligament width of PE specimens. The results show that

the change of ligament width has little effect on the quasi-static stress-strain curve.

By fitting the experimentally-determined curves of quasi-static stress versus logarithm

crosshead speed using an arctangent function, the effective stress (o

.y ) at various strain levels is

successfully estimated by extrapolating the quasi-static stress to zero crosshead speed. This
allows characterization of damage in PE pipe material without any hypothesis such as strain or
energy equivalence, by calculating Dy, value directly using the expression D, =1—G/ Oy -
Values for D determined from this approach are compared with those based on the hypotheses of
strain and energy equivalence, calculated using degradation of elastic modulus from a two-stage

test method. Results show that D values calculated using the effective stress (D,; ) and those

based on the hypothesis of energy equivalence ( D, ) are in satisfactory agreement. Therefore,

the proposed effective stress method can be used to determine the effective stress and to

characterize damage evolution in PE pipe material.
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Characterization of ductile damage in polyethylene
using ultrasonic technique

An experimental study was conducted to explore the possibility of using ultrasonic testing to
quantify deformation-induced damage in polyethylene (PE) plate. Coupon specimens of two
gauge lengths were machined from PE plates with thickness in the range from 1.5 to 10mm. The
specimens were first stretched monotonically to various prestrain levels to vary the extent of
damage introduced by the stretch. Ultrasonic testing in the through transmission mode was then
conducted on the prestrained specimens to determine the time of flight based on which ultrasonic
velocity was determined. The results show that the ultrasonic velocity, normalized by the speed
in the virgin plate of the same thickness, decreases with the increase of prestrain introduced to
the specimens. The study also shows that with the correction of density change by the prestrain,
the normalized ultrasonic velocity can be used to determine the dependence of damage level on
the prestrain, which for specimens with long gauge length, is consistent with the damage
determined from the mechanical testing. The study concludes that ultrasonic testing can be used

as a non-destructive means to quantify deformation-induced damage evolution in PE plates.
7.1 Introduction

Semi-crystalline polymers are increasingly used in a wide range of applications, including

aerospace, automobiles, nuclear power plants, and pressure tubing for water and natural gas
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transportation. In the pressure tubing applications, statistics shows that over 90% of the newly
installed gas pipeline systems are now made of PE [1]. Such an extensive usage is attributed to
the combination of reliable thermal stability, excellent corrosion resistance, relatively low cost,
light weight and good flexibility, to name a few, which provide easy installation and
maintenance of PE pipelines. However, unexpected, catastrophic failures of PE pipes were still
reported in the last decade [2—4], suggesting that new methodologies are needed to monitor PE’s
property deterioration in order to predict accurately their remaining service life. Furthermore, in
spite of a lot of efforts being devoted to the study of damage and failure mechanisms in PE [5—
10], characterization of damage in PE is still a real challenge due to the possibility of damage
generation in normal service conditions, such as squeeze-off process for repair and maintenance
and variation in service loading histories. The problem is further aggravated by PE’s complex

deformation behavior.

Over the past decades, thanks to the rapid development of damage mechanics and
experimental instrumentation, studies on the behavior of damaged materials have come up with
various methods for the damage characterization. These methods can be broadly classified into
two approaches based on (i) mechanics of porous media (MPM) and (ii) continuum damage
mechanics (CDM). The former uses void volume fraction (i.e., porosity) as the damage indicator
to describe property degradation of materials. In this approach, Gurson’s damage model [11] is
most widely used for quantifying ductile damage evolution, which is through the use of a
porosity term to progressively down-scale the yield surface. This model has been successfully
extended to account for coalescence and growth of voids [12—-14]. Techniques based on this

model use volume strain to quantify the porosity, which include scanning electron microscopy
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(SEM) [15-18], wide-angle X-ray scattering (WAXS) and small-angle X-ray scattering (SAXS)

[19-24].

For the approach based on CDM, a macroscopic damage variable D is introduced to reflect a
progressive deterioration of material properties, and is used to quantify the damage process.
Based on the effective stress concept and strain- or energy-equivalent hypotheses, various kinds
of methods have been developed to measure degradation of mechanical properties, such as
elastic modulus, strength and hardness, based on which damage is quantified. In 1987, eight
different experimental methods that use direct or indirect methods for damage characterization
were discussed by Lemaitre and Dufailly [25]. The direct methods include digital microscopy to
observe areas covered by voids or cracks and measurement of density variation. The indirect
methods, on the other hand, are to measure changes in elastic modulus, ultrasonic velocity,
micro-hardness or electrical potentials. One of the most widely used methods to characterize
damage is to measure degradation of elastic modulus from cyclic loading-unloading tests [26—
35]. However, most of the above works are to quantify damage development in metallic
materials. Much less attention has been paid to the damage development in semi-crystalline

polymers.

Compared to the destructive methods that require preparation of coupon specimens to
determine, for example, ratio of damaged area to the total surface area, density, or elastic
modulus, non-destructive evaluation (NDE) methods have the advantage of providing in-situ
characterization of material properties or inspection of engineering structures such as pipelines.
A number of NDE methods, such as acoustic emission methods [36—39], electrical methods [40—
42], infrared thermography methods [43—46], vibration-based methods [47—49] and ultrasonic

methods [50-54], have been proposed for non-destructive damage characterization. Among
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these methods, ultrasonic methods are believed to be one of the most feasible methods for
evaluation of the change in mechanical properties because equipment for ultrasonic methods is
relatively low in cost, easy in operation, and has the ability to reveal microscopic changes in the
inspected materials. Since magnitude of ultrasonic velocity is related to density and stiffness of
the material, measurement of the ultrasonic velocity can provide a non-destructive means to
assess changes in mechanical properties of the material. Damage state and its evolution can then
be determined by comparing the measured mechanical properties with their values for the

original materials.

According to the definition of effective stress in continuum damage mechanics, ultrasonic

velocity and damage variable D are suggested to follow the expression of D~1—v; / vy [25],
where v, and v, are ultrasonic velocities of longitudinal waves in damaged and virgin materials,

respectively. This expression enables people to use ultrasonic methods as an effective tool to
characterize various types of damage in materials, such as damages by tensile loading [55, 35],
compressive loading [56—-58], creep loading [59, 60] and fatigue loading [52, 61]. However,
current use of ultrasonic methods for such damage characterization is mainly for concrete and
metallic materials. To our knowledge, no work has been reported to use ultrasonic methods to

quantitatively characterize damage in semi-crystalline polymers.

Although no work has been reported to use ultrasonic methods to characterize damage in
polymers, studies have shown that many factors affect ultrasonic wave propagation in polymers.
For example, ultrasonic velocity and attenuation are known to be sensitive to polymer
morphology [62-64], and vary markedly with the change of crystallinity and density of

polymers. These studies also found that ultrasonic velocity and attenuation vary with frequency

168



of the ultrasonic transducer used for the measurement. Furthermore, temperature and stress are

known to affect ultrasonic velocity of longitudinal waves in polymers [65, 66].

In view that in-service detection and monitoring of damage development is an important
means to ensure safe operation of pipeline systems, we have explored the feasibility of using
ultrasonic wave propagation as a NDE tool to assess damage development in PE pipes. This
chapter summarizes results from a preliminary study that uses ultrasonic wave in the through
transmission mode to explore the possibility of developing an ultrasonic method to detect and

quantify damage in PE, as a first step to evaluate its applicability to PE pipes.

7.2 Experimental details

7.2.1 Material and specimens

PE plaques, provided by NOVA Chemicals, were used to prepare specimens for the testing.
The PE plaques were compression molded from pellets to nominal thickness of 1.5, 3, 6 and 10
mm, of which the material characteristics are shown in Table 7.1. Two types of PE specimens,
named “short” and “long” for ligament lengths of 3 and 10 mm, respectively, were used to
provide two levels of stress triaxiality at which the damage is generated. The specimen
dimensions are shown in Fig 7.1. Because thickness of the specimens ranges from 1.5 to 10 mm,
the constant ligament width of 10 mm results in the change in aspect ratio (width/thickness) from
6.7 (for nominally 1.5mm-thick specimens) to 1 (for nominally 10mm-thick specimens). For
simplicity, long specimens with nominal thicknesses of 1.5, 3, 6 and 10mm are denoted as L-1.5,

L-3, L-6 and L-10, and short specimens S-1.5, S-3, S-6 and S-10.
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Table 7.1 Material characteristics for HDPE used in this study

M, (g-mol'l) M, (g-mol'l) M, (g~m01'1) Density, p (g-cm’3) M,/ M,

73,100 30,400 147,000 0.941 24

M, M, and M, stand for weight-average, number-average, and Z-average, respectively, molecular weight
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Fig. 7.1 Dimensions for short (a) and long (b) specimens with nominal thickness ranging from 1.5 to

10mm
7.2.2 Mechanical testing

All mechanical tests were conducted using a universal test machine (QUASAR 100) at room
temperature. A two-stage test method, initially proposed by Jar [67,68], was adopted to
investigate the effect of prestrain on the degradation of elastic modulus. The two-stage test is to
use the first stage to introduce prestrain to specimens at a constant crosshead speed of 1mm/min,
and two months later the second stage to measure elastic modulus at the crosshead speed of
0.0lmm/min. The period of two months is to allow the specimens to recover from the

viscoelastic deformation before the second-stage tests.
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Procedure for the first-stage tests is similar to that used before [69]. That is, at the end of the
loading phase, specimens were held at the displacement for a period of 3 hours for stress
relaxation before the unloading. Note that changes in both ligament width and ligament
thickness were recorded during the test, the former through a data acquisition portal of the test
machine and the latter a digital oscilloscope. Since data recorded using the digital oscilloscope
could be converted to thickness only after the test, prestrain introduced in the first-stage test was
controlled using the change of ligament width, recorded through the data acquisition portal of the
test machine. This provided a similar prestrain range for long specimens of different thickness.
For short specimens, however, as to be shown later the prestrain range covered by the same
width contraction varies significantly among specimens of different thickness. This is because
contraction in the thickness direction shows a strong dependence on the specimen thickness.
Nevertheless, results reported here are presented in terms of prestrain values introduced in the
first-stage tests, calculated using the following expression.

Epe =1 (ﬁt—"j (7.1)

wt

where w, and ¢, are original ligament width and thickness respectively, and w and ¢ the

deformed ligament width and thickness. In spite of the difference in the prestrain range among
specimens of different gauge length and thickness, the results are sufficient to provide a clear
trend of the dependence of damage evolution on the gauge length and ligament aspect ratio, as to

be shown in the next section.
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Tests at the second stage were conducted at the crosshead speed of 0.0lmm/min, to measure

elastic modulus at ¢, , of 0.5%. The procedure is identical to that used previously [69], except

true

that both thickness and width changes were recorded to calculate ¢, values.

true

7.2.3 Ultrasonic testing

Ultrasonic tests were conducted on PE specimens that had been subjected to the first-stage
tests to generate prestrains. Fig. 7.2(a) shows the schematic diagram for the ultrasonic test setup.
In this study, ultrasonic velocity was measured using two 1-MHz transducers, one as an emitter
and the other a receiver (from Olympus) in the through-transmission mode. Ultrasound coupling
gel (Aquasonic 100 from Parker Laboratories) was used between the transducers and the
specimen. Relative position between the ultrasonic transducers and the specimen was fixed
using a specimen holder shown in Fig. 7.2(b), in order to avoid pressure variation and to ensure
good alignment during the test. Signals collected from the tests were analyzed and displayed on
a two-channel digital oscilloscope (LeCroy 422 WaveSurfer). Ultrasonic measurement was
conducted at three locations on each specimen, labelled 1, 2 and 3 in Fig. 7.2(c). Material at
locations 1 and 3 was assumed to be undamaged and confirmed by comparing the ultrasonic

velocity measured there with that from a virgin specimen.
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Fig. 7.2 Ultrasonic test: (a) schematic diagram of the test setup, (b) transducers and PE specimen used in
the ultrasonic tests, and (c) three measurement locations on the specimen

Ultrasound velocities in the PE specimens were measured in the thickness direction using the
time-of-flight method [64]. A tone burst signal was generated from a function generator and
injected into the specimen through the transmitting transducer. The transmitted signal, received
by a transducer on the other side of the specimen, is recorded and averaged 256 times by the
oscilloscope and sent to a personal computer for post processing. Multiple echoes in the

ecogram were originated from the back and forth reflections of ultrasonic wave between the two
transducers. The travelling time and distance for the first signal were denoted as ¢, and s,,
respectively. In general, the i signal travels for a distance of (2i-1) times of the specimen
thickness, and the corresponding time is 7, which does not include the time for travelling in the
coupling gel. To reduce the influence from the ultrasonic noise, only the first five sets of signals
that show well defined first valley position were used to calculate the ultrasonic velocity. Data
for the five sets of signals were fitted using a straight line of which the slope represents the
ultrasonic velocity, as illustrated in the bottom left figure in Fig. 7.2(a). The linear relationship

between travelling distance and time for specimens L-6 and S-3, as shown in Fig. 7.3(a) and (b),
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respectively, suggests that there is little effect of attenuation on the detection of valley positions.

Each of the measured ultrasonic velocity values was the average of three repeated measurements.
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Fig. 7.3 Relationship between travelling distance and time for specimens L-6 (a) and S-3 (b)

7.3 Results and discussion

Fig. 7.3 summaries the plots of engineering stress versus stroke from the first-stage tests. For
example, Figs. 7.3(a) and 3(b) present curves from long and short specimens of 10mm thick,
respectively. As shown in the figure, at least five prestrain levels were used for each specimen
thickness. For the long specimens of 10mm thick, additional five pre-strain levels were used, to
have the prestrain range similar to that for the short specimens. Note that test results show
excellent reproducibility. Therefore, only one specimen was used for each combination of
prestrain, specimen type and specimen thickness. Occasionally, the curve did not fall into the
trend shown by the rest of the curves for the same specimen type and thickness. In that case, the
test was repeated using another specimen, to ensure that all curves of the same specimen type
and thickness overlap with each other reasonably well. Such a repeated test only occurred twice
for long specimens and four times for short specimens, for totally 51 specimens used in the entire

test program.
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Fig. 7.4 Summary of curves of engineering stress versus stroke: (a) L-10, (b) S-10, (¢) L-6, (d) S-6, (e) L-
3, () S-3, (g) L-1.5, and (h) S-1.5. Prestrain for each curve, as indicated by the legend, is calculated using

Eq. (7.1).
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Table 7.2 summarizes ultrasonic velocities for undamaged PE specimens (v,,), which were
measured from locations 1 and 3 in Fig. 7.2(c). Values listed on Table 7.2 show dependence of
the v,,on the specimen thickness, especially for specimens of 1.5 and 3mm thick. A similar
phenomenon was also reported before [70]. Although it is not quite clear about the cause for the
phenomenon, both cases are for specimen thickness that is close to the ultrasonic wave length.
In our case, wavelength used is around 2.2mm, which travels through the thickness of PE

specimens at a speed of approximately 2200m/s, i.e., at the frequency of 1MHz.

Table 7.2 Measurements of the longitudinal wave velocity for undamaged material

Thickness (mm) Long specimen Short Specimen
1.5 20234 5.1 2035+13.2
3 2102+6.8 2066+7.5
6 2251+5.7 225245.6
10 22494+2.5 2250+3.1

According to continuum damage mechanics (CDM) [25], damage can be determined based on
degradation of ultrasonic velocity using the following expression, with the assumption that the

density change is negligible.

2
D, ~ 1—370 (7.2)
LO

where v, and v, are ultrasonic velocities for damaged and undamaged materials, respectively.

In our case, since the wave velocity varies with the specimen thickness used for the testing, v,

in the above expression should be for the specimen that has the same thickness as the specimen
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that has been subjected to a prestrain in the first-stage test. In order to establish the relationship
between the ultrasonic velocity v,, and thickness of a virgin specimen, a test block that contains

ten different thicknesses was manufactured from the same PE material, of which the geometry

and dimensions are shown in Fig. 7.4.

—-30-—‘—30-——-30-——-30-——-30-——-3@-——-30-——-30-——-3@-——-30-—

10mm 9mm 8mm 7mm émm 5mm 4mm 3mm 2mm 1mm

Fig. 7.5 Top and front views of a test block used to establish the relationship between ultrasonic velocity
and specimen thickness

Ultrasonic velocities determined using the test block are presented in Fig. 7.5 as a function of
test block thickness, which confirms the dependence of the measured ultrasonic velocity on the
test block thickness till the thickness is greater than 8mm. In general, it is believed that
ultrasonic velocity is affected by constraint imposed on the wave front. For a sufficiently thick
specimen that provides constraint for ultrasonic wave propagation in all directions, the ultrasonic

wave can be considered as a bulk wave of which the velocity is determined using Eq. (7.3):

Cp=\/ E(1-v) (7.3)

o(1+v)(1—-2v)

where £, v and p are elastic modulus, Poisson’s ratio and density of the measured material.

However, with less constraint, such as a longitudinal wave traveling along a bar of sufficient

length, the wave velocity is determined using Eq. (7.4):
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Cbar = JE (74)
yo,

Therefore, we believe that a thin plate does not provide sufficient constraint for the ultrasonic
wave traveling in the thickness direction, resulting in the dependence of the wave velocity on the

test block thickness, as depicted in Fig. 7.5.

The dependence of ultrasonic velocity on the specimen thickness is determined using a second
order polynomial function, which is also included in Fig. 7.5, to fit data for thickness below
6mm. The polynomial function is then used to calculate ultrasonic velocity in a virgin specimen
of any thickness. By having the ultrasonic velocity for prestrained and virgin specimens of the

same thickness, the damage parameter D, can then be determined using Eq. (7.2).

Using Eq. (7.3) and based on the damage concept, that is, change in elastic modulus is due to
the presence of damage, the ultrasonic velocities for the undamaged and damaged specimens can

be expressed in Eqgs. (7.5) and (7.6), respectively.

Vio :\/ Eo (1_V) (7.5)

p,A+v)1-2v)

Vip :\/ Ep (1_‘)) (7.6)

Py 1+ 1)(1-2)

where £ and p with subscript 0 are for virgin specimens, and those with subscript D which

stands for “damage” are for prestrained specimens.
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Fig. 7.6 Dependence of ultrasonic velocity on specimen thickness that is normalized by the wavelength

Fig. 7.6 shows two examples of typical time domain waveforms for both virgin and damaged

specimens using 1MHz transducers.

As shown in Fig. 7.6, amplitude in both prestrained

specimens is slightly lower than that in the corresponding virgin specimens, possibly due to the

presence of cavities or voids in the prestrained specimens which disperse and scatter the

transmitted wave to increase the energy loss.
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Fig. 7.7 Examples of longitudinal wave traces from virgin and prestrained specimens: (a) L-6 and (b) S-6
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The ultrasonic velocities in prestrained specimens, normalized by the ultrasonic velocity in
virgin specimens of the same thickness (i.e., v,,/v,, ), for both long and short specimens are
summarized in Fig. 7.7(a). The figure suggests that ultrasonic velocity decreases with the
increase of prestrain introduced in the first-stage test. The corresponding value for damage
parameter D, calculated using Eq. (7.2), is presented in Fig. 7.7(b) as a function of prestrain,

which suggests that damage develops faster in short specimens than in long specimens, possibly

because a higher level of stress triaxiality was generated in the former in the first-stage tests

[30,70,71].
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Fig. 7.8 Ultrasonic test results: (a) normalized ultrasonic velocity versus prestrain and (b) damage

parameter D, based on the decrease of ultrasonic velocity, Eq. (7.2)

Damage evolution in the PE specimens was also established using degradation of elastic
modulus, and compared with that obtained from the ultrasonic method. The elastic modulus was
measured in the second-stage tests on both virgin and prestrained specimens after the
measurement of ultrasonic velocity, based on the hypothesis of strain equivalence (SE). Value

for damage parameter so determined, denoted Dy, , can be expressed in terms of the ratio of
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elastic modulus for the prestrain specimen to that for the virgin specimen of the same specimen

type and nominal thickness, as shown in the expression below.

(7.7)

Damage parameters D, and Dy, , calculated using Eqs. (7.2) and (7.7), respectively, are
compared in Fig. 7.8. The figure shows that at a small prestrain level values for D, , based on the
degradation of ultrasonic velocity, shows a good agreement with that for D, , based on the
degradation of elastic modulus. However, discrepancy between D, and Dy, increases with the

increase of prestrain introduced in the first-stage tests. The discrepancy is believed to be caused
by the assumption of constant density in Eq. (7.2). If density change is taken into consideration,

the damage parameter based on the degradation of ultrasonic velocity should be expressed as

2
D, =1-2.fo (7.8)
Vio Po

where p, and p,represent densities for damaged (i.e., prestrained) and undamaged (i.e., virgin)
specimens, respectively. It is obvious that because density is decreased by the deformation

process, D, value should be smaller than D,  value for the same specimen.
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Fig. 7.9 Comparison of damage parameter D, based on degradation of ultrasonic velocity without

considering the density change, with damage parameter D, based on degradation of elastic modulus

under the hypothesis of strain equivalence: (a) L-10, (b) S-10, (c¢) L-6, (d) S-6, (e) L-3, (f) S-3, (g) L-1.5

and (h) S-1.5.

182



To confirm that difference between D, and D, in Fig. 7.8 is due to the change in density of
PE caused by the deformation introduced in the first-stage tests, D, , from Eq. (7.8) should show

dependence on prestrain similar to that for Dy, from Eq. (7.7). This idea was explored by

adopting the experimentally established relationship between plastic volume strain and the
applied strain (prestrain) for PE in ref. [15], with the plastic volume strain defined by Eq. (7.9)
below. Eq. (7.9) also includes the relationship between the plastic volume strain and the density

ratio of virgin to prestrained specimens, p,and p,,, respectively.

A Vot Ve _p
Vo Vo V Pp

-1 (7.9)

where V), is the deformed volume after the recovery of elastic deformation and ¥V, the original

volume before the deformation. The density ratio as a function of prestrain, based on data given

ref. [15], 1s presented in Fig. 7.9(a).

With the assumption that the curve shown in Fig. 7.9(a) also represents the density change for

our long specimens of 10mm thick (L-10), results in Fig. 7.9(a) can then be used to determine the

evolution of D, based on the ultrasonic test results. Fig. 7.9(b) presents the variation of D, with
prestrain for L-10, along with D, and D, that have been presented in Fig. 7.8(a). Fig. 7.9(b)
suggests that evolution of D, , shows better agreement with Dy, than D, does, thus confirming that

density change by deformation introduced in the first-stage test does play an important role for
quantifying the damage evolution using degradation of ultrasonic velocity, and that the ultrasonic
method can serve as a non-destructive means for damage characterization of PE. However, at

this stage similar correction for the damage parameter D, for short specimens cannot be made, as
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literature has shown that volume strain rate is highly sensitive to the change of stress triaxiality
[72] and no data are available for the volume strain evolution at the stress triaxiality level that is
similar to that in the short specimens. Another problem for the correction of ultrasonic-based
damage parameter for short specimens is the size of the ultrasonic transducer probe. In the
current study, the ultrasonic transducer probe has a diameter of 27.5mm which is much larger
than the ligament length for short specimen (3mm). Therefore, signals collected by the
ultrasonic transducer, which reflect the average property degradation of the area covered by the
probe, may underestimate the damage level introduced to the ligament region in the first-stage

tests. In other words, even with the density correction for short specimens, the corresponding

D, evolution determined may still be slower than that shown by D, in Fig. 7.8 unless a much

smaller probe is used which has a size similar to the ligament dimension of the short specimens.
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Fig. 7.10 (a) Change of the density ratio ( p,/p,) as a function of prestrain based on experimental data
given in ref. [15], and (b) variation of damage parameters Dy, , D,and D, as functions of prestrain for

L-10.
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7.4 Conclusions

Damage evolution in polyethylene materials was characterized using ultrasonic velocity in the
through-transmission mode and elastic modulus from mechanical testing. Both long and short
specimens show increase in degradation of ultrasonic velocity and elastic modulus with the
increase of prestrain levels. Results from the ultrasonic tests also show that even without any
prestrain, the ultrasonic velocity decreases with the decrease of specimen thickness below 8mm.
By establishing the relationship between ultrasonic velocity and thickness of virgin specimens,
damage parameter based on the degradation of ultrasonic velocity ( D, ) gives a trend of change
similar to that based on the degradation of elastic modulus ( Dy, ). Values for D, also suggest
that damage evolution in short specimens is faster than that in long specimens, possibly because
the former generates a higher level of stress triaxiality at a given prestrain level. The study found
that disparity between D, and D, , especially for specimens with large prestrains, can be reduced
by considering density change introduced by the prestrain. Using experimental data in literature,
the study demonstrates the possibility of matching the damage parameter values from the

ultrasonic method with Dy, by considering the density change in determining the damage
parameter (D,,). The study concludes that ultrasonic method can also be used as a non-

destructive means to characterize damage evolution in PE. However, due to the high signal
attenuation in PE and its significant density change with deformation, further studies are required
before developing a non-destructive ultrasonic technique for in-situ inspection of PE pipe for its

damage development.
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Chapter

Summary and future work

This chapter summarizes the main contributions of this research work and suggests possible

work for future investigation.
8.1 Summary of contributions

Polyethylene (PE) pipe are being increasingly used for natural gas and water transportation.
The damage generated during installation or maintenance process such as dig-in, squeeze-off and
bending causes mechanical property degradation of the pipe, thus reducing its remaining service
life. Because of the potentials of pipeline failure for the huge economic losses and threats to the
public safety, it is extremely important to have a tool to characterize the likelihood of pipeline
failure. On the other hand, a material-specific damage parameter D is required in continuum
damage models to model material failure behaviour. Accurate quantification of D relies on
proper methodologies to measure the changes in mechanical properties. However, few
experimental studies have been conducted on the characterization of damage behavior in PE
pipes. Therefore, this dissertation focuses on the characterization and detection of damage in PE

pipes. The pertinent research work presented in this dissertation is summarized below.

(1) Characterization of deformation damage in PE pipe
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The study of damage evolution in PE pipe is important not only from an academic viewpoint,
but also for prediction of service life for pipeline components. A two-stage test method has been
developed to quantitatively evaluate effects of deformation-induced damage (or loading history)
on mechanical properties of PE pipe. The damage development in PE pipe is characterized and
quantified by measurement of elastic modulus degradation. In particular, the influence of strain
rate and microstructure on damage development in PE pipe is investigated. The results show that
damage is larger and grows faster at a higher deformation rate. Mechanical properties, including
yield stress, relaxation behaviour, and moduli (elastic modulus at a strain of 5% and strain
hardening modulus at strains above 70%), are compared between two widely used PE pipes that
are made of PESO and PE100 resins. In addition, a phenomenological approach based on
experimental testing and FE simulation has been used to investigate large deformation and
fracture behaviour of PE pipe. The results show that through the combination of a
phenomenological constitutive equation and an empirical ductile damage model, the FE
simulation can successfully regenerate the deformation and fracture behaviour observed from the

experimental testing.

(2) Effects of Squeeze-off on Mechanical Properties of Polyethylene Pipes

Influence of the squeeze-off process, a popular procedure for pipe maintenance or repair, on
PE’s mechanical properties has been investigated, with a special attention to the effect of
squeezing speed. The experimental results show that both elastic modulus and yield stress of the
pipe are significantly affected by deformation introduced by the squeeze-off process.
Additionally, the change in mechanical properties showed little dependence on the squeezing
speed. A three-dimensional FE model was developed to facilitate the determination of strain and

strain rate in the pipe wall during the squeeze-off process. The FE simulation show that around

192



70% of the cross section was under compression and 30% under tension. Furthermore, the above
mentioned two-stage test methods are applied to confirm the damage development under
different loading modes and crosshead speeds. The results show that difference of the overall
damage among the three squeezing speeds is smaller than that could have been generated in a
single loading mode. The study concludes that compressive loading can cause damage in PE
pipe, and this damage plays a crucial role on the change of elastic modulus and yield strength of
PE pipe. Such an influence of squeeze-off process or any loading scenario that involves

compressive deformation should be considered for evaluation of PE pipe performance.

(3) Characterization of Ductile Damage in Polyethylene Based on Effective Stress Concept

A novel approach for determining the effective stress in the fictitious undamaged state for PE
is proposed. First, the quasi-static stress-strain relationships for PE deformation at various
crosshead speeds were determined by removing the viscous stress component based on a model
that consists of spring, damper and finite plasticity elements. The model was calibrated using
results from stress relaxation tests. The results show that the quasi-static stress at a given strain
level decreases with the increase of crosshead speed, indicating the influence of strain rate on the
long-term performance of the PE pipe material. In addition, influence of aspect ratio of the
ligament cross section on the quasi-static stress-strain curves has also been studied by changing
ligament width of PE specimens. The results show that the change of ligament width has little
effect on the quasi-static stress-strain curve. By fitting the experimentally-determined curves of
quasi-static stress versus logarithm crosshead speed using an arctangent function, the effective
stress at various strain levels is successfully estimated by extrapolating the quasi-static stress to
zero crosshead speed. This allows characterization of damage in PE pipe material without any

hypothesis such as strain or energy equivalence, by calculating damage value directly using the
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expression D, :1—0'/ o,, - Damage values determined from this approach are compared with

those based on the hypotheses of strain and energy equivalence, calculated using degradation of
elastic modulus from a two-stage test method. Results show that damage values calculated using
the effective stress and those based on the hypothesis of energy equivalence are in satisfactory
agreement. Therefore, the proposed effective stress method can be used to determine the

effective stress and to characterize damage evolution in PE pipe material.
(4) Characterization of Ductile Damage in Polyethylene Using Ultrasonic Technique

Damage evolution in polyethylene (PE) materials was measured using ultrasonic and two-
stage test methods. In the first stage test, various prestrain values were first introduced to two
types of PE specimens, named as long and short specimens with different thicknesses through a
monotonic tensile test at the crosshead speed of Imm/min. Before the second stage test, damage
in the PE specimens was characterized through the measurement of time-of-flight of ultrasonic
velocity in the through transmission mode. Results show that ultrasonic velocity decreases with
the increase of prestrain generated in the first stage test. In addition, it was observed that the
longitudinal wave speed was dependent on the thickness of PE sample. The relationship
between the ultrasonic velocity and specimen thickness was obtained and used to determine
damage parameter based on the degradation of ultrasonic velocity. Damage develops faster in
short specimen, of which stress triaxiality is higher than that in long specimen. After taking
density change into consideration, damage parameter measured from the degradation of
ultrasonic velocity shows good agreement with that measured from the elastic modulus
degradation. Therefore, ultrasonic method can also be used for non-destructive damage

characterization for PE materials.
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8.2 Future work

The research work presented in this dissertation is a step toward developing a reliable
instrumentation system for early detection of damage and estimation of remaining service life in

PE pipes. However, further research is needed before its application is realized in industry.

(1) Characterization of damage development under different loading conditions

The proposed two-stage test method has been successfully used to determine damage
evolution under tensile and compressive loading conditions in this thesis. In order to obtain the
damage evolution under the loading condition which is the same as that in the real situation, this
method can be extended in the future to study damage behavior under fatigue or creep loading.
In addition, the experimentally measured damage evolution law can be further implemented in

FE models to study fracture behaviors of PE pipe.

(2) Effects of temperature on damage behavior in PE pipe

The influence of strain rate on damage development in PE pipe has been quantitatively
investigated in this dissertation. However, according to the experimental results reported in ref.
[1] that volume strain in poly(vinylidene fluoride) (PVDF) materials evolves faster as the
temperature decreases, it is believed that temperature may also play an important role in the
damage growth in PE pipes, which needs to be further studied. Furthermore, in order to
determine long-term hydrostatic strength for PE pipe, hydrostatic pressure tests are conducted
based on standard ASTM D 2837 or ISO 9080. However, performing such tests takes a
extremely long time (at least one year) by just using temperature as accelerating factor. In

Chapter 3, time-strain rate superposition principle has been proposed, in which strain rate,
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instead of temperature, is used as an accelerating factor to construct the relaxation master curves.
In the future, I plan to extend this principle to time-temperature-strain rate superposition
principle (TTSrSP) to predict long-term relaxation and creep behaviors for PE pipe. By applying
the TTSrSP to the current test method, the time-to-failure of plastic pipe should be greatly

reduced.

(3) Development of in-situ damage detection methodologies

Although several studies [2—4] have been carried out to evaluate the quality of PE joint
through developing non-destructive ultrasonic techniques, to my best knowledge, there is no in-
situ damage detection method available for PE pipe inspection. The traditional damage
characterization method, such as through the measurement of the degradation of elastic modulus,
is destructive, thus not applicable for in -situ detection and inspection of damage state in PE pipe.
The proposed damage characterization methods based on the degradation of stress and ultrasonic
velocity in Chapters 6 and 7, respectively, show good agreement with the damage measured from
elastic modulus degradation, indicating their potential use for the in-situ damage detection for PE
pipe. However, further studies are needed to develop the details of the test methodology. For
example, nonlinear ultrasonic method may be developed to improve its sensitivity to the

degradation of PE pipe’s mechanical properties.
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