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Abstract

Approaches for accurate prediction of ductile failure of polyethylene (PE) pipe have been
developed. The main objective of this thesis is to characterize deformation and mechanical
behaviour of PE material under different conditions which contribute to PE failure. For this
purpose, two different loading conditions are considered. One is the mostly used compressive
loading in plastic pipe industry, named squeeze-off process. The other is a transverse loading

which is a part of a test method to characterize environment stress cracking (ESC) of PE.

In the first part of this thesis, squeeze-off of PE pipe is simulated using finite element modelling.
Squeeze-off is a widely used industrial procedure to block or reduce fluid flow in PE pipes. A set
of experimental testing data was used to tune and extract elastic-plastic and creep material
properties of a finite element (FE) model which consists of a pipe specimen and a squeezing bar.
Squeezing speeds of 0.01, 1, and 50mm/min that cover common speeds used in the pipe repair or
maintenance were used to model the squeeze-off process. A material sensitivity analysis was
performed to identify parameters in the constitutive equations for which change of values yields a
sensitive response of the deformation behaviour of PE. This study shows that identifying these
parameters improves agreement between experimental data and finite element simulation. The FE
model was then used to determine stress and strain distribution in the pipe specimen during the

squeezed-off process.

In the second part of this thesis, an indentation loading that is used to generate deep stretch in a PE
plate is simulated using FE modelling. Development of the indentation loading is part of a project

to design a new test method to shorten the time for crack initiation in PE during the exposure to an

il



aggressive agent. This method is used to accelerate time for characterizing PE’s environmental
stress cracking resistance (ESCR). Two cylindrical indenters of 13 and 7mm in diameter were
modeled to generate the deep stretch in the central part of a circular area of 15mm in diameter.
Through the FE modelling, stress variation and distribution are established during the deep stretch,
but without the exposure to the aggressive agent. Data from the experimental testing was used to
tune and extract information to quantify material behaviour. Three types of material input data
were considered, one purely based on elastic-plastic (EP) deformation, another including damage
generation, and the third including creep deformation, all of which were to calibrate input stress-
strain curve by regenerating the load-stroke curve obtained from the experimental testing.
Comparison of input stress-strain curves for the three types of FE modelling reveals the stress
drops due to damage and creep, and their differences caused by the indenter size and loading speed
used for the testing. The three types of input stress-strain curves also led to establishment of a
stress-strain relationship for PE when no stress drop is caused by damage or creep. The study
suggests that the stress-strain curve is more sensitive to the loading speed using the 7mm indenter.
The FE modelling also shows more frequent stress relaxation during the deep stretch using the
7mm indenter than the 13mm indenter. Therefore, the study concludes that the 13mm indenter is
more effective than the 7mm indenter in transforming the crystalline phase to the amorphous phase

through the deep stretch, and thus is expected to generate ESCR with less scattering.
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Chapter 1

1. Introduction

1.1. Background and motivation

Semi-crystalline polymers constitute a separate class of nanostructured materials. They are
increasingly used in a wide range of applications such as pressure tubing, drainage and pipeline
systems. Polyethylene (PE) as a type of semi-crystalline polymer is also known to have an
excellent combination of strength, stiffness and dimensional stability for industrial applications.
Nowadays, one of the main usages of PE is in the fabrication of low-pressure natural gas pipes
with a life expectancy of 50 years. According to the most recent reports provided by U.S.
Department of Transportation [1], PE is widely used to replace steel, concrete and clay as pipe
material for natural gas transportation due to its durability, reliability, relative low cost, and ease

for construction and maintenance. Moreover, statistics shows that almost 90% of the recently



installed low-pressure gas pipeline systems are made of PE [2]. However, some inspection reports
indicate the sudden failure of PE pipeline systems in the last four decades [3—5]. Therefore, there
must be some blind spots that should be considered for characterizing PE pipes to evaluate their

performance after the installation.

Some internal pressure tests on full-sized pipes at several temperatures have been conducted
to investigate the long-term performance, design stress and service lifetime of PE pipe based on
standard extrapolation methods like EN ISO 9080 and ASTM D2837. In this type of tests, the
output curves are usually in terms of hoop stress versus failure time in a logarithmic scale, so the
design stress at a desired temperature and lifetime can be estimated. The above hoop stress curves
show that based on the stress level on the corresponding hoop stress curve, three types of failure
are being expected in the pressurized PE pipe: (I) ductile failure, (II) brittle failure and (III)
degradation-controlled failure. The main issue for the above test methods is that using full- sized
pipes requires a long duration (around 1.3 year) for the test to be completed. Therefore, some other
test methods have been developed to decrease the test time, including fully-notched test (FNCT)
[6], the Pennsylvania edge-notched test (PENT) [7] and cracked round bar (CRB) test [§], to

measure the resistance to slow crack growth (SCG) in brittle failure region of PE pipe.

This thesis presents finite element (FE) studies that represent two experimental approaches
related to the mechanical behaviour and failure of PE material. One approach is the squeeze-off
process which is a common practice in industry to close or control gas flow in gas pipes in order
to perform maintenance and repair of the pipeline systems. For this purpose, the first part of the
thesis explains a numerical model which has been developed to mimic the squeeze-off process.
The same procedure has been carried out in a recent experimental study. The other approach is

concerned about a failure behaviour of PE material, commonly known as environmental stress
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cracking (ESC). This failure has played a dominant role in long-term load-carrying performance
of PE. For this purpose, the second part of the thesis presents an FE study on the use of indentation
loading. This is a part of an approach to design a test method that can shorten time for crack
initiation under the exposure to an aggressive agent, which can be used to characterize PE’s
environmental stress cracking resistance (ESCR). The thesis is to develop finite element (FE)
modelling for both loading scenarios to mimic the actual deformation behaviours observed in the
experiments. Material models have been developed to investigate the PE mechanical properties
and failure mechanisms. Outputs from the FE models have been tuned with the experimental

results to adjust the material properties.

It is known that external loading scenarios such as squeeze-off process as shown in Figure /-1,
can cause degradation of mechanical properties and reduction of the remaining lifetime of the pipe
[9,10]. Squeeze-off is a common practice in industry to close or control gas flow in gas pipes in
order to perform maintenance and repair of the pipeline systems. However, inspections after the
post squeeze-off process indicate that such a process could cause deterioration of mechanical
properties, leading to unexpected, catastrophic failures of PE pipe over the long service time [11].
A number of studies have been conducted to investigate the effect of damage introduced by the
squeeze-off process on both short- and long-term performance of PE pipe [12,13]. Degradation of
mechanical properties resulting from the squeeze-off process leads to formation of slow crack
growth (SCQ) that generates brittle fracture over a long period [14,15]. Resistance of PE pipe to
SCG can be characterized using different kinds of test methods that use full-sized pipe sections
[16], notched specimens [17,18] or notched-free specimen [19]. Control parameters for the
squeeze-off process 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, which may contribute to the change in the mechanical properties for PE pipe.
A previous work considered the influence of squeezing ratio, pipe diameter and squeeze-off tool
geometry on the pipe performance [20], in which the likelihood of damaging PE pipe increases by
increasing the wall compression (WC) to a level of more than 30%. The definition of WC is given

in Equation (1.1). Figure 1-1 depicts the tool used to apply the desired WC.
L
we = (1-)x100% (1.1)

where L and ¢ are the minimum distance between the squeeze-off bars and the uncompressed pipe

wall thickness, respectively.

L =

Figure 1-1 Commercial squeeze-off tool for PE pipe [14]

Although it is recommended in ASTM F 1734 [21] that the maximum WC should not be more
than 30%, damage can also happen with WC less than 30%, especially for low slow crack resistant
(SCR) materials. Therefore, it is very important to understand the squeeze-off phenomenon.
Additionally, the studies indicate different pipe-grades of PE have different performance in the

squeeze-off process [22]. There has not been much attention 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 [23], no work has been reported
about the effect of squeezing speed on the performance of PE pipe. For this purpose, a study has
been developed to investigate the effect of squeezing speed in the viewpoint of experimental
testing and FE modelling [24]. Different loading speeds have been tested to investigate the effect
of loading rate on the material response. Also, a FE model was developed to mimic the
experimental results. The first part of this thesis is describing the use of an FE model to regenerate
the material behaviour in a set of experimental tests to mimic the squeeze-off process ref. [24].
Although a similar FE approach has been utilized before, this work intended to improve the match
with the experimental observation using a material model sensitivity analysis. The same loading
speeds have been considered in the FE simulations.

One of the known types of slow crack growth in PE is “environmental stress cracking” or ESC.
This type of cracks happens usually on the PE surface in contact with surface-active wetting agents
such as alcohols, soaps, surfactants, etc. The surface-active agents do not chemically attack the
polymer. However, they may cause microscopical effect and generate brittle-appearing fractures.
In the absence of the surface-active environment, these fractures would not occur in any reasonable
period of time under the same stress conditions. It is generally believed that these cracks are
initiated at microscopic imperfections and propagate through the crystalline regions of the polymer
structure. The ability of a polymer to resist slow crack growth or environmental stress cracking is
known as ESCR. Different polymers exhibit different degrees of ESCR. Most of the current
standards for characterizing ESCR require the use of a pre-notch to accelerate crack growth during
the exposure to an aggressive agent (such as 10% Igepal CO-630 solution) [25,26]. These test

methods use time for crack growth (during the exposure to an aggressive agent) to characterize



ESCR. However, variation of the pre-notch quality has been suspected to cause inconsistency of
the test results. Another test method has been developed using notch-free specimens subjected to
tensile stress in an aggressive environment. This test method uses strain hardening modulus to
characterize resistance to ESCR [27,28]. However, results from the above tests are mainly used
for prediction of the overall SCG resistance, not for determining the critical stress level for the
SCQG initiation. Since time for SCG initiation (tini) can account for 20%-80% of total time to failure
(twt), it plays an important role for the reliability of PE pipe in the long-term service [29]. In view
of the lack of test method to characterize resistance to SCG initiation, a new test method is being
developed to use notch-free specimens to characterize ESCR. The new test method follows the
same concept explained above that uses the post-yield strain hardening to indicate ESCR. The new
test method consists of two stages. The first stage is to apply transverse loading to the center of a
notch-free plate specimen to generate a truncated cone using an indenter. In the second stage, outer
surface of the truncated cone is exposed to an aggressive agent to generate cracks in the highly
stretched region. The main advantage with this method, comparing to the other methods above, is
that indentation loading on a specimen used to determine tir and this test method can also be used
to determine tin; [30].

Computational models like FE are very effective in design of full-scale test components for
prediction of a complex stress-strain distribution in the model. Creep and continuum damage
models (CDM) are also available in FE software in order to predict accurately the deformation
response of materials. However, it is impossible to consider both creep and damage simultaneously
in most commercial FE software like ABAQUS. Damage characterization methods were mostly
used for metallic materials. The damage variable D, is initially used as a geometry-based

parameter, defined as the ratio of damaged to total cross-sectional area. Then the mechanical



property-based methods are proposed that measure the damage based on the degradation of
mechanical properties such as elastic modulus and yield or flow stress. Degradation of elastic
modulus is used more often than stresses to explain damage especially for metals [31-33]. The
current simplified damage evolution methods are based on various assumptions like strain-
equivalent or energy-equivalent changes which describe the degradation of material after the onset
of damage. The nonlinear rate-dependent deformation behaviour caused by viscous properties
needs to be characterized for semi-crystalline polymers such as PE [34]. The effect of viscosity

can be considered using a creep model.

The second part of this thesis describes a FE model which was developed to regenerate the
indentation stretch of PE plate as explained in ref. [30]. The experimental tests have been
conducted to confirm feasibility of the new approach to investigate ESCR of PE. As a part of tests,
a transverse loading is applied to a PE plate using an indenter. Three separate material properties
were considered to characterize the PE. One model used elastic-plastic input material properties.
Another one used elastic-plastic with damage input material properties. In this model, an
exponential damage evolution method is used to describe D as a function of displacement. The
other material input properties were elastic-plastic with creep. The effect of viscous properties is

considered using a time-hardening creep model separately to consider different loading scenarios.
1.2. Research objectives and approach

Despite that some progress has been made in modelling the PE deformation under different
conditions, there are still a lot to do for improvement. The overall objective of this thesis can be
divided into two approaches.

In the first approach FE results of a phenomenological modelling is used to investigate the

effect of squeeze-off on mechanical properties of PE. For this approach sensitivity of material



parameters in the constitutive material equation is examined to achieve a good match between the
FE results and the material response obtained from the experimental study. Due to a long duration
used in some of the experiments, the effect of viscous behaviour is considered in the FE model.
In the second approach, with the experience from the FE modelling of the squeeze-off process,
a FE model is developed to investigate large deformation of PE under deep stretch subjected to
transverse indentation, in a wide range of strain distribution which involves strains for yielding to
large deformation at different location of the model. In this approach separate models considered
damage initiation and growth based on the CDM concept, as well as the effect of creep on material

response.

1.3. Thesis Organization

This thesis provides a detailed description of the proposed models and their applications to
characterize the mechanical behaviour of PE material under different conditions. One is under the
squeeze-off process and the other under transverse loading by an indenter. This thesis is composed
of four 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 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. This study shows that there is an acceptable agreement

between experimental data and finite element simulation



Chapter 3 presents a phenomenon-based approach for combining experimental testing and
finite element (FE) simulation for the purpose of investigating deep stretch of PE plate under
indentation loading. The experimental work was conducted before, and the work presented in this
thesis is to build a FE model to mimic the experimental results. The FE simulations were developed
with consideration of damage evolution and creep separately. 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.

Chapter 4 provides conclusions and recommendation for the future work.
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Chapter 2

2. Finite Element Simulation on Squeeze-off of Polyethylene Pipe

Squeeze-off is a widely used industrial procedure to block or reduce fluid flow in polyethylene
(PE) pipes. In this study, squeeze-off of PE pipe is simulated using finite element modelling. A set
of experimental testing data was used to tune and extract an elastic-plastic and creep material
properties of a model which consists of a pipe specimen and a squeezing bar. Squeezing speeds of
0.01, 1, and 50mm/min that cover common speeds used during the pipe repair or maintenance
were used to model the squeeze-off process. A material sensitivity analysis was performed to
identify parameters in the constitutive equations for which change of values yields sensitive
response of the deformation behaviour of PE. This study shows that identifying these parameters

improves agreement between experimental data and finite element simulation. The finite element

12



model was then used to determine stress and strain distribution in the pipe specimen during the

squeezed off process

2.1. Introduction

Employing polyethylene (PE) pipes for natural gas transportation has been significantly
increased in recent years due to its desirable physical and mechanical properties and superior
corrosion resistance. A large portion of the natural gas distribution lines are made of PE pipes. One
main advantage of PE pipes over the metallic counterparts is that a relatively straightforward and
quick procedure, known as squeeze-off process, can be utilized to shut off or reduce gas flow when
the pipeline requires maintenance or repair. Such a procedure is used more than half million times
every year. Therefore, it is very important to investigate the influence of parameters that may affect

mechanical properties of PE pipe after being subjected to this procedure.

Some researchers have conducted experimental studies to investigate the effect of squeeze-off
on the mechanical behaviour of PE pipe. A study showed that failure behaviour in the PE pipe
after the squeeze-off process [ 1] involves two failure modes, brittle fracture and slow crack growth
(SCG). Although the latter was known to start from defects or third part impingement, the former
could be generated without the presence of any defect in the material. The squeeze-off increases
compressive stress across the pipe wall thickness, which is believed to induce the SCG
development. That study concludes that by controlling the squeeze and release rates, failure could
be avoided. Another experimental study designed a squeeze-off tool that could be used in a proper
keyhole for squeezing by a single operator [2]. For this purpose, equations were developed to

predict the required squeeze-off forces under different conditions, such as temperature, tool
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dimensions, and squeeze-off rate. In studies of long-term performance of PF pipe, lifetime of PE
materials was analyzed at their in-ground temperature and pressure based on external loading
modes, including rock impingement and pipe bending as the primary load, and squeezing load as
the secondary load [3,4]. The SCG was regarded as a long-term failure mode for PE pipe in service.
For damage initiation, results from of pipe testing suggest that the main parameters that govern
damage formation are pipe wall compression, squeeze tool size, pipe thickness, and pipe material
[5]. Some studies [6,7] investigated PE pipes of different wall thickness and pipe diameters to

understand the effect of pipe wall thickness on damage generated in the squeeze-off process.

Numerical studies were also conducted on squeeze-off of PE pipes. One of the studies
investigated stress and strain distribution in high-density PE (HDPE) pipes when they are subjected
a squeeze-off load [8]. Another study [9] used a numerical model to quantify the influence of
squeeze-off on degradation of mechanical properties for PE pipe. This study considered three
squeezing speeds of 0.01, 1 and 50mm/min to cover the full range of possible squeeze-off scenarios
that may be encountered during pipe repair or maintenance. Key outcomes from the simulation are
reproduced in Figure 2-1. Although the simulation results show a reasonable agreement with the
experimental data, some discrepancy exists, especially for the load drop during the stress relaxation
stage. Such discrepancy leads to concerns about accuracy of the simulation and conclusions drawn
from the study, that is, decrease of squeeze-off speed has no effect on the extent of mechanical
property degradation of PE pipe. This conclusion is contradictory to the common belief that
decrease of the squeezing speed should reduce the extent of degradation of mechanical properties

for PE pipe [9].
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The squeeze-off process considered in the present work follows that used in ref. [9]. That is,
the pipe samples were squeezed to the squeezing ratio of 30% at one of the crosshead speeds
considered and kept at this squeezing ratio for 10,000 sec to mimic the maintenance procedure.
Then the load was released at a constant crosshead speed of 0. Imm/min. Figure 2-2 presents plots
of force versus displacement for the three squeeze-off speeds considered in the previous study, in
which points A to B is the first part of the squeezing process, till the inner pipe walls touch each
other. The pipe is further squeezed until wall compression (WC) reaches 30%, which corresponds
to point C in Figure 2-2. From points C to D, the squeezing tool is maintained at the same position

for 10,000 seconds. Then, the squeezing bar is unloaded to point E [9].
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Figure 2-2 Variation of force with displacement at squeezing speeds of 0.01, 1, and 50 mm/min

[9].
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One of the challenges for quantifying the effect of squeeze-off speed on the PE pipe
performance is the viscous behaviour of PE. In the previous work [9], performed in our research
group, the squeeze-off process was simulated using finite element modelling (FEM), but the
simulation results were not close enough to the experimental data, especially at squeeze-off speeds
of 1 and 50mm/min.

Work presented in this paper is to examine possibility of reducing the difference between FEM
simulation results and experimental measurements. For this purpose, the FEM simulation is based
on the same experimental data as those used previously. The main difference between the current
simulation approach and that used previously is that instead of the simple try-and-error approach,
sensitivity of parameters used to prescribe material properties was first analyzed using a simple
model under tensile loading. Parameters that showed strong influence on the load-time profile were
identified and then used to tune the output from the squeeze-off model in order to reproduce the

experimental results.
2.1. Finite element simulation

FEM was performed using ABAQUS to establish complex strain distribution generated in the
PE pipe during the squeeze-off process. As mentioned in the previous section, in addition to the
model for the squeeze-off process, a simple cylindrical model with constant cross section, under
tensile loading, was performed to evaluate sensitivity of deformation to material parameters used
to establish the stress-strain relationship for FEM of the squeeze-off process.
2.1.1. Squeeze-off Process

Geometry and Mesh Assignment

The model includes three parts, a PE pipe specimen, a squeeze-off bar and a rigid plane, as

shown in Figure 2-3. Due to the geometric symmetry, the model consists of only half of the pipe
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length and quarter of the cross section, and the squeeze-off bar and the rigid plane were constructed
as a rigid body. The rigid plane was to avoid extrusion passing the plane of symmetry. The pipe
model consists of 27,000 C3D8R elements which are 8-node linear brick elements with reduced
integration. There are 10 elements in the wall thickness direction and 30 elements along the quarter
of the circumference. Size of the elements was chosen to be small enough to ensure convergence

of the simulation results, based on a common mesh sensitivity analysis.

Squeeze-off tool

PE pipe Symmetry boundary conditions

(@)

1 / Rigid plane \
(b

Figure 2-3 The front view (a) and side view (b) of a 3-D FE model for the squeeze-off process.

)

Solution Steps

Four steps were defined in the model to simulate the experimental tests. The 1% and 2™ steps
were for the loading at a constant crosshead speed of 0.01, 1, or 50mm/min, till a squeezing ratio
of 30% was reached. The 1% step introduced a significant portion of the loading and was purely
based on the elastic-plastic behavior of the model, and the 2" step involved a combination of
elastic-plastic and creep deformation to take into account viscous behavior of the model. The 3™
step was for stress relaxation under constant displacement, which also included the elastic-plastic
and creep deformation used in the 2" step and lasted for 10,000 seconds. The 4™ step was for

unloading, again purely based on the elastic-plastic deformation.

Contact conditions
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Two contact conditions have been defined in the model:

(i) Between the outer surface of the PE pipe and the squeeze-off bar: This contact is considered to
be a hard contact in the normal direction, and frictional contact in the tangential direction with a

friction coefficient of 0.08, based on results from an experimental study [10].

(i1) Between the inner surface of the PE pipe and the rigid plane: This contact is defined to avoid
extrusion over the plane of symmetry. This contact is considered to be a hard contact in the normal
direction, and frictionless contact in the tangential direction to avoid relative displacement of the

pipe parts on each side of the symmetry plane.

Loading and Boundary Conditions

Boundary conditions for the model (as shown in Figure 2-3) are as follows:

(1) Planes of symmetry were defined on x-y, y-z and x-z planes.

(i1) For the loading step, a total displacement in y-direction was assigned to the reference point of
the loading bar. The bar moved at the desired speed to achieve a squeezing ratio of 30% at the end
of the loading step. In the stress relaxation step, the loading bar was kept stationary without any

additional displacement. Finally, in the unloading step the bar returned back to its initial position.

(111) The rigid plane was fixed and without any displacement and rotation.

Establishment of Input Material Properties

The constitutive equations proposed by Kwon and Jar [11] and later extended by Muhammad
and Jar [12] were used to simulate deformation introduced by the squeeze-off process. The

constitutive equation is based on the classical J» flow theory, and as shown in Equation (2.1) below,
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is expressed through a set of stress-strain relationships. Equation (2.1) consists of four expressions

in four different strain ranges that cover both elastic and plastic deformation.

3
mEé‘ P Sy (a)
(&) = d{[a(8+b)](c_l) [a(s +b)](_c)} ve z,<e<é, (b) @1
ake" g, <e<g (c)
kexp(Me") e>g  (d)

where ¢ and ¢ are equivalent stress and equivalent strain, respectively, gy the transitional strain
from linear to nonlinear deformation, &, the critical strain for the on-set of necking, and & the strain
at the beginning of the exponential hardening. Expression of equivalent stress is based on the von
Mises stress, Equation (2.2), which is a function of all stress components g;;. Likewise, the
expression of equivalent strain is based on Equation (2.3) which is a function of all strain

components &;;.
1
Opq = ﬁ{[(ffn — 022)? + (022 — 033) + (033 — 011)%] + 6(012° + 023° + 03, D}2 (2.2)

2 4
g = {; [(e11 — €22)% + (32 — 533)2 + (&33 — €11)%] + P (e12% + 5232 + 5312)}1/2 (2.3)

The other parameters (a, b, ¢, d, e, a, k, N, M, and P ) are user-defined variables for which the
values were determined from an iterative process until the time function of the reaction force in
the loading bar from the FEM simulation, matched that from the experimental testing. In addition
to Equation (2.1), a simple power-law creep function, as described in Equation (2.2), was
introduced to increase strain under the same loading level in order to reproduce the experimental

measurements.
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P (2.4)

where ¢ is the equivalent creep strain rate, ¢ time measured from the start of the necking, o

the equivalent stress, and A, m, and n the user-defined fitting parameters.

Stress used to determine the equivalent creep strain rate in Equation (2.3) has the same

expression as that given in Equation (2.2).

2.1.2. Sensivity of FEM to Material Parameters
To identify the fitting parameters to which the model stress output is more sensitive, an
axisymmetric cylinder model of constant cross section was developed, subjected to tensile

displacement.

As explained earlier, there are totally 5 mathematical expressions to describe the stress-strain
relationship. Four expressions in Equation (2.1) describe the elastic-plastic behavior, and the

expression in Equation (2.2) describes the creep (time-dependent) behaviour.

Note that Equation (2.1-c), for the necking, covers a wide strain range from 0.02 to 0.3 that
was introduced in the squeeze-off process. As to be explained later, this strain range was
established through adjusting load-time profile obtained from the FE model to match the
experimental results. Because necking has a high rate of stress increase with the increase of strain,
these parameters are expected to have a strong influence on the deformation behaviour of the
model. Therefore, these parameters were investigated for their influence on the output stress from
the model. In addition, variables in Equation (2.2) (i.e. 4, n, and m) were also included in the
sensitivity analysis, as they have been reported to have a considerable influence on the output

strain at a given stress level [12].
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In total, five parameters, two from Equation (2.1-¢) and three from Equation (2.2), were
considered for their influence on the output stress from the FEM model. This part of the simulation
was conducted using a simple cylindrical model with constant cross-sectional area. Figure 2-4
depicts this model and boundary conditions. As shown in the figure, the model is fixed at the
bottom and subjected to upward displacement at the top. One loading step was used in the same
time period as that used for the squeeze-off model, with the input material properties similar to
those used for the squeeze-off simulation. This model was used to analyze sensitivity of the
measured output stress to variation of five chosen parameters in the material model. Parameters

that showed dominant roles on the output results were fine tuned in squeeze-off model.

Given Displacement

|

The center lines

al

Fixed boundary condition

Figure 2-4 The simple tensile model and boundary conditions
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The cylindrical model was first based on parameter values that were used in the previous study
on the squeeze-off process [9]. Then, values for the five parameters, as mentioned above, were
increased or decreased by 10%, one parameter each time while keeping values for the other four
parameters unchanged. The corresponding output stress for the same element in the cylindrical
model at the end of loading was recorded and compared to the output stress from the original
model. Since the stress distribution was uniform in the model, each time an arbitrary element in

the middle of the model was selected to record the stress output.

Information from the above study could reveal the parameters that showed the most influence
on the output stresses, which were then the focus in the tuning process for the squeeze-off model

in order to better fit the experimental measurements.

2.2. Results and discussion

Results are presented in the following order: sensitivity analysis, material and model

development, and stress and strain contours.

2.2.1. Sensitivity Analysis in the Cylindrical Model

As mentioned before, sensitivity of the stress output to the value change for the five chosen
parameters was analyzed to determine the most sensitive parameters. Table 2-/ shows results of
the parameter sensitivity analysis. In both cases, results by either increasing or decreasing the
parameter values by 10% suggest that parameter N in the exponential hardening equation and # in
the creep equation caused a bigger difference in the output stress than the other parameters did
with the same percentage change in the value. Therefore, these two parameters should be the most
influential parameters for adjusting the output stress, and thus were tuned in the squeeze-off model

in order to improve the closeness of the simulation results with the experimental measurements.
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Other parameters in Equation (2.1- a to b) were changed based on the updated parameters in

Equation (2.1-¢) in order to establish a smooth stress-strain curve.

Table 2-1 Results from the parameters sensitivity analysis

Increase of parameter values by 10%

Decrease of parameter values by 10%

A n m ak N
Initial Value 6.6E 10 -0.61 181 0.07
- 20
New Value 7.26E 11 -0.67 19.9 0.77
—20
Equivalent
stress for the  17.227 17.2 17.227 17.227 17.227
initial value
(MPa)
Equivalent
stress for the
new value 17.226 24.5 17.226 23.495 17.236
(MPa)
Stress change
(%) 0.0058 42.5 0.0058 36.38 5.22

A n m ak N
6.6E 10 —-0.61 18.1 0.07
— 20
5.94F 9 —0.55 16.33 0.063
- 20
17.227  17.227 17.227 17.227 17.227
17.227 12.534 17.227 17.834 15.784

0.00 27.242 0.00 25.495 -8.37

2.2.2 Material and Model Development

As explained in section II, Finite Element Simulation, material parameters in Equation (2.1)

were tuned in an iterative process to achieve a good agreement between the reaction force results

from simulation and the experimental load-time data. Table 2-2 lists the final values for parameters

in Equation (2.1). Figure 2-5 shows an example of the stress-strain curve obtained by replacing

the parameters in the Table 2-2 in the constitutive equation at the cross-head speed of 1mm/min.
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Table 2-2 Values for parameters and strain range in Equations (2.1) and (2.2), determined
from the FE simulation.

FE model Squeeze-off process
Crosshead speed (mm/min) 0.01 1 50
&y 0.05 0.005 0.005
Equation (3a) E 900 950 1100
v 0.4 0.4 0.4
€n 0.02 0.02 0.02
a 20 20 29.5
b 0.025 0.0354 0.018
Equation (3b)
c 0.05 0.07 0.004
d -16.5 -50.3 -23.8
e 14.3 15.5 20.62
&t 0.3 0.3 0.3
Equation (3¢) ak 16.64 2593 30.14
N 0.07 0.07 0.07
&u 0.6 0.6 0.6
Section 1 Ki 14.3 22.281 26.35
M 0.59 0.59 0.44
B 1.8 1.8 1.8
€0 0.8 0.8 0.8
Section 2 Ks 13.52 21.06 25.58
M, 0.71 0.71 0.5
B2 1.8 1.8 1.8
Equation (3d)
€3 1.2 1.2 1.2
Section 3 K; 11.43 17.924 23.55
M; 0.94 0.93 0.61
B3 1.8 1.8 1.8
€ 2 2 2
K4 7.77 12.2 20.2
Section 4
M, 1.2 1.2 0.71
Ba 1.8 1.8 1.8
Ax10% 6.6 6.6 9.6
Equation (4) n 10 10 10
m -0.72 -0.96 -0.98
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Figure 2-5 Equivalent stress-equivalent strain curves obtained by adjusting the parameters in the
material behavior equation with the experimental data.

Figure 2-5 shows the equivalent stress-equivalent strain input curve in ABAQUS in which the
elastic parameters (the Young’s modulus and the Poisson’s ratio), plastic material behavior (the
relationship between yield stress and plastic strain) and time-hardening creep parameters are
defined. After running the model, the relationship between reaction force and time in the squeezing

bar was obtained from ABAQUS.

Figure 2-6 compares reaction force obtained from the FEM simulation with the experimental
data at the same squeeze-off speeds. As shown in this figure, there is a good agreement between

reaction force obtained from the FEM simulation and the experimental testing.
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2.2.2. Stress and Strain Development During Squeeze-off Process

As discussed earlier, squeeze-off process includes three main steps: loading, relaxation and
unloading. Figure 2-7 shows the equivalent stress contours in the specimen. Figure 2-7(a) was
obtained at the beginning of the loading step, i.e. when the loading bar was first in contact with
top pipe surface; Figure 2-7(b) was obtained at the beginning of the relaxation step, i.e. after the

pipe wall has been compressed by 30%; Figure 2-7(c) was at the end of unloading step when the

S, Mises

i ODB: Jeb-1.odb Abaqus/Standard 6.13-4  Fri Jan 11 08:26:03 Mountain Standard Time 2019
,l, Step: Step-1 Static
Increment  21: Step Time = 600.0
Primary Var: S, Mises

(a)

S, Mises

(Avg: 75%)
+3.281e+01
+3.0088+01
+2.734e+01
+2.461e+01
+2.1878+01
+1.914e+01

+2.734€+00
+0.000e+00

A ODB: Job-l.odb Abaqus/Standard 6.13-4 Fri Jan 11 08:26:03 Mountain Standard Time 2019
._,L Step: Step-2 Viscouse

Increment  0: Step Time =  0.000
Primary Var: S, Mises (b)

S, Mises
(Avg: 75%)

'I ODB: Job-1.0db  Abaqus/Standard 6.13-4 Fri Jan 11 08:26:03 Mountain Standard Time 2019

Step: Step-3
Increment  40: Step Time = 6200
Primary Var: S, Mises

(c)

Figure 2-7 Equivalent stress contours (a) at the beginning of the loading step, (b)
at the beginning of the relaxation steps, and (c) at the end of the unloading step.
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loading bar was separated from the pipe. Note that due to plastic deformation introduced in the

squeeze-off process, the bar did not return back to its initial position.

Summary and Conclusions

Work presented in this paper is to use a set of squeeze-off test results that were conducted in a
previous study to explore the possibilities of determining the stress-strain relationship to improve
the simulation accuracy. A three-dimensional finite element model was developed to mimic the
squeeze-off process. This model includes a PE pipe specimen, squeeze-off bar and a rigid plane.
Linear quadrilateral elements were assigned to the model parts. An elastic-plastic constitutive
equation and a creep model were used to tune the model to match the experimental measurements.
Furthermore, proper contacts, loads and boundary conditions were assigned to the model assembly
to mimic the actual conditions in the squeeze-off process. Three steps were defined to load the
model, including loading, relaxation and unloading steps. The results indicate that the constitutive
equation can provide suitable stress-strain relationship to mimic closely the squeeze-off process.
Moreover, the results suggest that due to plastic deformation, the pipe cannot return completely to
its initial dimensions. As a result, significant degradation could be introduced by the squeeze-off

process.
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Chapter 3

3. Mechanical testing and finite element modelling of deep stretch
of polyethylene plate under indentation loading

This paper presents a study that uses indentation loading to generate deep stretch of
polyethylene (PE). This is part of a project to design a new test method to shorten the time for
crack initiation during the exposure to an aggressive agent in order to accelerate the pace for
characterizing PE’s environmental stress cracking resistance (ESCR). Two cylindrical indenters
of 13 and 7mm in diameter were used to generate the deep stretch in the central part of a circular
area of 15mm in diameter. The study uses finite element (FE) modelling to establish the stress
variation and distribution during the deep stretch, but without the exposure to the aggressive agent.
Three types of material input data were considered for the FE modelling, one purely based on

elastic-plastic (EP) deformation, another including damage generation, and the third including
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creep deformation, all of which were to calibrate input stress-strain curve by regenerating the
stress-stroke curve obtained from the experimental testing. Objective of this study is three-folded.
The first is to examine the possibility of using FE results to reproduce the experimental data at the
loading stage of the tests; the second is to establish the elastic-plastic constitutive equations and
stress drops caused by damage or creep deformation; the third is to investigate the influence of
indenter size and loading speed on the constitutive equation, and their influence on stress drops
due to damage generation or creep deformation. Comparison of the input stress-strain curves for
the three types of FE modelling reveals the stress drops due to damage and creep, and their
differences caused by the indenter size and loading speed used for the testing. The three types of
input stress-strain curves also led to establishment of a stress-strain relationship for PE when no
stress drop is caused by damage or creep, which suggests that the established stress-strain curve is
more sensitive to the loading speed using the 7mm indenter. The FE modelling also suggests that
stress relaxation occurs more frequently during the deep stretch using the 7mm indenter than the
13mm indenter. Therefore, the study concludes that the 13mm indenter is more effective than the
7mm indenter in transforming the crystalline phase to the amorphous phase through the deep

stretch, and the 13mm indenter provides more consistent characterization of ESCR for PE.

3.1. Introduction

Polyethylene (PE) has been increasingly used to replace steel, concrete and clay to make
components in infrastructures because of its strong chemical resistance, mechanical strength,
affordability and ease for construction and maintenance. One of the examples is PE pipe which
covers around 90% of pipes used for natural gas distribution [1, 2]. Although PE has good
mechanical properties, it can develop brittle failure over a long period [3-7] which leads a huge,

irrecoverable financial loss and service disruption. Therefore, it is important to identify and
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understand the effects of various parameters that could contribute to brittle failure of PE.
Furthermore, in view that such brittle fracture may take a long time to develop in service, it is
desired to have short-term tests available to evaluate the influence of these parameters on the

development of brittle failure.

One of the major brittle failure modes, commonly known as environmental stress cracking
(ESC), has played a dominant role in long-term load-carrying performance of PE [8]. It is well
known that when PE pipes are in an environment that contains soaps, wetting agents, oils, or
detergents, cracking can be generated on pipe surface after a long period in the environment. At
this stage it is not clear about the rate of crack generation in the aggressive environment, but ESC
is different from the slow crack growth in that the former has cracks generated over a large area
without any noticeable plastic deformation, while the latter occurs in a very localized region. As a
result, ESC resistance (ESCR) is a very important property for PE in order to reduce the likelihood
of PE failure during its service life. This type of failure has been characterized by measuring time
for the crack development in an environment that contains aggressive agents [9, 10]. Most of the
tests use pre-notched specimens to accelerate the crack growth. However, due to advancement in
polymer synthesis, test time to develop the crack growth has increased drastically (sometimes more
than 5,000 hours), which also causes a significant data scattering, and thus is not reliable for
accurate evaluation of ESCR [11, 12]. Furthermore, all existing methods for ESCR measurement
cannot be used to characterize the resistance to ESC initiation as specimens used for the
measurement already contain an artificial notch. It should be noted that some of the current
standard methods for ESCR characterization, such as ISO 22088-2 (Method A), do not require
specimens with any pre-notch. ISO 22088-2 (Method A) is to generate ESC when the notch-free

specimens are subjected to a constant tensile load in the presence of chemical agent, which can be

33



applied to evaluation of ESC difference in different environments, or among materials. However,
a tedious testing procedure is needed to determine the appropriate loading level for crack
generation in 100 hours, which involves multiple tests on specimens subjected to different loading
levels. Such a complex process to determine the appropriate loading level for crack initiation can

be very time-consuming.

There are two short-term test methods for ESCR measurement which do not rely on any pre-
notch to generate crack growth. One method measures post-yield strain hardening modulus and
the other the creep rate. The former uses results from a simple tensile test, based on a general
relationship between post-yield strain hardening modulus and ESCR, that is, bigger the strain
hardening modulus, longer the time for ESC development [13]. Since the simple tensile test is a
short-term test, the strain hardening modulus can be used as a fast way to characterize ESCR for
pipe-grade PE [14]. However, this test cannot be applied to characterization of ESCR for a given
PE in exposure to different environments. The other test method, based on creep rate, uses oriented
specimens. The results show a good correlation between the creep rate and the slow crack growth
rate, indicating a strong effect of creep at the crack tip on the slow crack growth rate of the material
[15,16]. However, results from this test method are very sensitive to loading level and closeness
of the loading level to yield strength of the material. Therefore, this method is not applicable to

comparison of ESCR of PEs with different yield strength.

Several studies on FE modelling have been conducted in the past, including the use of creep
damage functions available in the finite element software [17-19]. Material constants for the creep
damage function are determined using a uniaxial creep test on notched specimens, to obtain the

material properties that are related to the multiaxial stress state. FE models are also used to

establish viscoelastic and viscoplastic properties of glassy polymer, to separate the total
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deformation rate into elastic and inelastic components [20]. Some approaches use continuum
damage mechanics (CDM) models for degradation of the constitutive equations to mimic fracture
behavior of PE under tensile loading. These CDM models include creep damage models, ductile
damage models, and fatigue fracture models. One study developed a creep damage model with
parallel flat micro-cracks to describe damage-induced anisotropy and difference in damage and
creep properties between tension and compression [21]. Fatigue failure was also investigated using
damage models. Finite element analysis and damage evolution were used to determine the number
of cycles for crack initiation [22]. For ductile damage, a three-dimensional model was developed
using CDM to predict the deformation and degradation of PE. The analysis at the microstructural

level considers the interaction between the amorphous and crystalline phases [23].

The ductile damage under different loading conditions was investigated using notched pipe
ring (NPR) specimens in experimental testing at three crosshead speeds [24]. Results from the
experimental testing were used as a reference to calibrate FE models in order to regenerate the
specimen deformation either with or without the damage evolution. The results showed that the
model with the damage evolution can regenerate both large deformation and ductile fracture, while
the model without the damage evolution can only regenerate the large deformation before the final

stress drop [24].

In the studies reviewed above, constitutive equations that are input to the FE model are adjusted
so that the experimental test results can be regenerated using the FE model. However, no FE model
has been developed to investigate the complex stress and strain distribution in a notched-free PE

specimen that is subjected to deep stretch under the transverse loading.
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This chapter presents results from a phenomenological FE modelling approach, based on
experimental testing, to consider large, time-dependent deformation and degradation of
mechanical properties. The experimental testing is part of a new test method for ESCR
characterization, which is based on a concept similar to an approach reported in literature [25], to
use the post-yield strain hardening to indicate the difference of ESCR. However, rather than using
tensile loading on dog-bone specimens to generate the sufficiently large deformation to
disintegrate the crystalline phase, the new approach uses indentation loading to introduce large
deformation. This new approach consists of two steps. The first step is to apply the indentation
loading to the central part of a notch-free plate to generate a truncated cone. The second step is to
expose outer surface of the truncated cone to an aggressive agent to generate cracks in the highly
stretched region. The overall idea and feasibility of the new approach have been presented in ref.
[26]. One issue for the new approach is effectiveness of the indentation loading for disintegrating
the crystalline structure. Unlike tensile loading, transverse indentation is known to generate a
complex stress distribution profile in the specimen [25]. Yielding is expected to start along the
circumference of the area in contact with the indenter, which could result in a stress drop to allow
recrystallization. Issue addressed in this chapter is to determine the indenter size to maximize the
amount of amorphous phase that can be generated from the deep stretch, by avoiding the stress-

drop-induced recrystallization process.

Work described in this chapter consists of two parts. The first part is to conduct experimental
testing to collect load-displacement curves using two indenters of different sizes, one being close
to the diameter of the area available for the indentation and the other less than half of the diameter
of the area. The second part is to use the finite element (FE) modelling to determine the stress

evolution and distribution in the deformation process. In the second part, three series of FE
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simulation are considered. The first series is based purely on elastic-plastic stress-strain
relationship, the second series includes the consideration of creep deformation, and the third series,
rather than creep, considers the damage evolution. Using FE simulation to regenerate results from
the experimental testing, elastic-plastic constitutive equations and stress drop caused by creep
deformation and damage evolution are established. All in all, work described in this chapter is to
use indentation loading to introduce deformation, and FE modelling to determine the
corresponding stress response to the deformation. With the success of using FE models to mimic
deformation generated in the experimental testing, results from the FE modelling are then used to
evaluate the influences of indenter size and loading speed on the constitutive equation and stress
drops due to damage or creep. Stress evolution determined from the FE models is also used to
indicate the likelihood of stress relaxation using the two indenters during the deep drawing process,
to evaluate the influence of indenter size on the efficacy of transforming the crystalline phase to
the amorphous counterpart. In view of the strong viscous behaviour in the PE deformation, three
loading speeds are considered in the study, to cover the possible range of test speed for the new
approach. Therefore, the study includes the influence of loading speed on the constitutive equation

and the corresponding stress drop induced by damage evolution or creep deformation.

3.2. [Experimental details

Indentation loading used in this study is based on a concept similar to that recommended in the
standard shear test (i.e. ASTM D732-17 [27]) but with an indenter smaller that the size available
for the indentation, as the purpose for the indentation loading is to introduce deformation, not shear
fracture. In this study, a cylindrical indenter was used to introduce the transverse loading on the

central region of a plate specimen. The specimen was fixed along the edge using 8 bolts. Figure
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Figure 3-1 Schematic description of the new test approach: (a) the test set-up, and (b) indentation
deformation that transforms the plate specimen in (a) to a truncated cone [25].

3-1(a) depicts the sectional view for the test set up, and Figure 3-1(b) the sectional view of a

truncated cone introduced by the indenter.

Plaques of PE with octane co-monomer, provided by NOVA Chemicals, were used in the
experiments. Number- and weight-average molecular weights, branch concentration (per 1000 C
atoms), mass density, crystallinity, and tensile yield strength of the PE are listed in Table 3-7. The
PE plaques were compression-molded to rectangular shape of 3mm in nominal thickness and
machined to square specimens of 40x40mm?. For this study, two indenters of either 13 or 7mm in
diameter were used. The solution container in Figure 3.1(a) has an inner diameter of 15mm, but in
this study the container did not have any solution, simply used to introduce deformation constraint
along the boundary. A plastic spacer is placed in the container to prevent the possibility of direct

contact of the indenter with the container due to operation errors, as the contact could have
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damaged the indenter. Height of the truncated cone generated from the loading is around 5mm
which is deemed to be a reasonable size for the ESC generation [26]. Three loading speeds of 1,
10 and 50mm/min were used to apply the indentation loading, using a home-made device installed

in a Galbadini Quasar 100 universal test machine.

Table 3-1 Material characteristics of PE used in the study.

. .. Tensile yield
Branch D 11 a
Material M, M,y /;?)r(l)% ZS ( insf;})/ Cryztato/u;lty strength
cm w
£ ° (MPa)
PE 30,391 73,074 3.4-4.2 0.941 63.6 20.2
2 Calculated density (p) based on X, = %, where X, is crystallinity, p. density of the

crystalline phase (1.000 g/cm?), and p, density of the amorphous phase (0.853 g/cm3).

3.3. Finite element simulation

Finite element modelling (FEM) was performed using ABAQUS to determine the stress and
strain distribution in the PE specimens, generated by the indentation loading. A two-dimensional,
axisymmetric FE model was generated using ABAQUS/Standard (version 2019). The model
consists of half of the sectional view of the test setup shown in Figure 3.1(a) and includes a PE
specimen, an indenter to apply the load and a rigid substrate to mimic the deformation constraint
introduced by the container as introduced in the experimental setup. Figure 3-2 (a) and (b) depict

FE models for indenter size of 7 and 13mm, respectively.
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Figure 3-2 The axisymmetric FE model for the indentation tests: (a) for the indenter of 7mm in
diameter, and (b) for the indenter of 13mm in diameter.

Dimensions of the FE models are the same as those used in the experimental testing. Each PE
specimen in the FE models consists of 13415 CAX4 elements which are 4-node, bilinear,
axisymmetric, quadrilateral elements of the first-order. Mesh sensitivity analysis has indicated that
the element size is small enough to ensure convergence of the stress values. The indenter and

substrate are modelled as analytical rigid bodies.

It should be noted that Abaqus does not allow simultaneous consideration of creep
deformation and damage evolution. Therefore, three FE models were developed in order to
consider creep deformation and damage evolution separately. The FE models use the built-in
functions for damage and creep deformation provided in Abaqus. Then, by considering the
difference of the output from these two models with the output from the phenomenological model

without the consideration of creep or damage, to be named the base model, the influence of damage
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or creep on the stress drop can be determined. The phenomenological model is purely based on an
elastic-plastic stress-strain input to capture the overall deformation behaviour for which the stress-
strain input includes both creep deformation and damage evolution implicitly. The second model
is named creep model which considers creep deformation using a power-law creep function as a
separate input from the stress-strain input that has the damage evolution included in the stress-
strain input. The third model is named damage model which rather than the creep deformation,
considers damage evolution as a separate input from the stress-strain input which has the creep
deformation included in the stress-strain input. All three models use a tabular form of input for the
elastic-plastic stress-strain relationship which consists of approximately three thousand discrete

points for a plastic strain range from 0 to 5.

Using the above three models, after the input material properties are calibrated for the models
to mimic results from the experimental testing, stress drops caused by creep deformation and
damage evolution can be established. That is, the stress drop by creep deformation can be
determined by subtracting the stress-strain input for the base model from the corresponding input
from the creep model, and likewise, the stress drop by damage evolution determined by subtracting
the stress-strain input for the base model from the corresponding input for the damage model.
Using this approach, influence of the indenter size and loading speed on the stress drop caused by
creep deformation and damage evolution can be characterized. With these stress drops established,
the equivalent stress-strain constitutive equation for deformation generated by the two indenters,
without either creep or damage, can then be established and compared for deformation introduced

by the two indenters.

Contact elements are used on the top surface of the specimen in Figure 3.2 where the specimen

is in contact with the indenter during the indentation loading. Friction at the contact is introduced
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with an adjustable friction coefficient in the range from 0.05 to 0.15 [28] which is adjusted based
on the loading speed to smoothen the output curve of stress versus displacement so that it matches
closely with the curve determined experimentally. A fixed boundary condition (BC) is applied
between the specimen and the constraints, as shown in Figure 3-2, to limit both translation and
rotation of the specimen at the boundary. Loading speed used in the experiment is introduced to
the FE model by applying a time function of displacement at the reference point (RP) of the

indenter in Figure 3.2. RP of the substrate, on the other hand, is fixed.

3.3.1. FE simulation using the base model

The first series of FE simulation adopted an elastic-plastic material model proposed in ref. [29-
31], which is based on the classical J, flow theory without explicit expressions for damage or creep
to simulate deformation introduced by the indenter. Equation (3.1) presents a series of expressions

used to generate the stress-strain relationship used in different strain ranges of the deformation.

3
20+0) E¢ e<e, (a)
o(e)=1d {[a(e +0) " -Ja(e +b)](‘“)} ve z,<z<e, (b) 6o
ake” g, <e<g (0
kexp (Mgﬁ) ezg,  (d)

where ¢ and ¢ are equivalent stress and equivalent strain, respectively, &y the transitional strain
from linear to nonlinear deformation, &, the critical strain for the on-set of necking, and &; the strain
at the beginning of the exponential hardening. The expressions for the equivalents stress and
equivalent strain are the same as the expressions given in chapter 2, section 2.1.1. The other

parameters (a, b, ¢, d, e, a, k, N, M, and P) are user-defined variables for which the values were

42



determined from an iterative process until the stroke function of stress on the indenter from the
FEM model, matched that measured from the experimental testing. Details of this iterative process

are described in ref. [32].

It should be noted that although damage and creep were not considered explicitly, their effects

have already been included in the parameter values in Equation (3.1).

3.3.2. FE simulation using the creep model

For this series of FE simulation, in addition to the expressions in Equation (3.1), a simple
power-law creep function, as described in Equation (3.2), is used to increase strain at a given stress
level with the increase of time after the equivalent strain reaches to the necking strain (&,) since
PE has a strong viscous behaviour which results in the strain increase at a constant stress or the

stress drop at a constant strain [33, 34].
ET = Ag™t™ (3.2)

where ¢ is the equivalent creep strain rate, ¢ time measured from the start of the necking, 6

the equivalent stress, and 4, m, and n the user-defined fitting parameters.

3.3.3. FE simulation using the damage model

For this series, damage evolution is explicitly expressed in addition to the elastic-plastic stress-
strain relationship in Equation (3.1). Effect of damage is often reflected by a drop of the elastic

modulus which could reduce the rate of stress increase during the loading phase.

In this study, damage evolution during the deformation process is characterized using damage
variable D, defined in Equation (3.3) below based on the concept of continuum damage mechanics

(CDM).
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o= (1-D)d (3.3)

where D is the damage variable and ¢ the effective (or undamaged) stress tensor. In general,
material loses its load-carrying capability when D reaches a critical damage level (D), and the
element can be removed from the FE model [35-37]. In this study, based on the suggestions given
in ref. [38,39], damage was expected to start at the onset of necking, i.e. when the strain reaches
&, at the loading stage. However, as to be shown later, a stress distribution profile generated by
the indentation loading is highly non-uniform. Therefore, influence of damage on the model’s load
response to deformation was not noticeable until some elements have experienced strains in the
range for the necking, Equation 3.1(c). In view of this problem, FE simulation conducted in this
study introduced damage only when strain reaches the necking stage, i.e. € = ¢,. The same
approach is applied to the creep deformation, that is, creep deformation is introduced only in the
necking stage, i.e. € = &,. In addition, since no data are available for the damage-induced change
of mechanical properties, the damage model used the damage evolution as part of the fitting
variables. This included critical damage level and the damage evolution. The critical damage level,
D¢, is assumed to have a value in the range from 0.8 to 1 which served as an adjusting parameter
to fit the output from the damage model to the results from the experimental testing. Damage

evolution is based on shear damage for which the adjustable variables are described below.

I) Criterion for the onset of damage: In this work, it is assumed that the equivalent plastic strain
at the onset of damage ( §Spl) is a function of shear stress ratio (6,) and plastic strain rate (£€7").

The shear stress ratio is defined in Equation (3.4).

o, = LEsP (3.4)

Tmax
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with Tay = “RE2min (3.5)

where g is the von Mises stress, p is pressure, T,,, the maximum shear stress of a given stress

state, define in Equation (3.5) [40], and k, a material parameter.

In the FE simulation, values of ¢, p and 7,4, Were determined from the output of the base
model in an element of a highly stretched region. Since damage was considered to start at the onset

of necking, ¢, p and T4, at €n of the base model are used to calculate ; and &P,

IT) Damage evolution law: The damage evolution law adopted is to mimic the rate of material
stiffness decrease once the damage is initiated. For this, an exponential function is used to describe

the damage evolution, as shown in Equation (3.6).

—a(uPl/aPt
d = y (3.6)

1-e~ ¢

where d is the damage variable, uP! the effective plastic displacement, ﬂ}’l the critical

effective plastic displacement at which the element is eliminated from the model and ¢ an
adjustable exponent. It should be noted that the overall damage variable (D) captures the combined
effect of individual damage variables (d;) in the model of anisotropic materials such as fibre
composites. Therefore, for the model developed in the current study d can be assumed to be equal
to D [40]. FE simulation using the damage model is focused on the two main stress drops observed
in the experiments. The first stress drop occurred at the onset of necking and the other stress drop
at the final loading stage before the unloading when the deep drawing was generated using the
7mm indenter. All simulations were conducted based on the assumption that the exponent a could

be adjusted so that results generated in the stress drop stage of the model is consistent with that
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Figure 3-3 Typical plate specimens before the test (left) and after the test (right)
using the 13mm indenter at the loading speed of 10mm/min.

observed from the experimental testing. The plastic displacement at the onset of failure (ﬁ}’l) was

also considered as an adjustable parameter for the simulation of the damage evolution.

Totally, the additional adjusting variables for the damage model are @, #P* and D.. An iterative
process was used to determine values for these variables in order for the stress-stroke curve

generated from the FE model to match with that obtained from the experiment.
3.4. Results and discussion

3.4.1 Test Results

Photographs for a typical specimen before and after the test using the 13mm indenter at the
loading speed of 10mm/min are presented in Figure 3-3. The photograph on the right shows no

visible cracks in the annular region of the truncated cone.
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Figure 3-4 shows a schematic depiction of load versus logarithmic displacement that contains
four stages. Stage 1 is for the initial contact between the indenter and the specimen, stage 2 for the
stretch of the specimen before the yielding, stage 3 for the yielding which is gradually developed
through the specimen thickness, and stage 4 for the deep drawing at which the truncated cone is

generated.

Load

1: Indentation
2: Stretch
3: Yielding
4: Deep drawing

Log (stroke)

Figure 3-4 Schematic depiction of load-displacement curve from the loading stage of the test.

Stress is calculated by dividing the load by the product of specimen thickness and indenter
circumference. Figure 3-5 presents typical curves of engineering stress versus stroke generated

from the indentation test using 7 and 13mm indenters for (@) and (b), respectively. Stress is used

rather than force in order to normalize the force due to variation in specimen thickness. For each

indenter size, three loading speeds of 1, 10 and 50mm/min were used. The overall trend is similar
to that reported in ref. [41], that is, within the loading speeds used in this study, both yield stress
and the corresponding stroke increase with the increase of the loading speed. Curves in Figure

3-5(b), using 13mm indenter, also show nearly a plateau region after the first stress drop, in the

47



stroke range from 6 to 10mm. For the 7mm indenter, Figure 3-5(a), the plateau region is much

shorter, followed by a second stress drop before the end of the loading stage.

20 20

=
o)
1
=
=)
1

-
- -

=
M2
1
=
3]
1

Stress (MPa)
o

Stress (MPa)
(93]

1 —— 50mm/min ; ——50mm/min
a | ===10mm/min 4 j ---10mm/min
Imm/min ! Imm/min
O T T T T T T O T T T T T
2 4 6 8 10 0 2 4 6 8

Stroke (mm) Stroke (mm)

Figure 3-5 Typical stress-stroke curves generated from the indentation loading, using an indenter
of 7mm (a) and 13mm (b) in diameter for different loading speeds, both to the stroke of 10mm at

23°C.

3.4.2 FE Results

As stated in section 3.3, material parameters in Equations (3.1) to (3.6) were adjusted in an
iterative process to achieve a good agreement between outputs from the FE models and results
from the experimental testing. Table 3-2 gives an example of values for these parameters using the
13mm indenter at the loading speed of 10mm/min. Note that ¢; in Table 3-2, with 1 = 1 to 8,
represents the maximum strain for section i. The elastic modulus for each indenter size and loading
speed was obtained by fitting the initial linear part of the stress-stroke curve obtained from the
experimental testing. Table 3-2 indicates that parameters for the equations before the necking, i.e.
for Equations (3.1-a) to (3.1-b), are same among the base, creep and damage models. This is
because creep or damage was not considered before the onset of the necking. After creep or

damage is activated, values for the corresponding parameters become different among the three
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models. The deep drawing process that generated a truncated cone in the specimen occurred in the
strain range for Equation (3.1-d) which as shown in Table 3-2 includes 8 sections. However, not
all of the 8 sections were used in the FE modelling, as the strain generated in the models might not
reach the maximum range given in Table 3-2 when the stroke reached 10mm. The last two rows
in Table 3-2, for creep and damage parameters, are to govern creep and damage development in

the creep and damage models, respectively.

Figure 3-6 summarizes stress-stroke curves from the FE models using 7 and 13mm indenters
at three loading speeds. Each figure contains a curve from the experimental testing (dash lines)
and three curves generated from the FE simulation using the base model, the creep model, and the
damage model. As shown in this figure, the curve profile for the entire loading stage can be
mimicked by all 3 FE models. Even the base model, without the explicit consideration of damage
evolution or creep deformation, can mimic the stress drop after the stroke of 8mm using the 7mm
indenter. Similarly, creep and damage models can also mimic the stress drop after the stroke of
8mm. Since it was not possible to apply both creep and damage simultaneously, creep deformation
and damage evolution were introduced to different FE models, to result in the three models, which
can all mimic the stress-stroke curves obtained experimentally. As to be shown later, using input
equivalent stress-strain curves from the three models, stress drop caused by creep deformation and
damage evolution can be extracted from the three models, and the equivalent stress-strain curves,

without creep or damage, can be compared for deformation introduced by 7 and 13mm indenters.

Figure 3-7 summarizes input equivalent stress-strain curves, i.e. Equation (3.1), for all test
conditions considered in this study. These input curves were established for the three FE models
described in Section 3.3. The maximum strain for each curve is equal to the maximum strain that

the model experienced in the indentation test. For each model, material properties, i.e. Young’s
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modulus and Poisson’s ratio, stress-strain relationship in the plastic regime, time-hardening creep,
and adjustable damage variables, are determined in order for the FE models to generate the output
that fits results from the experimental testing. As discussed in Section 3.3, Finite element
simulation, the input equivalent stress-strain curves for the base model include the influence by
damage and creep, but the corresponding curves for the creep model include only the influence by
damage, as the influence by creep was separately considered using a power law creep function,
Equation (3.2). Conversely, the input equivalent stress-strain curves for the damage model include
only the influence by creep, as the influence by damage was considered using a damage evolution
function, Equation (3.6). As shown in Figure 3-7, at a given loading speed and for a given indenter
size, the input equivalent stress-strain curve for the base model is the lowest, as the curve includes
stress drop caused by both creep and damage. Difference of the curves in Figure 3-7 for creep or
damage model from that for the base model represents the stress drop caused by the creep or

damage, respectively.

50



Table 3-2 Values for parameters and strain range in Equations (3.1) to (3.6), determined from the FE simulation.

Loading speed of 10 mm/min

FE model
Base model Creep model Damage model
gy 0.005 0.005 0.005
Equation 1(a) E 1000 1000 1000
v 0.4 0.4 0.4
€n 0.1 0.1 0.1
a 30.02 30.02 30.02
Equation 1) ‘ 004 004 004
d -12.055 -12.055 -12.055
e 18.844 18.844 18.844
&t 0.2 0.2 0.2
Equation 1(c) Ok 26.51031 26.57 26.57
N 0.00005 0.001 0.001
&l 0.5 0.6 0.55
Section 1 Ki 26.00833 26.3 26.5
M 0.05 0.05 0.05
Bi 0.6 0.6 0.6
£ 0.8 0.8 0.8
Section 2 K> 24.35 23.56 23.56
M: 0.15 0.2 0.2
B2 0.6 0.6 0.6
€3 1.1 1.1 1.1
Section 3 K3 15.053 13.94 13.94
ection Ms 0.7 0.8 0.8
B3 0.6 0.6 0.6
€4 1.4 1.4 1.4
. K4 8.866 8.21 10.153
Section4 1.2 13 11
) Ba 0.6 0.6 0.6
Equation 1(d) & 1.7 1.7 1.7
. Ks 11.325 8.21 8.99
Section 5 Ms ) 13 12
Bs 0.6 0.6 0.6
€t6 2 2 2
Section 6 Kse 3.771 3.59815 5.19
Me 1.8 1.9 1.6
Bs 0.6 0.6 0.6
&7 3 3 3
Section 7 K7 1.7675 2.65722 1.544
M7 2.3 2.1 2.4
B 0.6 0.6 0.6
€18 4 4 4
Section § Ks 1.457 2.19014 1273
ection Ms 2.4 22 25
Bs 0.6 0.6 0.6
Ax101 6.6
Creep Properties n 7.8
m -0.9
&f! 0.2
0s 0.47
Damage Properties gpl 0.04348
uP! 12
o 3
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Figure 3-6 Comparison of stress-stroke curves from experiment with those from base model,
the creep model and the damage model: (a), (b) and (c) for 7mm indenter and (d), (¢) and (f)
for 13mm indenter.
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(3.1) to (3.6) for base model, creep model, and damage model: (a) and (b) using the indenter of 7
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and 13mm respectively at loading speed of Imm/min, (c) and (d) using the indenter of 7 and
13mm respectively at loading speed of 10mm/min and (e) and (f) using the indenter of 7 and
13mm respectively at loading speed of 50mm/min.
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Figure 3-8 presents the stress drops by creep and damage during the indentation test, that is,
Figure 3-8 (a) and (c) for 7mm indenter and (b) and (d) for 13mm indenter. The stress drop due to
creep deformation is obtained by subtracting the input equivalent stress-strain curve for the base
model from the counterpart for the creep model, as shown in Figure 3-8 (a) and (b) for 7mm and
13mm indenters, respectively. Likewise, the stress drop due to damage is obtained by subtracting
the input equivalent stress-strain curve for the base model from the counterpart for the damage
model, as shown in Figure 3-8 (c) and (d) for 7Tmm and 13mm, respectively. Each figure contains
three curves, for different loading speed used for the testing. Since the strain range generated from
the test varies with the loading speed, curves in Figure 3-8 cover different strain ranges. For each
indenter with the increase of the loading speed, the damage-generated stress drop is more
intensified. By adding stress drops shown in Figure 3-8 (a) to (d) to the corresponding equivalent
stress-strain curve for the base model of the same indenter in Figure 3-8 (a) to (e), the equivalent

stress-strain curves without stress drop by creep or damage are established, as shown in Figure 3-8

(e) and (f).
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Figure 3-8 Summary of stress drop derived from results from Figure 7: (a) and (b) due to creep
deformation using 7mm and 13mm indenters, respectively, (c¢) and (d) due to damage evolution
using 7mm and 13mm indenters respectively, (e) and (f) stress-strain relationship without creep or
damage using 7mm and 13mm indenters, respectively.
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Figure 3-9 presents contour plots of von Mises stress in the deformation process, using the
base model with indenters of 7 and 13 mm for the left and right contour plots, respectively. The
contour plots correspond to strokes in the range of 2-10mm at the loading speed of 10mm/min. A
magnified view at a highly stretched location is also included in each plot. Plots (a) and (b) are for
the stroke of 2mm using 7mm and 13mm indenters, respectively. Contour plots at this stroke
indicate that local stretch has started using the 13mm indenter, as the upper surface of PE specimen
starts contacting with the cylindrical surface of the indenter. It should be noted that the
corresponding curves in Figure 3-6, (b) and (e) for 7mm and 13mm indenters, respectively,
indicate that necking should have started in the model with 13mm indenter, but yet to occur in the
model with 7mm indenter. Figure 3-9 (c) and (d) indicate that at the stroke of 4mm, both indenters
have introduced the deep drawing. The rest of the contour plots in Figure 3-9, (e) to (h), show the
development of localized stretch by both indenters to form a truncated cone, as shown in Figure
3-3 (b), with stress drop occurring in other regions of the models. Figure 3-9 suggests that the
localized stretch started around the region in contact with the bottom circumference of the indenter
and results in a truncated cone shape with the highest stretch on the inner surface. Comparison of
the contour plots between Figure 3-9 (g) and (h) indicates that the localized stretch generates a
wide range of stress and strain distribution in the models. Therefore, at a given stroke, more than
one expression in Equation (3.1) should be involved in the modelling, which complicates the
iteration process significantly for determining parameter values for the constitutive equations, such

as those shown in Table 3-2.
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Figure 3-9 Comparison of equivalent stress contour plots for 7 and 13mm indenters with
elastic-plastic material properties at the loading speed of 10 mm/min, at the stroke of 2mm (a)
and (b), 4mm (c¢) and (d), 7mm (e) and (f), and10mm (end of the loading stage) (g) and (h).
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Figure 3-10 summarizes variation of the minimum thickness on the highly stretched regions
of FE models in Figure 3-9, plotted as a function of the indenter stroke. The figure suggests that
the final thickness generated by the two indenters is about the same, but the 13mm indenter
introduced a slightly higher rate of the thickness reduction than the 7mm indenter at the stroke up
to 4mm, and after the stroke of 6mm, the thickness change introduced by both indenters is at a
much slower rate, to generate similar values for the minimum thickness in the truncated cone. Even
though the minimum thickness in the truncated cone is similar by the two indenters, the magnified
views in Figure 3-9 suggest that the gap between the indenter surface and the inner surface of the

truncated cone generated by the 13mm indenter is less than that by the 7mm indenter.

Variation of the maximum principal stress in an element that is located in the middle of the
highly stretched region has been examined using the base model at the loading speed of 10mm/min,

to investigate the effect of indenter size on the stress response to the deformation. Figure 3-11(a)
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Figure 3-10 Minimum thickness measured from the FE models at strokes in the range from 1 to
10mm for 7 and 13mm indenters using the base model, at the loading speed of 10 mm/min.
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presents the variation as a function of stroke, and Figure 3-11(b) shows the location of the element.
Figure 3.11 (a) indicates that the stroke for the transition of the maximum principal stress from
negative to positive is for the start of the deep drawing. For the 7mm indenter, the maximum
principal stress is negative till the stroke reaches around 4 mm, suggesting that the deep drawing
starts around that stroke level. For the 13mm indenter, on the other hand, the stretch starts much
earlier, as the maximum principal stress becomes positive at a stroke below 2mm. This is consistent
with the results shown in Figure 3-9 where at 4mm stroke, deep drawing has clearly commenced
for the 13mm indenter but not for the 7mm indenter. For most of the stroke range, stress level
generated by the 13mm indenter is higher than that by the 7mm indenter. For the other two FE
models (creep and damage models), the outputs show the similar results and trends. Overall, the
total deformation process for both indenters could be described by a two-stage process, bending
and deep drawing. Bending occurs before the stroke of 4mm for the 7mm indenter, after which the
specimen enters the deep drawing stage. For the 13mm indenter, the bending stage is very small,
up to a stroke of less than 2mm, and deep drawing occurred in the remaining stroke of the test.
Note that the model output may not be sensitive enough to reflect the change of stress state in one
element. However, we have chosen the element in the mid thickness of the high stretched region
in order to provide a conservative comparison of the stress response to stroke between the two

indenters.

59



300

250

200

150

100

50

Max. Principal Stress (MPa)

4 6
Stroke (mm)

(a) (b)

Figure 3-11 Output of the maximum principal stress from an element in the highly stretched
region: (a) plotted as a function of stroke, and (b) location of the element, as indicated by A.

Figure 3-12 compares curves for the output of the von Mises stress versus stroke from a
specific element in the highly stretched region, which experiences the largest strain in the model.
Figure 3-12 suggests that for the 13mm indenter (i.e. plots (d) to (f)) the curves show a largely
monotonic increase of stress with the increase of stroke, while for the 7mm indenter, a significant
stress fluctuation occurs in the stroke range from 6 to 8mm. Such a stress fluctuation is likely to
cause relaxation of polymer molecules to allow recrystallization. Therefore, some crystalline
structures could be regenerated after being destroyed by the deep drawing, to reduce effectiveness
of using the deep drawing to convert the crystalline phase to the amorphous phase. Since increase
of the amorphous phase is expected to reduce the time for ESC development when the specimen
is exposed to a chemical agent, the 13mm indenter should be more suitable than the 7mm indenter

used in the new test to characterize ESCR for PE (i.e. to initiate crack earlier). This expectation is
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consistent with that shown in Figure 3-8 (c) and (d) in which stress drop due to damage by the

13mm indenter is more than that by the 7mm indenter.
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Figure 3-12 Output stress-stroke curves from the FE models at the loading speeds of 1, 10, and
50mm/min for a 7mm indenter using (a) based model, (b) creep model, and (c¢) damage model,
and for a 13mm indenter r using (d) base model, (¢) creep model, and (f) damage model.
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3.5 Conclusions

Work presented in this paper is part of a study to develop a new indentation test to characterize
ESCR for PE. The test setup includes an indenter that applies a transverse loading to a plate
specimen, and a container to house an aggressive agent to generate crack on the deformed
specimen. The work investigated specimen deformation at the loading stage, to examine the stress-
strain relationship in PE when subjected to indenter of different size at different loading speeds.
An axi-symmetric finite element model was developed to mimic the stress-stroke relationship
generated by the indentation loading. Three FE models, namely base model, creep model and
damage model, were used to mimic the stress-stroke curves collected from the experimental
testing. Then, based on the FE models, influence of indenter size on the stress drop by creep and
damage in the testing is investigated using the equivalent stress-strain input data for these models.
In addition, the stress-strain relationship without damage or creep are established from input stress-
strain curves for the three models. The study concludes that for the given indenter size at different
loading speeds, even without damage or creep, higher loading speed generates higher stress
response to deformation and the 13mm indenter introduces more damage in the PF and is better

than the 7mm indenter for the ESCR characterization of PE.
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Chapter 4

4. Summary and future works

This chapter summarizes the main contributions of this research work and suggests possible

work for the future investigation.

4.1. Summary of contributions

Polyethylene (PE) are being increasingly used as a pipe material for natural gas and water
transportation. Damage generated during installation or maintenance processes such as squeeze-
off causes mechanical property degradation of the pipe, thus reducing its remaining service life.
The other major types of PE failure, known as environmental stress cracking (ESC), can be accrued
over the time. This brittle failure type happens when PE pipes are in contact with an environment

that contains aggressive agent. Because of the potentials of pipeline failure for the huge economic
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losses and threats to the public safety, it is extremely important to have a tool to characterize the
likelihood of pipeline failure.

This thesis focuses on the characterization of mechanical properties of PE in the above two
conditions (i.e. squeeze off and ESC) through developing FE simulation models. One case is for
PE pipe under the squeeze off process. The time-dependent behaviour of PE was considered using
a creep model. This case is to use a set of squeeze-off test results that were conducted in a previous
study to explore the possibilities of determining the stress-strain relationship to improve the
simulation accuracy. The other case is to subject PE to a transverse loading. This is a part of a test
setup developed to apply transverse loading to a plate specimen to generate deep drawing. With a
container that includes an aggressive agent, cracks can be generated from the deformed specimen
surface. The test results at the loading stage were used to explore the possibilities of determining
the stress-strain relationship in the PE specimen. The material characterization considered three
different scenarios, i.e. without any explicit expression for damage or creep development (base
model), with an explicit expression for creep (creep model), and with an explicit expression for
damage (damage model).

The pertinent research work presented in this thesis is summarized below.

(1) Material sensitivity analysis in a cylindrical model

The material constitutive equation used in this study included different expressions for
different strain ranges. In each expression there are some adjustable parameters. This step was
developed to identify fitting parameters in the constitutive equation which have a bigger influence
on the output results than the other parameters. An axisymmetric cylinder model of constant cross
section, subjected to tensile displacement, was used for this purpose. Sensitivity of the stress output

to the change of parameter values was analyzed to determine the most sensitive parameters. The
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parameters which are the most influential parameters for adjusting the output stress were
determined, and thus improving the closeness of the simulation results with the experimental

measurements.

(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 which were recently conducted, was used to develop a three-
dimensional FE model which facilitated the determination of strain and strain rate in the pipe wall
during the squeeze-off process. The FE simulation shows that the constitutive equation can provide
suitable stress-strain relationship to mimic closely the squeeze-off process. Moreover, the results
suggest that due to plastic deformation, the pipe cannot return completely to its initial dimensions.
As a result, significant degradation could be introduced by the squeeze-off process.
(3) Finite Element Modelling of Deep Stretch of Polyethylene Plate under Indentation
Loading

This part of thesis presents a study that uses indentation loading to generate deep stretch of PE,
which is part of a project to design a new test method to shorten the time for crack initiation during
the exposure to an aggressive agent in order to accelerate the pace for characterizing PE’s
environmental stress cracking resistance (ESCR). Two cylindrical indenters of 13 and 7mm in
diameter were used to generate the deep stretch in the central part of a circular area of 15mm in
diameter. The study uses finite element (FE) modelling to establish stress variation and distribution
during the deep stretch, but without the exposure to the aggressive agent. Three types of material
input data were considered, one purely based on elastic-plastic (EP) deformation (based model),

another including damage generation (damage model), and the third including creep deformation
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(creep model), all of which have the input stress-strain curve calibrated by regenerating the load-
stroke curve obtained from the experimental testing. Comparison of the input stress-strain curves
for the three types of FE modelling reveals that the stress drops due to damage and creep, and their
differences caused by the indenter size and loading speed used for the testing. The three types of
input stress-strain curves also led to establishment of a stress-strain relationship for PE when no
damage or creep generated in the deformation, which suggests that the stress-strain curve is more
sensitive to the loading speed using the 7mm indenter. The FE modelling using 7mm indenter also
shows more frequent stress relaxation during the deep drawing than the 13mm indenter. Therefore,
the study concludes that the 13mm indenter is much more effective than the 7mm indenter in
transforming the crystalline phase to the amorphous phase through the deep drawing, and is

expected to provide measurement of ESCR with less scattering.

4.2. Future work

The research work presented in this thesis is a step towards developing an approach to predict
the mechanical behaviour of PE pipe in different environment. However, further research is needed
to examine other possible scenarios.

(1) Characterization of damage development under different loading conditions

The proposed FE model has been successfully used to determine damage evolution under the
transverse loading. In order to obtain the damage evolution under this loading condition, the
method could be extended to study the damage behavior under fatigue or creep loading. In
addition, the experimentally measured damage evolution law can be implemented in FE models to
study fracture behaviors of PE pipe.

(2) Simultaneous effects of damage and creep in PE
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In this thesis since the ABAQUS does not allow simultaneous consideration of creep
deformation and damage evolution, the creep and damage evolution have to be considered
separately. Using a UMAT script, it is possible to consider both creep and damage at the same
time. This method can be used with an elastic-plastic model at the same time to include all the
possible material behaviour for PE.

(3) Development of mathematical models to determine ESCR of PE using FE results of the
deep drawing of PE

In this thesis, a model was presented to study the use of indentation loading to generate deep
drawing of PE, which is part of a project to design a new test method to shorten the time for crack
initiation during the exposure to an aggressive agent, in order to accelerate the pace for
characterizing PE’s environmental stress cracking resistance (ESCR). The mathematical models
can be developed to use the FE results as an input to investigate the time for crack initiation on the
deformed PE. The model can then be used to investigate influence of different factors on the ESC

development, to make the results useful for the industry applications.
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