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RESEARCH ARTICLE

A finite-discrete element approach for modelling polyethylene pipes subjected to
axial ground movement
Masood Meidani, Mohamed A. Meguid and Luc E. Chouinard
Civil Engineering and Applied Mechanics, McGill University, Montreal, Quebec, Canada

ABSTRACT
The response of medium-density polyethylene (MDPE) pipes subjected to ground movement is often
investigated using soil-pipe interaction models that were originally developed for steel pipes. In this
study, the behaviour of MDPE pipes buried in dense sand under pull-out force is investigated using a
coupled finite-discrete element framework. The pipe is modelled using finite elements whereas the
granular soil is modelled using discrete elements. The model is validated using experimental data and
then used to investigate the response of the pipe and the surrounding soil. The response of the MDPE
pipe-soil system to axial loading is found to differ significantly from that of steel pipes due to the
elongation and distortion that develop in the MDPE pipes, which affect the mobilized friction forces
along the pipe. This study demonstrates that caution must be exercised when using current methods in
the analysis of MDPE pipes.
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1. Introduction

Buried pipelines are used worldwide to transport natural
resources such as water, oil and gas. These critical infrastruc-
tures are considered to be lifelines for modern cities and
failure of these pipes can have significant impact on the
economy and the environment. Some of the common causes
of failure are generally related to the deterioration of the pipe
material or the surrounding backfill soil. However, natural
hazards such as permanent ground deformation (PGD)
caused by earthquakes can have damaging effects on pipe-
lines. The ninth report of the European Gas Pipeline Incident
Date Group (European Gas Pipeline Incident Data Group
2015) presented a distribution of failure incidents that hap-
pened from 2004 to 2013. It was concluded that about 16% of
pipeline incidents happened due to ground movement which
rank third among major causes of incidents.

Since the early 1960s, researchers have studied soil-pipe
interaction to understand the behaviour of buried pipelines
subject to permanent ground movements. These studies
include field tests, full scale laboratory experiments and cen-
trifuge models (e.g. Trautmann and O’Rourke 1983; Rizkalla,
Simmonds, and Uptirove 1991; Konuk et al. 1999; Phillips,
Nobahar, and Zhou 2004; Weerasekara and Wijewickreme
2008; Daiyan and Kenny, 2011; Mohamedzein et al. 2016;
Joshaghani, Raheem, and Mousavi 2016; Robert et al. 2016;
Ono et al. 2018). For example, Daiyan and Kenny (2011)
performed a set of centrifuge tests on rigid pipes buried in
dense sand to determine the axial-lateral interaction of the
soil-pipe system; Bilgin, Stewart, and O’Rourke (2007) con-
ducted two field pull-out tests on cast iron pipes buried in
dense and loose sands to determine the impact of thermal
variation on the pipe response to different loading conditions.

In addition to the experimental studies, numerical and analy-
tical investigations have been performed to determine the
response of buried pipes subjected to either lateral or axial
ground movements (e.g. Cocchetti et al. 2009; Rahman and
Taniyama 2015; Roy et al. 2016; Almahakeri, Moore, and Fam
2016; Zhang, Liang, and Han 2016; Meidani, Meguid, and
Chouinard 2017). Most of these studies used the finite ele-
ment method (FEM) to model both the pipelines and the
surrounding soil. Guo and Stolle (2005) carried out a numer-
ical investigation using ABAQUS software to explain the
range of lateral soil resistance obtained by different research-
ers. The effects of burial depth, overburden ratio, soil dila-
tancy and strain hardening were investigated. Kunert, Otegui,
and Marquez (2012) proposed a nonlinear finite element
technique to assess the behaviour of pipelines buried in rain-
forest regions, which are prone to failures by axial stresses
from land movement. Recently, Naeini et al. (2016) developed
a finite element model to investigate the response of buried
HDPE pipeline to fault movements. The numerical results
agreed with experimental data and, therefore, it was con-
cluded that the FEM method is suitable for analyzing this
class of problems. One of the reported challenges was related
to modelling the soil-pipe interaction under large deforma-
tion and understanding particle movements in the close vici-
nity of the pipe.

An alternative approach to analyze this class of pro-
blems and capture the soil behaviour around the pipe is
using the discrete element method (DEM). This approach
has been used by researchers to investigate different soil-
structure interaction problems (e.g. Cui and O’Sullivan
2006; Chen et al. 2012; Tran and Meguid 2014; Ahmed,
Tran, and Meguid 2015). Meidani, Meguid, and
Chouinard (2017) conducted 3D discrete element analysis
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of a steel pipe buried in granular material to investigate
the response of the pipe under relative ground move-
ment. Using the DEM, particle movements around the
pipe and the changes in radial stresses were evaluated
with a reasonable accuracy. The rigid steel pipe was
modelled using facet discrete elements that do not allow
for the development of axial or radial deformation in the
pipe structure. Although this is suitable for rigid pipes,
flexible polyethylene pipes (PE) may undergo both axial
and radial deformation under axial loading and therefore,
the pipe response and the associated interaction with the
surrounding soil may not be accurately modelled using
discrete elements.

To take advantage of both the finite and discrete element
methods, coupling the two approaches has provided research-
ers with the flexibility of solving a wide range of geotechnical
engineering problems involving buried structures. Structural
elements are usually modelled using finite elements whereas
the surrounding soil particles are modelled using discrete
elements. Several algorithms have been developed to facilitate
the load transfer between the two domains. A procedure for
combining finite and discrete elements is to simulate the shot
peening process was proposed by Han, Owen, and Peric
(2002). Fakhimi (2009) developed an algorithm for coupling
the finite and discrete element methods and used the coupled
model to simulate the deformable membrane and the encased
soil samples in laboratory triaxial tests. The membrane was
modelled using finite elements (FE) while the soil was mod-
elled using discrete elements (DE). Villard et al. (2009) pro-
posed a coupled FE-DE approach to model earth structures
reinforced by geosynthetic material. The framework was used
to model the interaction between a geosynthetic sheet and the
surrounding soil. Dang and Meguid (2013) proposed a
coupled FE-DE approach to model soil-structure interaction
problems involving large deformations. Interface elements
were introduced at the boundary between the two domains
to transmit the interaction forces between the finite and
discrete elements. Tran, Meguid, and Chouinard (2013) pro-
posed a similar finite–discrete element framework for the 3D
modelling of geogrid–soil interaction under pull-out loading
condition.

In this study, a coupled FE-DE approach is developed
and used to investigate the response of MDPE pipe bur-
ied in dense sand and subjected to axial soil movements.
A numerical model that is able to capture the response of
both the pipe and backfill material is created.
Microstructure parameters needed for the discrete ele-
ment analysis are determined using triaxial test data and
the overall model performance is validated using analyti-
cal solutions. The validated model is then used to deter-
mine the response of the pipe and the backfill material.
The numerical results are also compared with experimen-
tal data. Using the developed approach, the detailed beha-
viour of the soil surrounding the pipeline is investigated
and the stresses developing in the pipe structure are
evaluated. Finally, current guidelines for estimating soil
loads on flexible pipes subjected to relative axial displace-
ment are reviewed on the basis of the numerical results

2. Coupled finite-discrete element framework

The coupled 3D Finite-Discrete element algorithm used for
this study was originally developed by Dang and Meguid
(2010), Dang and Meguid (2013)) and Tran, Meguid, and
Chouinard (2013) to model the interaction between the finite
and discrete element domains. The developed approach was
implemented into YADE, an open source code for DE analy-
sis (Kozichi and Donze, 2008; Smilauer et al., 2010) and is
briefly discussed in the following sections.

2.1. The discrete elements

The DEM is a numerical technique that models the interac-
tion between individual particles as they come in contact with
different boundaries. The discrete particles interact with each
other at their contact points in a dynamic process that reaches
static equilibrium when the internal forces are balanced. The
dynamic behaviour is represented numerically by a time
stepping algorithm with an explicit finite difference scheme.

The contact laws between two particles 1 and 2 of radii
r1 and r2 used in this study are summarized as follows:

Δ ¼ r1 þ r2 � d0 (1)

where d0 is the distance between two centres. The interaction
force between two contacting particles is represented by a
force vector F. The force vector can be decomposed into
normal (FN) and tangential forces (δFTÞ which are calculated
using the normal (KN) and the tangential (KT) stiffnesses at
the contact point as expressed as follows.

FN ¼ KN :ΔN and δFT ¼ �KT :δΔT (2)

where ΔN and δΔT are the normal and incremental tangential
amounts of overlap between the two particles. Particles nor-
mal stiffness (K1

N and K2
N ) are used to calculate the normal

stiffness of the contact between two particles:

KN ¼ K1
N :K

2
N

K1
N þ K2

N
(3)

The particles normal stiffness are calculated using the particle
material modulus Ei and radius r such that

K1
N ¼ 2E1r1 and K2

N ¼ 2E2r2 (4)

A portion of the contact normal stiffness is used to calculate
the tangential stiffness, KT = α KN . There is no limit for the
normal force at the contact; however, the limiting value for
the tangential force FT is defined as

FT ¼ FT
FT

FN tanmicro If FT � FN tanmicro (5)

where micro is the micro friction angle between two particles.
The contact law is capable of transmitting moments

between particles. The angular rotation vector θr is employed
to determine the rotational resistance between the two
particles. This value is calculated by adding the incremental
angular rotations as follows (Smilauer et al. 2010):

θr ¼
X

dθr (6)
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The rotational stiffness of the contact (Kr) is used to calculate
the resisting moment Mr at the contact. A limiting value of
the moment is described in terms of the normal force vector
and a dimensionless coefficient (ηr) such that:

Mr ¼ Kr:θr; Mr lim ¼ ηr FN
r1 þ r2

2

� �
(7)

Kr ¼ βr :
r1 þ r2

2

� �2

:KT (8)

where βr is the rolling resistance coefficient.

2.2. The finite elements

The dynamic relaxation method is used in developing the
coupled framework including both the finite and discrete
element domains. The general equation of the FE approach is

Kxþ cM _xþM€x ¼ P (9)

Where P the external force is vector; x is the displacement
vector; M is the mass matrix; c is the damping coefficient and
K represents the stiffness matrix.

The maximum time step ΔFE½ � that meets the convergence
condition of the system is determined based on the maximum
eigenvalue λmð Þ which is calculated using the element
consistent tangent stiffness:

ΔFE½ � ¼ 2ffiffiffiffiffiffi
λm

p (10)

λm � max
i

Xn
j¼1

Kij

�� ��
Mij

(11)

where Mij is an element in the diagonal mass matrix; and Kij

is an element in the global tangent stiffness matrix.

2.3. Interface elements

Interface elements are employed in the coupled framework to
transfer the contact forces between the FE and DE domains.
These elements are generated such that they follow the finite
element nodes. Since hexahedral elements are used for the FE
domain, the contact surface between the two domains is
divided into four interface elements by adding a temporary
node at the centre of each finite element as expressed as
follows.

X Oð Þ ¼ 1
4

X4
i¼1

X ið Þ (12)

where X ið Þ is the coordinate of node i of the quadrilateral
element. Figure 1 shows a schematic of the interaction
between discrete particles, interface and finite elements. The
contact law between the interface and discrete elements is the
same as that used for particle–particle interaction. Following
the contact between a DE particle and an interface element,
the normal and tangential interaction forces are calculated
using the normal overlap and incremental tangential displa-
cement of the contact. The total contact force is determined

by summing the normal and tangential force vectors

(F
*

N þ F
*

T). Eq. 13 is used to compute the transmitted forces
to the FE nodes using the interaction forces.

F
*

i þ F
*

contact : Ni ¼ F
*

N þ F
*

T : Ni (13)

where Ni is the shape function calculated using the natural
coordinates of the contact point.

A typical FE-DE computational cycle was discussed and
reported by Dang and Meguid (2010); Dang and Meguid
(2013)).

3. Modeling pipe-soil interaction

Previous studies on pipeline resistance to axial soil move-
ments have been mainly focusing on steel pipes and only a
few studies addressed PE pipes (e.g. Anderson 2004;
Weerasekara 2007). Design guidelines (e.g. ASCE 1984; ALA
2001) are based on results obtained using steel pipes and their
application to PE pipes may not be appropriate given the
viscoelastic nature and the relatively low stiffness of the PE
material. In addition, Karimian (2006) and Meidani, Meguid,
and Chouinard (2017) reported that the available guidelines
may underestimate the axial soil pressure acting on pipes
installed in cohesionless soil, particularly for dense soil.

3.1. Model generation

The FE-DE model used in this study is created based on the
experimental work reported by Weerasekara (2007). The
experiments comprised an MDPE pipe with outside diameter
of 114 mm buried in a soil chamber 3.8 m in length, 2.5 m in
width and 1.3 m in height. The pipe was installed at a depth
of 0.6 m below the surface. Dense Fraser River sand with
relative density of 75% was used in the experiment. The grain
size distribution of the sand material is shown in Figure 2 and
the relevant properties are summarized in Table 1. The rigid
box hosting the soil and the pipe was reinforced with steel
frames to prevent lateral deformation and the inner surface
was designed to ensure minimum friction between the soil
and the walls of the chamber. The pipe was pulled out

8-Noded 
hexahedral elements

Interface element 
(triangular facet)

Particle

Particle

Figure 1. A schematic of the coupling between finite and discrete elements
using interface elements.
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incrementally from the backfill following a displacement-con-
trolled loading condition and the reaction force was continu-
ously measured.

The numerical analysis is conducted using a modified
version of the open source code YADE (Kozicki and Donzé
2008; Šmilauer et al. 2010). The soil particles are modelled
using discrete elements while the pipeline is modelled using
finite elements. Interface elements are employed to model the
interaction between these two domains as discussed in
Section 2. The MDPE pipeline is modelled using eight-
noded hexahedral elements. The modelled pipe has
114.3 mm outside diameter and 10.3 mm wall thickness.
The results of the laboratory experiments performed on the
MDPE pipe based on uniaxial compression (Anderson 2004)
and pull-out (tensile) test data (Weerasekara 2007) are pre-
sented in Figure 3a. The response is characterized by slight
nonlinear response up to 3% strain. Konder (1963) proposed
a hyperbolic stress-strain relationship for PE pipes as follows:

σ ¼ Ei
ε

1þ ηε

� �
(14)

where ε is the strain, Ei is the initial Young’s modulus, σ is the
stress and η is a constant. The hyperbolic relationship for the
investigated PE pipe is superimposed on the experimental data
in Figure 3a. The relationship was found to represent the pipe
response and agree well with the experimental data. Given the
small strain level expected in the pull-out experiments, the
hyperbolic model was used to determine an approximate linear
elastic model that represents the pipe response as shown in
Figure 3b. At strain level of up to 5%, the modulus of elasticity
Ei was found to be approximately 550 MPa.

The 3.85 m long MDPE pipe was modelled using 1232
solid elements that measure 5 cm × 2.25 cm each overlain by
4928 interface elements. Details of the different components
of the finite element model used to represent the pipe are
shown in Figure 4.

Particle up-scaling is used to keep the number of particles
within a feasible range for the DEM. Ding et al. (2014) con-
ducted a 3D numerical study on the effect of particle up-scaling
on the macroscopic response of discrete element samples. It was
found that the ratio between the smallest sample lengths (L) to
the median of the particle diameters (d) should be kept below
30 to minimize the effects of particle up-scaling. Given the size
of the test chamber and the pipe diameter in this study, d50 of
7.5 mm is selected for the discrete elements, which results in
4,9000,000 particles. The corresponding scaled particles size
distribution is shown in Figure 2.

To keep the problem size manageable and further reduce
the number of particles, a parametric study was performed to
determine the minimum width (Y) and the height (Z) of the
model that does not affect the pipe response, while preserving
the full length (X) of the pipe (see Figure 5a). The results of
the parametric study are presented in Figures 5b and c for the
model width and height, respectively. Figure 5b shows the
change in the pull-out force as the model width increases
from 0.3 m to 2.75 m for applied displacement of 15 mm. The
pull-out force was found to rapidly decrease as the model
width (Y) increased and reached a plateau at a model width of
about 0.5 m. This means that increasing the model width
beyond 0.5 m does not have a significant impact on the
pull-out response of the pipe. Similarly, Figure 5c shows
that the pipe response reached a plateau at Z/2 of 0.25 m
which corresponds to a model height 0.5 m. These model
dimensions were, therefore, adopted in the numerical analysis
presented in this study. The overlying backfill material above
0.5 m was replaced using equivalent surcharge pressure that is
uniformly distributed at the model surface.

To generate the discrete element particles, the radius
expansion method is used in combination with the particle
size distribution shown in Figure 2. A cloud of non-contact-
ing particles is first created, then the particles located within
the pipe circumference are removed and the radius of the
spheres are increased to achieve the target porosity of 0.41,
which corresponds to that used in the experiment. The set of
particles is allowed to move under gravity and the assembly is
then cycled until equilibrium condition is reached. The final
three-dimensional model includes a total of 345,000 spherical
particles as depicted in Figure 6a. To illustrate the particle
distribution in the close vicinity of the pipe, a front view of
the model (in the Y-Z plane) is shown in Figure 6b.

3.2. Model calibration

Input parameters used in the discrete element analysis
include two major groups: (i) physical parameters (friction
angle, cohesion and Young’s modulus), and (ii) dimensionless
coefficients (rolling and shear stiffness coefficients, maximum
resistant moment factor, etc.). A calibration procedure is
needed to determine these parameters for a given soil condi-
tion. The model used in this study was calibrated by
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Figure 2. Particle size distributions for the Fraser River Sand and the generated
DE particles.

Table 1. Soil properties of backfill material (Fraser River Sand).

Parameter Value

Specific gravity 2.72
Young’s modulus, Ei (MPa) 40
Unit weight (kN/m3) – (75% relative density) 16
Internal friction angle θ (Degree) 45
Cohesion (kN/m2) 0
Poisson ratio, υ 0.3
Porosity, n 0.41
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simulating triaxial tests conducted on Fraser River sand
(Karimian 2006) and comparing the calculated response
with the measured values. Table 1 presents the mechanical
properties of the Fraser River Sand based on triaxial tests
performed at 25 kPa confining pressure. Model calibration
details have been reported elsewhere (Meidani, Meguid, and
Chouinard 2017) and only a summary of the obtained para-
meters that are needed for the discrete element analysis is
provided in Table 2.

3.3. Validation of the numerical model

After creating both the discrete element assembly and the finite
element model of the pipe, the coupled model is allowed to freely
settle under gravity using the input parameters presented in
Table 2. No friction was considered between the rigid walls and
the contained particles to properly simulate the test conditions. A
vertical pressure equal to 5.6 kPa was then applied over the
coupled model to represent the removed soil layer (γ = 16 kN/
m3). The contact pressure distribution acting on the pipe is first
calculated at selected locations along the pipe circumference using
the developed model and the results are compared with Hoeg’s
analytical solution (Hoeg, 1986). The numerical calculation was

performed at several zones along the pipe to ensure that themodel
provides consistent results everywhere in the model. The investi-
gated zones (shown in Figure 7) include: (1) from X = 0.5 m to
1m; (2) fromX= 1.75m to 2.25m; (3) fromX= 3m to 3.5m. The
average soil pressure acting on the pipe using the analytical solu-
tion and the numerical model are compared for each zone
(Figure 7a and Table 3). The calculated pressure at the crown of
the pipe for the three examined zones (1, 2 and 3 in Figure 7b) was
found to be 6.22, 6.01 and 5.98 kPa, respectively. These values are
consistent with the analytical solution that predicted a pressure of
5.24 kPa at the same location. Based on the results presented in
Table 3, the maximum difference between the average pressure
calculated at the three zones and the 2D analytical solution was
found to be ± 15%. This level of accuracy is considered acceptable
given the 3D nature of the problem and the approximationsmade
in developing the numerical model.

After the initial conditions are verified, the pull-out test is
performed using a displacement control approach. The ver-
tical pressure acting on the model is kept constant throughout
the analysis at σv = 5.6 kPa using the method developed by
Tran, Meguid, and Chouinard (2013). The stiffness of the
interface is set equal to that of the discrete particles and the
interface friction angle is determined by matching the
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experimental results. This approach is consistent with that
reported by Tran, Meguid, and Chouinard (2013) and Villard
et al. (2009). The pull-out force is incrementally applied to the
pipe and the corresponding displacements at the leading end
are presented in Figure 8. The pull-out force increased non-
linearly with the initial increase in displacement. The max-
imum pull-out force reached about 6.4 kN at applied
displacement of 14 mm. The measured response is super-
imposed on the numerically calculated results as shown in
Figure 8. Close agreement was found between the experimen-
tal and numerical responses with a maximum difference in
pull-out force of about 9% with a maximum measured value
of 6.8 kN.

In addition to the model validation using the mobilized
soil resistance to pull-out loading, the changes in axial
strains (εx) developing at the leading end of the pipe are
also calculated for different pull-out forces and the results
are compared with the measured values as shown in
Figure 9. The relationship is almost linear for the range of
strains experienced by the pipe during the pull-out process.
The axial strain calculated at the maximum pull-out force is
found to be 3740 με. This is consistent with the experi-
mental results reported by Weerasekara (2007) where the
maximum measured strain was found to be 3800 με. The
corresponding displacements at the leading end are also
examined in Figure 10. The maximum displacement
obtained using the numerical model is about 14 mm
whereas the measured value is about 12 mm. However,
the overall relationship is properly captured using the
developed model experimental results are respectively
14 mm and 12 mm (Figure 10). These results validate the

adequacy of the developed model in representing the soil-
pipe interaction under axial loading conditions.

4. Results and discussions

The detailed response of the pipe and the surrounding soil are
investigated in this section. This includes the strains and
displacements developing along the pipe in the longitudinal
and transverse directions. The accuracy of the available closed
form solution in predicting the maximum pull-out force is
then evaluated. To take advantage of the coupled model, the
changes in contact force distribution and the displacement
field around the pipe is also examined.

4.1. Response of the pipe

The distributions of horizontal displacements developing
along the pipe for different pull-out displacements (Ux) are
presented in Figure 11a. The pipe displacements are found to
be generally non-uniform with most of the movements occur
near the leading end of the pipe (length = 3.8 m). Small
displacements were calculated within half of the pipe length
located in the opposite side of the applied load. The contours
of horizontal displacement in the pipe structure at applied
displacement of 14 mm are illustrated in Figure 11b. The
figure shows the concentration of displacements developing
in the pipe.

To understand the displacement pattern presented in
Figure 11 the investigated PE pipes, it is worthwhile compar-
ing the response with that reported for rigid pipes. Pull-out

Y

Y

X

Figure 4. The finite element mesh and interface elements used to model the MDPE pipe.
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experiments performed on rigid steel pipes (Karimian 2006)
revealed that entire length of the pipe starts to move imme-
diately after applying the axial force indicating that the fric-
tion between the soil particles and the pipe is mobilized over
the entire length of the pipe. This is attributed to the differ-
ence in stiffness between the rigid pipe and the surrounding
soil. Hence, the pull-out test of a rigid pipe can be assumed as
an ‘element’ test, and the frictional resistance can be consid-
ered uniform along the entire length of the pipe. On the other
hand, for MDPE pipe a small section of the pipe experiences
slipping at the beginning of the test. With the increase in
loading, the slipping section propagates along the pipe.
Hence, the frictional resistance along the MDPE pipe is not
uniform and the maximum pull-out force is reached when the
entire length of the pipe starts to move. It is also noted that

MDPE pipes are more extensible than rigid steel pipes, and
therefore both elongation and reduction in cross-section may
develop during the pull-out process. It can, therefore, be
concluded that the axial soil resistance in this case is a func-
tion of the pipe length and the force-displacement results are
valid as long as the pipe does not completely slip out of the
soil.

The evolution of the axial strains (εx) along the length of
the pipe is presented in Figure 12a for different leading-end
displacements (Ux). The distribution of strains is found to be
consistent with the displacement patterns presented in
Figure 11 as well as the results reported by Weerasekara
(2007). Figure 12b shows the contours of the axial strains at
applied leading-end displacement of 14 mm. It can be seen
that at this displacement level, the axial strain at front edge of
the pipe is about 3300 με whereas at the middle of the pipe
the calculated strain is found to be about 1000 με which is
approximately 3 times smaller in magnitude compared to the
strain found at front of the pipe. This confirms the non-
uniform nature of the frictional resistance mobilized on the
pipe surface resulting from the non-uniform elongation
developing in the pipe.

To investigate the distortion that develops in the pipe
cross-section during the pull-out process, the displacements
in the transverse (Y) direction are presented in Figure 13a at
four selected locations on the pipe circumference. The max-
imum deformation in the Y direction was found to develop at
the springline in the positive Y direction with no significant
displacement calculated at the crown. This reveals that the
circular shape of the pipe experiences slight distortion during
the pull-out process. This can be illustrated by the displace-
ment contours presented in Figure 13b. The three-dimen-
sional distribution of displacement along the pipe length at
applied displacement of 14 mm indicates that the distortion
of the pipe cross-section is more pronounced near the front
side of the pipe.

4.2. Pull-out resistance

The pull-out force (FA) per pipe unit length according to
ASCE (1984) guidelines is expressed by,

FA ¼ γ 0 �H � π D Lð Þ � 1þ K0

2

� �
� tan δð Þ (15)

Where γ is soil density; H is the burial depth; D is the pipe
diameter; L is the pipe length; K0 is the coefficient of lateral
earth pressure and δ is the interface friction angle between
pipe.For the test sample, the resulting pull-out force is 1.13
kN/m.

The relationship between the pipe displacement (Ux) at the
leading-end and the corresponding pull-out force per unit
length of the pipe is presented in Figure 14. The numerical
analysis showed a maximum of pull-out force of 1.68 kN/m.
Compared with the closed-form solution, it can be seen that
the current guideline underestimates the maximum unit pull-
out force for PE pipes. Another limitation of Eq. [15] is the
related to assumptions of the soil state around the pipe during
axial ground movements. In deriving this expression, the soil
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was assumed to remain at-rest condition. However, Meidani,
Meguid, and Chouinard (2017) showed that this assumption
may not be valid when the pipe is buried in dense granular
soil as the earth pressure condition becomes somewhere
between passive and at-rest modes which significantly
changes the value of K0 in Eq. [15].

4.3. Soil response to pipe movement

Figure 15 shows the displacement field within the soil domain
in the vicinity of the pipe when the leading end displacement
reaches 14 mm. Most of the soil movement was found to occur
near the front face of the box where the pipe experiences the
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b) 

Figure 6. (a) Three-dimensional view of the model showing the pipe and the surrounding particles; (b) front view of the model.

Table 2. Input parameters used in the coupled FE-DE analysis.

Type of element Parameter Value

Discrete particle Density (kg/m3) 2720
Particle modulus, E (MPa) 150
Ratio KT/KN, α 0.7
Micro friction angle, micro (Degree) 45
Rolling resistance coefficient (βr) 0.15
ηr 1
Damping ratio 0.2

Finite element Young’s modulus, E (MPa) 550
Poisson’s ratio 0.46

Interface element Material modulus, E (MPa) 150
Ratio KT/KN, α 0.7
Micro friction angle, micro (Degree) 40

Zone 1 Zone 2 Zone 3

Y

Z

X
0.5 m 1 m 1.75 m 2.25 m 3 m 3.5 m

Crown

Springline

Invert

UH

LH

a)

b)

Figure 7. (a) Investigated locations on the pipe circumference; (b) zones used for
the initial stress calculation.

Table 3. Comparison between the numerical results and the analytical solution
of initial pressure distribution (kPa) around the pipe.

Location Hoeg (1968) Zone 1 Zone 2 Zone 3

Crown 5.24 6.22 6.01 5.98
UH 7.70 8.95 7.94 8.29
Springline 10.16 11.34 11.82 10.78
LH 7.70 6.89 6.63 7.24
Invert 5.24 4.87 4.45 4.51
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most elongation. No significant particle movement was
recorded near the end of the pipe. Particle movements were
characterized by a horizontal pattern that gradually changed to
point upward near the front side of the box. It was also found
that particle displacements are more significant above the pipe
where no wall or rigid boundary exists as compared to the
lower boundary below the pipe. The particle movement pattern
is in general agreement with the pipe elongation and shows the
effect of pipe stiffness on the response of the surrounding soil.

Figure 16 shows the contact force network developing
within the soil domain for two different loading stages: (a)
initial condition and (b) at applied displacement of 14 mm.
Each contact force is represented by a line such that the line
width is proportional to the magnitude of the contact force.
Before the pull-out force is applied (Figure 16a), the contact
forces are found to be relatively homogeneous around the
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pipe. As the pipe is pulled out, the particles near the front face
start to move in the pull-out direction resulting in dilative
response in the close vicinity of the pipe. This has led to an
increase in the magnitude of the contact forces in zone A as
shown in Figure 16b. These results allowed for better under-
standing of the interaction between PE pipe and the sur-
rounding soil material under axial loading conditions.

5. Summary and conclusions

In this study, a finite-discrete element framework is employed
to investigate the behaviour of a MDPE pipe buried in dense
sand under axial loading condition. In this 3D analysis, soil

particles are modelled using discrete elements whereas the
pipe structure is modelled using finite elements. Interface
elements are introduced to transfer the forces between the
discrete and finites element domains. Particles are generated
following the grain size distribution of the Fraser River Sand
used in the experiments. Input parameters required for the
discrete elements are determined by calibrating the generated
assembly using triaxial test results. The pull-out process is
numerically simulated and the results are compared with
experimental data as well as the available closed-form solu-
tion. Deformations and strains developing in the pipe as well
as the response of the backfill material are investigated.

Most of the pipe deformation and strains developed near the
loaded side and progressively decreased with distance towards
the trailing end. For the investigated conditions, the pipe experi-
enced significant elongation combined with a slight distortion
in the pipe cross-section. This finding is in contrast with the
assumption used in closed-form solutions that consider the pipe
as a rigid element with uniform frictional resistance mobilized
along the entire length of the pipe. This assumption can result
in overestimating the soil frictional resistance for flexible pipes.
In addition, dilation of the dense sand material during pull-out
results in earth pressure that differs from the at-rest condition.
This can be significant and may result in underestimating the
axial soil resistance for flexible pipes buried in dense material.

Finally, the coupled FE-DE framework presented in this
study has proven to be effective in studying the response of
buried PE pipe subjected to axial ground movement. The pipe
deformation and strain as well as the soil response can be
captured using the proposed framework.
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