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Abstract

The current knowledge of the behaviour of polyethylene pipes subjected to lateral soil movement is limited and the commonly
used design equations were initially developed for steel pipes. In this study, an attempt has been made to understand the
soil—structure interaction using a three-dimensional finite-discrete (FE-DE) element model of a medium density polyethylene
(MDPE) pipe buried in dense sand and subjected to lateral soil movement. The soil particles are modelled using discrete ele-
ments, while the pipe is modelled using finite elements and interface elements are introduced to transfer the forces between
the two domains. Validation is performed using experimental data. This study shows that, when a pipe section experiences
lateral movement induced by two symmetrically applied loads, the pipe will resist the imposed lateral forces by bending.
Particle displacement patterns show that passive wedges develop locally close to the applied loads and the remaining pipe
sections experience negligible deformation. Furthermore, it is found that the current expressions used to estimate the ultimate
lateral soil force on buried pipes in granular soil, which is generally developed for rigid steel pipes, should be used with

caution as they may overestimate the soil load on flexible MDPE pipes.

Keywords Pipe—soil interaction - Coupled analysis - Flexible pipes - Ground movement

Introduction

Buried pipes are widely used for transporting oil, gas and
other water. Natural Resources Canada [1] reports that there
are more than 800 thousand kilometres of transmission and
distribution pipelines in Canada. Considering the significant
benefits of pipelines to the economy, these infrastructures
are considered as critical lifelines. Only in 2014, Canada has
spent $1.5 billion on pipeline monitoring and maintenance to
ensure public safety; however, the Transportation Board of
Canada reported more than 1200 pipeline incidents occurred
in Canada over the past 10 years. Part of these incidents are
related to material corrosion, excavation damage or incor-
rect operation; however, permanent ground displacement
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(PGD) was found to be a major factor that causes pipeline
failure. Permanent ground movements due to earthquakes,
slope movements and landslides can impose unequal lateral
displacements on the pipe and the surrounding soil leading
to axial and flexural strains in pipe structure.

The levels of pipe stresses and strains caused by PGD
are function of: (i) the relative displacement between the
soil and the buried pipe; (ii) the spatial distribution of the
PGD; (iii) the extent of the pipe section experiencing ground
movement; and (iv) the direction of the ground movement
relative to the axis of the pipe. For example, if the ground
movement is parallel to the pipe axis (Longitudinal PDG),
axial forces are imposed on the pipe and the pipe experi-
ences only axial strains. In contrast, if the direction of the
pipeline is perpendicular to the direction of ground move-
ment (Lateral PGD), then both axial and flexural strains are
generated within the pipe. In the past five decades, research
has been conducted to study pipe—soil interaction using the-
oretical, experimental and numerical methods [e.g., 2—8].
While experimental studies are useful and allow for the
load—displacement relationship to be investigated, numeri-
cal approaches are more suitable to investigate the response
of both the pipe and the backfill soil.
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Finite-element method (FEM) has been widely used
to investigate soil-pipe interaction problems [9-13]. For
example, Roy et al. [11] conducted a series of finite ele-
ment analyses on pipelines buried in dense sand subjected
to lateral soil movement. The analysis was performed
under two-dimensional plane strain condition adopting the
modified Mohr—Coulomb failure model. While the contin-
uum-based FE method is capable of analysing soil behav-
iour at the macroscopic scale, it is challenging to consider
particles discontinuity and capture their response at the
microscale level. The discrete element method (DEM) is
an alternative approach to study this class of problems.
The method was introduced by Cundall and Strack [14]
and has been used by several researchers [e.g., 15, 16] to
study various soil-structure interaction problems. Meidani
et al. [17] performed a large-scale three-dimensional dis-
crete element analysis on a rigid steel pipe buried in dense
sand to evaluate the response of the pipe under relative
axial ground movement. Although the discrete element
method is a promising approach to capture the discontinu-
ous nature of granular material [18], modeling structural
components using bonded discrete particles [19] may lead
to inaccurate prediction of strains and stresses within the
structural elements. This has been attributed to the inflex-
ibility of the bonded particles particularly when modeling
flexible pipes. Coupling the discrete and finite element
approaches is a possible solution that takes advantage of
both methods. Several algorithms have been proposed
for transferring the loads and displacements between
the discrete and finite elements [15, 20, 21]. Dang and
Meguid [22] developed a hybrid FE-DE method to solve
soil—structure interaction problems involving large defor-
mations. They introduced interface elements between the
two domains such that the forces are transferred between
the discrete particles and the nearby finite-element nodes.
Tran et al. [23] and [24] employed this technique to study
other soil-structure interaction problems.

In this research, a coupled FE-DE method is used to eval-
uate the response of MDPE pipe installed in dense granular
material and subjected to lateral movement. Emphasis is
placed on the bending behaviour of the pipe and the response
of the surrounding soil. The backfill material is modelled
using discrete particles, whereas the MDPE pipe is created
using finite elements. A triaxial test is numerically simulated
to determine the micro parameters needed to represent the
response of the discrete particles under different confining
pressures. The model is then used to explore the response of
the MDPE pipe to lateral soil movement and the results are
validated using experimental data. The detailed behaviour
of the pipe and the backfill soil such as strains, stresses and
particle displacement patterns is investigated. Finally, the
available design guidelines such as [25] used to calculate
lateral loads on buried pipes are evaluated.

@ Springer

Soil-Pipe Interaction

Plastic polyethylene (PE) pipes are commonly used in natu-
ral gas distribution networks. Although extensive research
has been previously conducted on buried pipes subjected to
ground movement, it was mostly limited to steel pipelines.
Hence, the solutions developed for steel pipes are usually
recommended in guidelines [25] to evaluate the response of
PE pipes. This may result in inaccurate estimates of forces
due to the difference in stiffness between polyethylene and
steel pipes.

The current approach that is commonly used to calculate
the soil resistance to transverse pipe movement is based on
a bilinear relationship [26], as shown in Fig. 1, such that

FL = K x (Up = 5y). M

where F| is the soil resistance; K; is the soil modulus; Up
is the pipeline lateral displacement and Jp is the soil lateral
movement. The response is considered to be linear elastic
before the relative displacement exceeds its limiting value
(Dy). The equation used to calculate the ultimate soil resist-
ance on a buried pipe is expressed as follows:

P, =yXHXNyxD )

where P, is the peak soil lateral resistance; H is pipe burial
depth; D is diameter of pipe and N, is a dimensionless force
factor. It is noted that N, is function of H/D ratio and soil
friction angle and is generally estimated using design charts
proposed by different researchers. For instance, the chart
for N, recommended by ASCE [27] is based on the work of
O’Rourke [28], whereas the American Lifeline Alliance [25]
recommends a different chart that is based on Hansen [29].

A schematic diagram that shows a simplified version of
the soil-pipe interaction under lateral ground movement is

Soil lateral force, F,

Dp

Soil and pipe relative displacement

Fig. 1 Relationship between soil resistance and relative displacement
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presented in Fig. 2. The soil in region 1 is relatively stable
with minimum relative displacement between the pipe and
the soil with curvature that is opposite to the direction of the
soil movement. In regions 2 and 3, the relative displacement
increases and the curvature changes to a direction opposite
to the soil movement. Finally, in region 4, the pipe curvature
decreases towards the centre of the pipe section and becomes
zero at the centreline.

The induced lateral force on the pipeline is generally
resisted by combination of bending and axial strains. Early
analytical studies on the response of pipes subjected to lat-
eral soil loading assumed that only bending strains resists the
applied soil force. However, this assumption is only valid for
pipe sections under small relative displacements, where the
stresses remain within the elastic range. For large relative
displacements, the pipe section deforms under axial loads
and the axial strains carry most of the soil load [6]. It has
been reported [30] that pipe sections close to the bound-
ary between the stable and unstable soil (regions 2 and 3 in
Fig. 2) bear the soil load via a combination of bending and
axial strains, whereas the remaining section (region 4) carry
soil forces entirely by bending. In this study, only sections
of the pipeline that carry loads by bending (region 4) are
investigated and the equations used to calculate the peak
lateral forces are reviewed (Fig. 2).

Coupled Finite-Discrete Element Framework

The code used in this study is based on that of Dang and
Meguid [22, 31] who developed a coupled 3D FE-DE frame-
work by implementing an algorithm into an open source
discrete element program YADE [32, 33].

Fig.2 A schematic of the
displacement profiles of the
soil and the pipe under lateral

Interface elements are introduced in the framework
to transfer the contact forces from finite elements to dis-
crete particles and vice versa. The interfaces are trian-
gular shaped elements generated using finite element to
represent the exact surface of the complex structure. As
hexahedral shapes are used for the FE, a contact face is
divided into four triangles by generating a new node at the
centre using Eq. 3:

4
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=

where X is the coordinate of node i of the hexahedral
element. Figure 3 presents a schematic of the interaction
between DE, FE and interface elements. The contact law
governing the interaction between the interface elements
and the discrete particles is the same as the particle—par-
ticle contact law discussed in the previous section. The
normal and tangential overlap between the interface and
the particle is calculated and the normal and tangential
forces are determined using the procedure detailed by Mei-
dani et al. [8]. The total contact force (F o = Fn + Fr)
is computed and Eq. (4). is then employed to calculate the
forces transmitted to the FE nodes. Details of the coupled
algorithm are provided by Dang and Meguid (2010, 2013):

3

I?i = ﬁcomact'Ni = <FN +I?T>'Ni (4)

where N, is the shape function calculated using the
natural coordinates of the contact point.
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Fig.3 The coupled FE-DE
model showing the interface
elements

Finite
elements

Table 1 Properties of the backfill based on laboratory and simulated
triaxial test

Parameter Values from labora- Values from the
tory triaxial test simulated triaxial
[41] test

Specific gravity 2.73 -

Young’s modulus, E; (MPa) 41 36

Unit weight (kN/m®) at D,  16.5 -

=75%

Internal friction angle ¢ 45° 45°

Cohesion (kPa) 0 0

Poisson ratio, v 0.30 0.28

Porosity, n 0.41 0.41

Numerical Model

The coupled FE-DE model is created based on the experi-
ments reported by Weerasekara [34]. A polyethylene pipe
1.5 m in length buried under 0.6 m of Fraser river sand is
pulled laterally while recording the pipe deformation and
pulling force. Table 1 shows the properties of the backfill
material used in the experiment. The numerical model is
generated following the procedure used in the experiment
as summarized in the following paragraph.

The Fraser River sand used in the experiment, with rela-
tive density of 75%, is modelled using spherical particles
following the same particle size distribution of the granular
material. As it is numerically challenging to model the exact
diameters of sand particles, upscaling is employed to main-
tain computational feasibility. Yang et al. [35] examined the
key factors controlling the strength and deformability of 2D
models and concluded that the macroscopic properties of
the model such as Young’s modulus and Poisson’s ratio are
sensitive to the ratio between the shortest sample length (L)
to the average of the particle diameters (d). It was found
that, for 2D models, these properties tend to stabilize for L/d
ratio of about 30. Ding et al. [36] examined particles with
L/d ratios that range from 10 to 50. Results indicated that

@ Springer

Discrete particles

-\ Interface elements

Defined center
node

Young’s modulus decreased with the increase in L/d ratio
from 10 to 20 with very little change beyond L/d of about 20.
Given the size of the 3D model in this study, particle sizes
have been increased by a factor of 30. This corresponds to
particle diameters that range from 2.4 mm to 9.6 mm and
L/d ratio that ranges from about 15 to 47. Figure 4 presents
the particles size distributions of both Fraser River sand and
the discrete particles.

To determine the optimum model dimensions, 3D finite-
element study is first conducted on a box of a width ¥
(Y=L,+L,) and a pipe length of 1.5 m. The pipe is placed
at a distance (Z) from the base (see Fig. 5). The burial depth
(H=0.6 m) is kept the same as that used in the experiment.
Figure 6a, c presents the results of the finite element analy-
sis. It is found that, for a displacement of 30 mm, the pulling
force is affected if L, is less than 0.3 m, L, is less than 1.2 m
and Z is less than 0.25 m. Therefore, the optimum dimen-
sions of the model are chosen as 1.5 m X1.5 m X 0.85 m
(Fig. 7a).

Radius expansion method [37] is used to generate the
discrete particles. It is reported by O’Sullivan [38] that this
approach leads to creating a specimen with isotropic stress
state. A set of non-contacting spherical particles is gener-
ated following the particle size distribution, as presented
in Fig. 4. Spheres occupying the pipe circumferences are
deleted and the radius of the spheres are incrementally
increased to reach a porosity to 0.41 that represents that of
the soil used in the experiment. Gravity is then applied to the
model to reach static equilibrium. The final 3D soil speci-
men that consists of 345,000 spherical particles is presented
in Fig. 7a. A snapshot depicting the pipeline and the sur-
rounding soil is shown in Fig. 7b, confirms the adequacy of
the particles sizes to model the soil—pipe interactions.

The MDPE pipe (length 1.5 m, diameter 114 mm and a
wall thickness 10.5 mm) is modelled using 8-noded brick
elements. Anderson [39] and Weerasekara [34] reported
the stress—strain behaviour of the used MDPE obtained
using compression and axial pullout tests and the results are
presented in Fig. 8a. In addition, the non-linear hyperbolic
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Fig.5 Three-dimensional finite element model used to study the
effect of model dimensions

77

model proposed by Konder [40] is also shown. The hyper-
bolic model is expressed by

_ I3
G_Ei<1+ns> )

where o and ¢ are the stress and strain, respectively. The
initial Young’s modulus (E;) and # are functions of the strain
rate and temperature. It is found that E; of 645 MPa and
of 30 are required to match the experimental data reported

Particle diameter (mm)

by [34] and [39]. Given the small level of non-linearity
obtained using both experiment and analytical solutions at
small strain level, a simplified linear—elastic response with
a Young’s modulus of 550 MPa is assumed for the MDPE
pipe. This assumption is considered reasonable as the maxi-
mum recorded strain is around 0.5%. Figure 8b confirms the
agreement between the response of hyperbolic model and
linear-elastic for the selected range of strains in the MDPE
pipe. The pipe model, which comprises 1088 solid elements
and 4352 interface elements, is presented in Fig. 9.

Modeling the Laboratory Experiment

Input parameters required for the discrete element analysis
are obtained by calibration of the modelled particles using
triaxial test results. Karimian [41] performed a number of
triaxial tests on Fraser River sand under different confining
stresses. The triaxial test specimen used in the analysis is
created following the same particle size distribution used
in the experiment. The details of the calibration procedure
were reported by Meidani et al. [17]. The properties of the
Fraser River sand based on laboratory and simulated triaxial
tests conducted at 25 kPa confining stress are presented in
Table 1. For the reported range of confining pressure [41],
the sand exhibited initial elasticity, and then slightly hard-
ened to reach a peak strength at axial strain that ranges from
3 to 6%. Other details related to shear banding and post-peak
response of the tested samples are not investigated in this
study. The analysis of the triaxial test showed overall agree-
ment between the calculated and measured values, which
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confirmed the suitability of the particle assembly in captur-
ing the behaviour of the granular material. A summary of
the input parameters used in the analysis is given in Table 2.

The coupled soil-pipe model is created and the input
parameters presented in Table 2 are assigned to both the
finite and discrete elements. No friction was considered
along the vertical walls to follow the boundary conditions
of the experiment [34]. A parametric study is conducted
to evaluate the effect of the interface element properties
(modulus and interface friction angle) on the test results. It
is found that the changes in interface friction angle have little
effects on the pulling force. Hence, a friction angle similar
to that of the particles was adopted for the interface ele-
ments. The interface modulus, however, was found to have
an effect on the response of the pipe. Increasing the modulus
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Fig.7 The DE model: (a) 3D view of the pipe and the surrounding
particles; (b) close view of the pipe

of the interface element resulted in an increase in the force
required to move the pipe. Interface material modulus of
about 500 MPa was found to correspond to a pipe response
consistent with the experimental values. The properties of
the interface elements are presented in Table 2.

The MDPE pipe is pulled laterally following a displace-
ment control approach. Lateral displacement was applied to
the pipe ends to simulate the conditions in region 4 (Fig. 2).
This is consistent with the conditions used in the experi-
ment as the pipe was clamped at the ends to ensure uniform
displacement application at the pulling locations. The lateral
pulling continued until a displacement of 65 mm is reached
and the pulling force became constant. The relationship
between the pulling force and the lateral displacement is
depicted in Fig. 10. It should be noted that the pulling force
shown in this figure is for one end of the pipe. The results
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of the analysis are found to be in agreement with the meas-
ured values and the peak lateral force (P,) is estimated as
8.1 kN. The maximum difference between the calculated and
measured results is about 15% at a lateral displacement of
10 mm. As the peak lateral force (soil lateral resistance) is of
paramount importance in this study, and given the simplified
nature of the analysis, the results of the coupled analysis are
considered to be acceptable.

Results and Discussion
Response of the Pipe
The lateral deformation of the MDPE pipe in the Y direc-

tion as a function of end displacements Uy) of 5, 20, 40 and
65 mm are plotted in Fig. 11a. The largest pipe displacement

occurs at the edges and decreases rapidly towards the centre.
This can be attributed to the pipe response to the applied
load at the pulling location and the relative flexibility of
the pipe material. This is in contrast to rigid steel pipes,
where the pipe section moves as a rigid body within the
soil domain under the applied lateral force. It is concluded
from Fig. 11b that the pattern of the lateral displacement is
uniform along the pipe section with no significant changes
in the pipe cross section.

The distribution of the horizontal displacements within
the pipe at Uy =65 mm is depicted in Fig. 12. Figure 12a
shows the displacement at the springlines, A and B. The
horizontal displacement patterns are found to be the same
for both sides of the springline and no horizontal displace-
ment calculated at the pipe centre which means that no axial
strains have developed in these areas. The lateral displace-
ment direction indicates that the front side of the pipe is
under compression, whereas the back side experiences ten-
sion. However, the maximum displacement in the backside
(line A) is more than that at the front side (Line B), which
indicates that ovalling has occurred in the pipe at this loca-
tion. The horizontal displacement distribution shown in
Fig. 12b illustrates that the pipe elongation is not constant
and decreases towards the neutral axis, which confirms that
the lateral soil force is carried mostly by bending.

Axial strains (¢,,) along the pipe length are analysed to
understand the load carrying mode of the MDPE pipe under
the applied lateral movement. Figure 13 presents the axial
strains along the pipe at applied displacement, U,, of 65 mm.
The strains along line A, which represents the back side of
the pipe, is found to be positive which means that tensile
strains and stresses have developed at this location. In con-
trast, the front side of the pipe (Line B) is found to be under
compression. The values of strains at the diametrically oppo-
site location of the pipe are opposite in direction but almost
similar in magnitude which confirms the pipe section resists
the applied force entirely by bending. This conclusion is in
agreement with that of Chan and Wang (2004) that found
bending stresses to develop in sections far from the abrupt
differential ground movement (region 4 in Fig. 0.2).

The bending moment of the pipe can be calculated using
the axial stresses obtained from the finite element analysis.
Figure 14 presents the calculated bending moments (M)
at three different pipe displacements. It was found that the
maximum bending moment occurs close to the pipe edges at
the location of the maximum relative soil-pipe displacement
and decreases rapidly toward the center of the pipe, where
the relative displacement is minimum.

@ Springer
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Fig.9 Geometry of the simu-

lated MDPE pipe and interface 4 Interface

elements

 Pulling force

z

T—> Y (Pulling direction)

elements on each

Thickness = 10.3 mm

FE element

 Pulling force

< 114 »
hal 1 I= 111111 L
Table 2 Parameters used in the numerical analysis 10 « Weerasekara (2007)
9 I -
Element type Parameter 8 Coupled FEM-DEM Ultimate soil resistance
[ T
Discrete particles  Density 2720 kg/m® 7 o ° ° T
Modulus, E* 150 MPa é 6 ° °
Q 1 1
Ratio K/Ky, a* 0.7 E 5 °
Friction angle, ;..o 45° g’ 4 . P
Rolling resistance coefficient, §,*  0.15 Z 3
° i 1
n" 1 2 convergence of |:>: :
Damping ratio® 0.2 | D pulling force  ———,
Finite elements Young’s modulus, E 550 MPa D A T
Poisson’s ratio, v 0.46 10 20 30 40 50 60 70
Interface elements ~ Material modulus, E 500 MPa Pipe end lateral displacement (mm)
Ratio K/Ky, @ 0.7
. - o
Micro friction angle, e, 45 Fig. 10 Comparison between the measured and calculated responses

“Meidani et al. [17]
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Fig. 11 Lateral displacement along the pipe length, (a) for different
applied displacements; (b) at maximum displacement of U, =65 mm
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Pulling Resistance

As mentioned in the previous sections, Eq. (2). is generally
used to estimate the peak lateral soil load induced on pipes
buried in granular soils. The term N, in this equation is the
capacity factor and researchers used different approaches
to determine a suitable N, value based on empirical solu-
tions considering burial depth, pipe diameter and the fric-
tion angle of the soil. Less emphasis is placed on the pipe
stiffness in the equation. This implies that, two pipes of
different materials (e.g., steel and MDPE) and of the same
diameter buried at the same depth, are expected to carry
the same maximum lateral soil force. In this section, the
results of the coupled analysis are compared with dif-
ferent solutions to calculate the peak force for laterally

loaded pipes in sand. The selected studies [27, 42, 43] are
based on Hansen’s solution [26] and Table 3 compares
the numerical results with the above methods. It should
be noted that, the numerically calculated value of P, is
obtained by plotting the applied force against the lateral
displacement, as illustrated in Fig. 10. It is found, based on
Table 3, that the above solutions significantly overestimate
the ultimate soil force. Rowe and Davis [43] and ASCE
[27] solutions are found to be the closest to the numerical
solution. ALA [25] and Audibert & Nyman [42] recom-
mendations show significantly different results. Karimian
[41] performed a lateral loading test on a steel pipe located
in sand and reported that O’Rouke’s chart [28], which is
recommended by ASCE [27] predicted reasonable ulti-
mate force values. The ALA [25] formulation, on the other
hand, produced forces that are significantly higher than
those calculated in this study.

Example: to illustrate the difference between the pre-
dicted ultimate lateral resistances calculated using Eq. 2
and that obtained numerically, assume y=16 kN/m?3,
H=0.65m, D=0.114 m and Nq= 16. The calculated ulti-
mate lateral resistance using the closed-form solution P, =
¥ X H X Ny X D is about 19 kN, which is significantly larger
than 8 kN predicted using the proposed model.

Soil Response to Pipe Movement

Particle displacements can be used to better understand the
response of the soil domain around the pipe. Figure 15 pre-
sents a side view that depicts particle displacements within
the test box at lateral displacement of 65 mm. It is found that
particles close to the pipe move in the horizontal as well as
in the upward direction which creates a passive soil zone
in front of the pipe and a shear failure path within the soil.
The creation of passive wedge is found to be non-uniform
along the pipe length which is in contrast with observa-
tions made for rigid steel pipe [41]. It can be concluded that
MDPE pipes do not behave as rigid element as compared
to steel pipes and only a limited segment of the pipe will
reach the ultimate lateral force. It should be noted that the
slight upward movement of the pipe during lateral loading
is attributed to the limited burial depth in the experiment.
The upward movement could be, indeed, more restricted if
additional surcharge pressure is applied at the surface or if
the pipe is installed at a greater depth.
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Fig. 12 Axial displacement
along the pipe at applied lateral
displacement U, of 65 mm
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1.

In this study, the interaction of dense granular soil and
MDPE pipe under lateral soil movement is evaluated using
coupled finite-discreet element framework. The pipe struc-
ture is modeled using finite elements, whereas the soil par-
ticles are modeled using discrete elements. The soil domain

is generated following the particle size distribution and

density of the Fraser River sand used in the experiments. A
calibration procedure is used to determine the micro scale
parameters of the particles. The lateral force is applied to the
pipe and the response, including displacements, strains and

bending moments, is calculated. The ultimate lateral force

compared with the experimental results, as well as some of

is

the commonly used solutions. In addition, the movement of
the particles around the pipe is examined. The conclusions

of this study are summarized below:

@ Springer

Displacement in X direction (mm)

18 -4
14.5 <129
11 -11
7.5 -14.5
4 -18
0

Buried MDPE pipes in dense sand subjected to lateral
ground movement carry the applied load via a combina-
tion of bending and tensile strains. However, the pipe
sections far from the abrupt displacement zone carry
loads mostly by bending.

The relative soil-pipe movement, for the case of MDPE
pipes under lateral loads, differs from that experienced
by pipes under axial loading. The relative movement is
generally non-uniform and increases from the centre of
the displaced zone to maximum value towards the pipe
alignment.

The calculated ultimate lateral load on the MDPE pipe
is found to be smaller than that obtained using the avail-
able closed-form solutions. This could be attributed to
the fact that these methods were mostly developed for
rigid pipes. Further analysis is needed for a wider range
of soil and pipe parameters to confirm these findings.
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' 2000 — Uy =40mm focused on the bending response of MDPE pipes under
§ Uy = 15 mm relative soil movement. The presented results are based
é 100 ¢ on analysing a limited section of the buried pipe using
% 1000 simplified linear elastic model that did not consider the
‘é ’ possible nonlinear behaviour, strain rate effect, and time-
= sl dependent response of the MDPE material. In addition,
granular material used in the large scale experiment is
0.00 . o= . . represented using scaled-up particles to keep the com-
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Position along the pipe (m)

Fig. 14 Bending moment (M) along the pipe for different applied
displacements

putational cost manageable. Further investigations are
also needed to study the combined axial and bending
behaviour of the buried pipe under lateral loading.
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Table 3 Comparison between
Refe N, P, (kN C t

different methods used to clerence d u (KN omments

calculate t?T ultimat? latgral FE-DE analysis (current study) - 8.1° Laterally loaded MDPE pipe

pressure o aned pipes in Rowe and Davis [43] 15 26.7 Anchor in sand

granular material
ASCE [27]—Dbased on [3] 16 28.5 Laterally loaded steel pipe
Wilson-Fahmy et al. [42] 25 44.5 Polymeric geogrids in pullout

#The ultimate soil resistance, P, is obtained, as illustrated in Fig. 10

Fig. 15 Side view showing the V4
displacement field within the b)

soil domain at U, of 65 mm
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