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Abstract

Buried pipelines are vital components of lifeline infrastructure, ensuring the safe and efficient
transport of water, gas, and other essential resources. Earthquake-induced fault displacements,
however, pose a significant threat to their structural integrity. Numerous numerical studies
investigate soil-pipe interaction under fault movement. These approaches, while effective, often
require high computational effort, such as modeling the pipeline with shell elements and representing
the surrounding soil as a continuum. In practice, engineering analyses frequently adopt Winkler-type
spring models to simulate the soil medium, but concerns remain regarding the suitability of this
simplified representation and the assignment of p—y responses. To address these limitations, the
present study adopts a moderately demanding yet efficient numerical approach. An HDPE pipe
buried in sandy soil is subjected to normal faulting at a dip angle of 90°. The pipeline is modeled as
a beam element embedded within continuum soil zones with interfacial contact, providing a balance
between computational efficiency and modeling accuracy. Comparisons between numerical results
and centrifuge test data demonstrate satisfactory agreement. The computed axial and bending strain
distributions along the pipeline, as well as the p—y response, align well with centrifuge observations,
whereas the ASCE (1984) guideline significantly overestimates the ultimate force and stiffness of
the springs. Furthermore, parametric analyses varying design parameters such as burial depth, pipe
diameter, and wall thickness show that the numerical trends are physically consistent and provide
practical guidance for engineers in selecting optimal values.
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1 Introduction

Buried pipelines are an essential part of
underground infrastructure in both urban
and remote areas. This is especially true
for water, gas, and liquid fuel pipelines
in remote regions, where burial helps
protect them from environmental
conditions and human activities. These
pipelines are often called lifeline systems
because they play a crucial role in
ensuring public safety and maintaining
the reliability of infrastructure.

It is well established that earthquake-
induced permanent ground displacement
(PGD) including surface faulting and
liquefaction-induced soil movement can
significantly affect underground lifelines
such as gas and water pipelines. Major
damage to these lifelines during
earthquakes is often attributed to PGD
(Hamada & O’Rourke, 1992; O’Rourke
& Liu, 1999).

Several major earthquakes have
highlighted the vulnerability of buried
lifelines to ground deformation. The
1999 Chi-Chi earthquake in Taiwan
caused severe damage to lifeline systems
due to fault displacements along the
Chelungpu  Fault (Tang, 2000).
Similarly, the 1999 Kocaeli earthquake
in Turkey resulted in extensive damage
to the water supply network in
Adapazari, primarily due to ground
deformation associated with soil
liquefaction and the softening of alluvial
sediments (Kurtulus, 2011). The 2014
Northern Nagano Prefecture earthquake
in Japan caused damage to various types
of water pipelines, including ductile iron,
polyethylene, steel, and PVC pipes,
mainly as a result of ground compression
near fault zones (Hayashi et al., 2016).
The main types of PGD include faulting
induced  displacement, landslides,
seismic settlement, and lateral spreading
due to soil liquefaction. An active fault

represents a rupture between two
sections of the Earth's crust, along which
relative  displacement may occur.
Whether faulting-induced displacement
induces tensile or compressive strains in
a pipeline depends on the relative
orientation of the pipeline and the fault
(e.g., right-lateral or left-lateral
displacement). In most cases, both axial
and bending strains occur
simultaneously during faulting. These
strains can lead to rupture as a result of
excessive stress or buckling
deformation. Such failures not only
disrupt the operation of lifeline systems
but may also cause  serious
environmental hazards due to the
leakage of dangerous materials,
including natural gas, fuel, or liquid
waste (Ha et al., 2010).

Given the critical importance of
underground lifelines, assessing the
seismic response of buried pipelines at
fault crossings is a key consideration in
seismic design. Ensuring the safety and
integrity of pipelines exposed to fault
rupture requires particular attention.
Consequently, experimental
investigations,  along  with  the
development of analytical and numerical
models capable of accurately predicting
pipeline behaviour, are essential. To this
end, several two-dimensional physical
models have been developed to study the
horizontal and vertical resistance of
buried pipelines and their associated
failure mechanisms. (e.g., Trautmann &
O’Rourke, 1985; Ng & Springman,
1994; White et al., 1994; Chin et al.,
2006; Cheuk et al., 2008). Fault rupture
is inherently a three-dimensional
phenomenon and cannot be adequately
represented by two-dimensional plane-
strain or plane-stress assumptions. The
mechanical response of buried pipelines
to fault-induced ground displacement is
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three-dimensional, and 2D models do
not accurately capture in-situ conditions
during faulting. Consequently, applying
p—y curves derived from 2D models to
3D scenarios is generally questionable.

Extensive research has improved
understanding of buried pipeline
behaviour under fault displacements.
Several studies have refined analytical
models to more accurately represent
bending  stiffness and  soil-pipe
interaction effects (e.g., Takada et al.,
2001; Karamitros et al., 2007; Trifonov
& Cherniy, 2010, 2012). Numerical
modelling approaches have also become
increasingly sophisticated, incorporating
nonlinear soil springs and shell elements
to capture large deformations and plastic
behaviour (Shakib & Zia-Tohidi, 2004;
Liu et al., 2004; Savidis et al., 2011; Xie,
2008). Parametric investigations have
highlighted the influence of soil type,
pipeline geometry, and fault—pipeline
orientation on mechanical response
(Vazouras et al., 2010, 2012, 2015;
Tahghighi & Hajnorouzi, 2014; Liu et
al., 2016). In addition, recent studies
have explored mitigation strategies, such
as flexible joints, to enhance pipeline
resilience  under seismic  faulting
(Melissianos et al., 2016; Naghdali et al.,
2020). Collectively, these advances
demonstrate  the  importance  of
combining experimental and numerical
approaches to accurately predict and
improve buried pipeline performance
under complex fault-induced ground
deformations.

To develop three-dimensional models,
Miyajima et al. (2003) and Katagiri et al.
(2003) conducted experimental studies
on PVC and polyethylene (PE) pipelines
subjected to fault rupture. Tohda et al.
(2005) performed 3D centrifuge model
tests on pipelines under ground
settlement.  Similarly, Lee (2005)

investigated the deformation response of
various buried pipelines under reverse
faulting using centrifuge modelling,
analysing soil reaction forces around the
deforming pipe to develop improved
analytical approaches for reverse-fault
crossings.

Although several physical
experiments have been performed to
examine 3D soil-pipe interaction, direct
measurements of the p—y response of soil
under normal faulting remain scarce.
Moreover, due to the limited availability
of experimental data and the lack of
comprehensive  validation  datasets,
further development and calibration of
numerical models for such systems are
required to ensure their reliability.

Pipelines subjected to faulting-

induced displacements generally
experience four types of mechanical
behavior: pure tension, pure

compression, tension with bending, and
compression with bending. Typically,
pure tension can be viewed as a specific
case of tension with bending, and pure
compression as a special case of
compression with bending. This paper
focuses on developing and validating
numerical models based on centrifuge
experiments simulating tension and
bending conditions.

Figure 1 illustrates the general forms
of ground rupture that can affect buried
pipelines. It shows a pipeline crossing a
normal fault at an angle ,,relative to the
fault plane, where the pipe experiences
both tensile and bending strains. The
seismic response of pipelines under
normal faulting is typically asymmetric
with respect to the fault plane (Xie et al.,
2011). The present study specifically
focuses on the behaviour of pipelines
under normal faulting conditions, i.e.,
where axial tension occurs in
combination with bending strains.
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Figure 1. Earthquake-induced ground rupture types: (a) strike-slip, (b) normal, (c) reverse fault (Xie et al., 2011).

Over the past three decades, relatively
limited attention has been given to
developing analytical models for
predicting pipeline behavior under
normal or reverse faulting. For pipelines
subjected to normal faulting or ground
settlement, the distributed soil-pipe
interaction forces during downward
movement are significantly higher than
during upward movement. Kennedy et
al. (1977) proposed an analytical method
to estimate pipeline strains, though its
accuracy is questionable. Nyman (1983)
and Murry (1997) developed analytical
models for pipelines crossing thaw-
unstable zones, conditions that are
similar to ground rupture from normal
faulting. Ha et al. (2008) used centrifuge
modeling to simulate the response of
high-density  polyethylene (HDPE)
pipelines to normal faulting.

Knowledge of the p—y response of
soils surrounding buried pipelines,
particularly under normal faulting
conditions, remains limited. This study
aims to address this gap by developing
and validating a numerical model for
buried HDPE pipelines subjected to
normal faulting. The proposed numerical
approach embeds beam elements within
continuum solid zones, offering a
reasonable balance between

computational efficiency and modeling
accuracy. It is neither as simplistic as the
Winkler spring model nor as
computationally demanding as shell-
element modeling within a continuum.
The primary objective of this study is to
verify whether the p-y response
predicted by the proposed approach is
consistent with the results obtained from
centrifuge experiments. The findings
provide a foundation for more reliable
design and assessment of lifeline
systems crossing active faults.

2 Centrifuge Modeling of HDPE Pipe
under Normal Fault

The centrifuge test involves simulating
geotechnical phenomena using small-
scale models subjected to self-weight
stresses equivalent to several times
Earth’s gravity. Centrifuge model testing
has proven particularly valuable for
elucidating deformation and failure
mechanisms and for providing data to
validate numerical analyses (Taylor,
1995). The fundamental principle of
centrifuge modeling is the 1/N scale
model tested under a gravitational field
of Ng, where N is the scale factor and g
is the gravitational acceleration (Table

1.
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Table 1. Centrifuge Scaling Laws.

Parameter Unit Scale

Acceleration L/T? n

Linear dimension L I/n

Area dimension L2 1/n?

Volume dimension L3 1/n?
Stress M/LT? 1
Strain - 1

Mass M 1/n3
Density M/L? 1
Unit weight M/(L*T?) n

Force ML/T?  1/n?

Bending Moment ML%T? 1/n?

In the centrifuge tests conducted by
Ha et al. (2008), fault displacements
were simulated using a split-box
container with internal dimensions of
1.14 m x 0.76 m x 0.2 m (Figure 2). This
container was capable of reproducing
both vertical and horizontal
displacements while the centrifuge was
in operation. The maximum vertical
displacement that could be applied by
the split box was approximately 0.04 m,
corresponding to an equivalent prototype
displacement of 0.48 m at a scale factor
of 12.2g.

Sp.1>t Container Test i

/

0.08m
Fixed Side |V

N

The modelled pipe was hinged to the
walls of the split box, simulating the
prototype pipe with compression blocks
near the fault. Axial and bending strains
in the pipe were recorded during the
simulated fault displacement, while
lateral forces along the pipeline were
measured using tactile pressure sensors.
The observed lateral force distributions
were consistent with the values inferred
from strain gauge measurements. In the
normal fault scenario, lateral forces on
the pipe were asymmetric relative to the
fault, with a concentration on the uplift
side. The maximum lateral force was
compared with the data provided in the
ASCE (1984) guideline and
experimental results used to develop the
full p-y soil-pipe interaction
relationship. For a normal fault, the
ASCE (1984) guideline proposes a p—y
curve characterised by a high maximum
bearing capacity and a steep slope (i.e.,
small yield displacement), which was
adopted in the present study as a
reference for evaluating both the
experimental tests and 3D numerical
modelling results.

Deformed Pipe Down Thrown Side

——
Fixed Side

W —— T
0.57m | Down Thrown Side | 0.5Tm
Before Offset Elevation View After Offset

Figure 2. Centrifuge Model Setup Before and After Displacement in Normal Fault Simulation, Elevation View (Ha,

2007).

3  Three-Dimensional Numerical
Modeling of Buried Pipelines
3.1 Numerical Modelling Software

FLAC3D is a numerical modelling
program for continuum media that can
effectively simulate the behaviour of soil
and rock under structural loads. It
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employs an explicit finite difference
method  based on  Lagrangian
calculations, enabling accurate
computation of point displacements
under large-strain conditions (Itasca
Consulting Group, 2020). Consequently,
Lagrangian-based analysis is
particularly suitable for PGD problems
involving large strains. While implicit
solutions for complex continuum
analyses can be very time-consuming,
FLAC’s explicit approach provides
accurate model responses within a
relatively short computation time.
Because FLAC does not generate a
stiffness matrix, it also requires
relatively low computer memory. The
program is capable of simulating both
elastic and plastic material behaviour.

3.2 Geometric Characteristics of the
Model and HDPE Pipe Specifications
In this study, the pipeline was assumed
to be straight, with uniform surrounding
soil. Soil properties, burial depth, and
pipe cross-section characteristics were
considered constant along the pipeline.
The effects of pipeline joints were
neglected; in other words, the pipeline
was assumed to be continuous.

The geometric specifications, model
properties, and boundary conditions for
the pipeline model generated in FLAC
were adopted from the centrifuge model.
The model dimensions in the X, Y, and
Z coordinate directions were 1.14 m,
0.76 m, and 0.2 m, respectively,
matching the internal dimensions of the
split-box container used in the centrifuge
device (Figure 3).

In FLAC3D, the meshing process is
entirely user-controlled and 1is not
automatically generated. The user
defines the initial dimensions of the
blocks (zones) when creating the model,
specifying the number of zones along

each direction. Once the initial mesh is
established, the user can manually refine
it or adjust certain features of the zone
geometry to improve resolution in
critical regions.

In this study, the zone size was
selected to achieve an optimal balance
between numerical accuracy and
computational efficiency. Larger zones
may introduce numerical errors, while
excessively small zones substantially
increase computation time. This issue is
particularly critical because FLAC3D
employs an explicit solution scheme,
which generally requires smaller time
steps and therefore greater
computational effort compared to
conventional implicit finite element
methods. The optimal zone size was
determined through a trial-and-error
procedure by varying the mesh density
until a reasonable agreement was
achieved between the numerical and
experimental results, and further mesh
refinement did not produce significant
changes in the overall response trends. In
the present study, a mesh of 20 x 10 x 5
zones (a total of 1,000 zones) was
utilized for modeling.

The soil was modeled using the
Mohr-Coulomb  constitutive  model,
which includes the material parameters
of shear modulus (G), Poisson’s ratio (v),
friction angle (@), and cohesion (c). The
values of these parameters are presented
in Table 2, as reported by Ha et al. (2008)
and Xie (2008). Although the traditional
Mohr—Coulomb model has certain
limitations, particularly its inability to
accurately represent strain-softening
behavior, several modified versions have
been proposed to address these
shortcomings (e.g., Robert & Rajeev,
2016; Chatzidakis et al., 2022).
Nevertheless, the original form of the
model remains widely adopted for this
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type of analysis (e.g., Farhang & Hojat
Jalai, 2025; Dimirci et al., 2018; Banushi
et al., 2018). Since the primary objective
of this study is to obtain realistic
predictions of faulting-induced strains
and soil-structure interaction forces

using a numerical scheme with relatively
low computational demand, the selected
constitutive model is  considered
sufficient to represent the soil failure
mechanism and its ultimate resistance
(bearing capacity).

——
i -
i

Figure 3. Geometry and mesh of the modeled soil with the embedded pipeline in FLAC3D.

When modeling buried pipelines
subjected to fault-induced
displacements, the use of beam elements
is a well-established and practical
approach. This method can effectively
capture the elasto-plastic behavior and
frictional properties of the surrounding
soil (Joshi et al., 2011; Xie et al., 2011).
Such models are relatively
straightforward to construct and analyze,
making them suitable for practical
engineering applications (Talebi &
Kiyono, 2021). They can also be
executed on personal computers within
reasonable computation times, which is
advantageous for iterative design
processes.  Moreover, beam—spring
models are capable of simulating the
formation of plastic hinges and capturing
both tensile and compressive strains
along the pipeline (Uckan et al., 2015).

In the present study, numerical
simulations of the HDPE pipe under a
normal fault with a fault plane dip angle

B = 90° were performed in FLAC3D
using pile elements which is a
specialized form of structural beam
element. It is a two-node (line) structural
member whose nodes coincide with
FLAC3D grid points. The element itself
is one-dimensional and has no physical
volume; its interaction with the
surrounding continuum occurs through
its nodes. Compared to conventional
beam elements, pile elements are
specifically designed to simulate
distributed axial and shear force transfer
between the soil and the structural
member. They are therefore well suited
for soil-structure interaction problems
involving buried piles, pipes, or shafts.
The pile element includes built-in
distributed coupling springs (normal and
shear) along its length, which
automatically represent soil reactions
through link elements.

The reduced friction angle between
the pipe and the surrounding soil was
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taken as two-thirds of the soil’s internal
friction angle ¢ (Yimsiri et al., 2004).
For dense sand (¢ = 40°), this
corresponds to a pipe-soil friction
coefficient p = 0.5 (Xie, 2008).

The modeled pipe in FLAC3D had a
length of 1.14 m, an outer diameter D of
33.4 mm, a wall thickness t of 1.96 mm,
and a burial depth to the pipe center Hc
of 0.092 m (He/D = 2.8), matching the
centrifuge scale.

Table 2. Soil parameters used in the numerical
analysis (Ha, 2007).

Parameter Dense Sand Value

Shear modulus G (MPa) 9.5

Unit weight y (kN/m?) 14.7
Poisson’s ratio v 0.3
Internal friction angle ¢ (°) 40
Dilation angle y (°) 0
Cohesion ¢ (kPa) 0
Pipe—soil friction coefficient p 0.5

All centrifuge tests were conducted
with relatively low fault displacement
rates, resulting in low strain rates in the
pipe material. However, some tests were
performed at higher displacement rates
to examine their influence on pipeline
response. It should be noted that, due to
the static nature of the FLAC model, the
effect of fault displacement rate was
neglected in the analysis, and the
simulations were controlled by the final
displacement value.

The stress—strain relationship for
HDPE pipe material is nonlinear and
strain-rate dependent. A hyperbolic
empirical model proposed by Merry and
Berry (1997), which incorporates strain-
rate effects, was used for modeling
purposes. Although this model shows
good agreement with laboratory data at a
strain rate of 1%/min, significant

deviations occur at higher strain rates,
limiting its applicability (Figure 5). In
this study, consistent with the centrifuge
tests, a strain rate of 1%/min was
adopted.

For simplification, the pipe material

was assumed to be elastic, and its stress—
strain relationship was considered linear.
Thus, Young’s modulus and the tensile
(compressive) yield strength of the pipe
material were taken as 400 MPa and 13.6
MPa, respectively, based on Figure 4 and
the selected strain rate. In accordance
with centrifuge test data, due to the high
compaction of the HDPE material, a
density of 955 kg/m* and a Poisson’s
ratio of 0.45 were used for the pipe in the
model.
The pipe was loaded in two stages: first,
a geostatic analysis was performed to
establish the initial stress state in the soil;
second, a vertical displacement (normal
fault simulation) was applied to all nodes
that were free to move vertically. As the
normal fault movement progressed, the
soil in the fault zone underwent very
large deformations.

As noted, the faulting process can be
considered a static problem; the speed
and rate of fault displacement have little
effect on the stresses and strains induced
in pipelines. Instead, the final
displacement magnitude is of primary
importance. Therefore, in the fault
modeling, one side of the fault was fixed,
while all points on the other side of the
fault (from X = 0.75 m to X = 1.14 m)
were assigned a specified vertical
velocity in the negative Z-direction. Due
to the restraining effect of the soil, the
relative displacement between the soil
and the pipe at the fault location induced
both axial and lateral forces on the
pipeline.
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Figure 4. Stress—strain relationship of dense HDPE at different strain rates (adapted from Ha, 2010).
In this study, a normal fault with relationships, which represent the

continuous soil-pipe contact was
modeled to closely match real
conditions. In previous studies, the soil
around the pipe was represented using
nonlinear elasto-plastic springs in axial,
lateral, and  vertical  directions,
generating a specified resistance per unit
pipe length without considering actual
contact effects. Soil resistance depends
on soil properties and applied stresses,
and is therefore not uniform along the
pipe. In contrast, in Winkler spring—
based simulations (Winkler, 1867), the
same elasto-plastic spring properties are
applied to all surrounding soil. The
continuous model used here avoids such
simplifications and allows each point to
respond according to its geometric
location and stress state.

3.3 Pipe-Soil p—y Response under
PGD

In analytical and many computational
models for studying soil-pipeline
interaction, force—displacement

movement of soil relative to the pipeline,
are essential. The nonlinear stress-
dependent characteristics of these force—
deformation curves are expressed by
springs, commonly represented as t—x,
p—y, and g—z curves (Figure 5), which
describe the soil behavior in axial, lateral
horizontal, and lateral vertical directions,
respectively. Some of the widely used
lateral force—displacement relationships,
often referred to as p—y curves, were
provided by the ASCE Gas and Liquid
Fuel Lifelines Committee in its seismic
design guidelines for oil and gas pipeline
systems (ASCE, 1984). It should be
noted that, for normal faulting, the axial
and horizontal lateral directions are not
of primary importance. The ASCE
(1984) guidelines provide a bilinear
relationship for the transverse force of
pipeline—soil interaction.

The elasto-plastic relationship is
determined by the maximum force per
unit length corresponding to the section
of the pipeline that bears the downward
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soil load during fault displacement
(ASCE, 1984):

1
Qua = quyHc + EerDz (1)
and its relative displacement,

Zyua = (01-0.15)D 2)

In these equations, Ny and N, are
dimensionless factors for the vertical
downward load of a horizontal strip
footing in dense sand. For the centrifuge

experiments described above, with
prototype scale parameters:
y=14.37 kN/m>, He=1.12m, D=0.408m
where 7 is the effective unit weight
density of the soil, He is the depth of the
soil from the ground surface to the center
of the pipe, and D is the pipe. Nqd and N;
from the ASCE guidelines are calculated
65 and 80 respectively, the results are:
qud=536 kN/m and Zu4~0.05 m.

Transverse
Vertical
A
Transverse
Horizontal
& 8 » axial
(b)
T 4 p A Q A
," - - -
,/
k, )
Yu > ‘/n = “ud kvu o
' X, X ) y " z
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’/ /
”
,,,,, t, o)
“19ua

Figure 5. Winkler spring model as defined in ASCE (1984) guidelines.

The three-dimensional behavior and
interaction between soil and pipe under
normal faulting is a complex
phenomenon. A series of numerical
models based on the finite difference
method were developed to study the
soil-pipe interaction in three dimensions
(using pile elements for the pipe and a
continuum model for the soil).

The objectives of the finite difference
analysis in this study are, more
specifically, to examine the applicability
of continuum modeling as an alternative

to spring models by comparing results
with centrifuge experiments, and to
calibrate the soil-pipe interaction (p—y)
relationship  for normal faulting
conditions based on centrifuge test data.

The priorities of this research are first
to investigate the soil pressure acting on
the pipe, and then the pipe deformation
and strain due to changes in soil
pressure. In the three-dimensional
continuum analysis, the soil-pipe
interaction in the section of the pipeline
near the fault (at a distance of 1.5D from
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the fault trace where the strongest
influence on the pipeline response
occurs, was examined. Specifically, as
the distance from the fault increases, the
maximum  displacement  generally
decreases. The computed pipe resistance

curve (p—y) was generated and compared
with the p—y relationships defined in the
ASCE (1984) guidelines. The forces
obtained as a function of normalized
pipe displacement (y/D) are shown in
Figure 6.

600

500
ASCE
400 —=— Centrifuge
~
§ === == = Numerical
< 300
£
mé
200
100 - m——————T
e
0
0.15 0.2 0.25

y/D

Figure 6. Bearing capacity from ASCE (1984) guidelines, centrifuge.

experiments (Ha, 2008), and numerical
modeling results of the present study
The numerical simulation results shown
in Figure 6 exhibit acceptable agreement
with the experimental results. The small
discrepancies between the numerical and
experimental results may be partly
attributed to the fact that, in the
centrifuge tests with a gravity scale of
12.2g, the real confinement conditions
for dense sand could not be fully
replicated due to sensor attachment on
the pipe surface. Although the numerical
model’s bearing capacity curve differs
considerably from that given by the
ASCE (1984) guidelines, it maintains an
elasto-plastic form consistent with
physical reality.

Due to equipment limitations and the
displacement range that could be
imposed for normal faulting, the

maximum bearing resistance did not
reach a plateau in the curve. The
significant differences in the curves
shown in Figure 7 indicate that designing
HDPE pipelines for normal faulting
solely based on the ASCE (1984)
guidelines may be  considered
conservative.

4 Numerical Analysis of Buried
Pipeline under Normal Faulting

The examination of predicted strain
distributions  indicates that these
simulations significantly overestimate
the measured axial and bending strains
(for example, the ASCE guideline is
overly conservative). The axial and
bending strains from the numerical
simulation of normal faulting and the
centrifuge test results (Ha, 2008) are
shown in Figure 7. The modeling was
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Figure 7. Distribution of measured and predicted axial and bending strains along the pipeline.

performed for three different fault
displacements of 0.04, 0.02, and 0.01
meters (equivalent to 0.488, 0.244, and
0.122 meters in prototype scale)
consistent with the centrifuge test data.
In this study, the axial strain is
considered to be caused solely by direct
tension or compression, while bending
strain arises only from transverse
bending. As observed in Figure 7, there
is good agreement between numerical
and experimental results; both the
numerical predictions and centrifuge

data show that for normal faulting at a
90° angle, a large vertical force is
concentrated near the fault in the fixed,
non-moving region of the model. This
large vertical force arises from
asymmetry in soil resistance, which is
high in the fixed region and low in the
part of the model displaced downward.
The numerical results indicate that as
fault displacement increases, the
asymmetry in soil resistance causes a
displacement and transfer at the opposite
side of bending. Interestingly, this



Soil-pipe interaction and p—y response of buried pipelines under normal faulting ... 179

displacement transfer was not observed
in the experimental data. As noted,
variations in soil resistance in the
vertical direction and in the region to the
right of the fault affect bending strain
more than axial strain. The predicted
axial strain reaches its maximum at
approximately 2 meters on both sides of
the fault location.

Part of the discrepancy between the
numerical and experimental axial strain
values shown in Figure 8 is due to
approximations in the numerical solution
of the equations. Additionally, there are
limitations in using the Mohr-Coulomb
failure criterion to simulate soil flow.
Another  explanation  for  these
differences lies in the limitations of the
centrifuge tests due to the presence of
sensors. The first limitation relates to
strain gauges and errors caused by local
hardening effects in model pipes with
low stiffness. To appropriately model the
geometry and bending stiffness of a wide
range of pipeline materials (e.g., steel,
cast iron, high-density polyethylene
(HDPE)), strain is measured on
aluminum model pipes representing
materials with low plastic stiffness. For
materials with low stiffness, the local
bending stiffness of the model pipe
increases due to the application of
adhesive strain gauges and the stiffness
of the strain gauges themselves.
Research in geosynthetics has shown
that this local hardening effect results in
significant strain measurement errors
(e.g., Bathurst et al., 2002; Warren et al.,
2010). Therefore, this strain
measurement technique is not suitable
for physical modeling of flexible
pipeline materials. The second limitation
of strain gauge technology is that strain
gauges provide point measurements of
strain. Thus, to obtain the maximum
curvature along a pipeline exposed to

bending under differential ground
displacement, many strain gauges are
required. However, the number of
instruments that can be used is limited by
practical constraints such as minimum
spacing between sensors, wiring, and
other related installation systems.
Another factor to consider is that the soil
surrounding the pipe may not be
properly compacted due to the presence
of these sensors.

It is important to note that the bending
strain at the fault location should be
negligible and close to zero. It should
also be mentioned that the mesh size in
the fault zone of the numerical model
influences the variation of bending strain
distribution along the pipeline length; the
smaller the mesh size at the fault
location, the smaller the differences in
results, and the closer the model
approximates reality. Nonetheless, an
overall satisfactory comparison between
experimental data and numerical
simulation indicates that finite difference
models reasonably capture the soil-pipe
interaction and overall strain response. It
should be noted that due to equipment
limitations, the normal fault
displacement in the prototype sample
cannot exceed 0.48 meters.

The peak axial and bending strains
from the numerical analyses and
centrifuge test results are plotted against
fault displacement in Figure 8. As
observed, the peak axial strain versus
fault displacement is similar in both
modeling approaches. In this figure, a
slight deviation from linear behavior
(partial hardening) in centrifuge test
results appears at displacements greater
than 0.3 meters. The maximum bending
strains on both sides of the fault location
differ, and here too, a slight deviation
(partial softening) from linear behavior
is observed.
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Figure 8. Maximum axial and bending strains versus
normal fault displacement at § = 90°.

5 Parametric Analysis of Buried
Pipeline under Normal Faulting

This section presents a parametric study
on factors affecting the distribution of
axial and bending strains along the
pipeline, including burial depth, pipe
diameter, pipe wall thickness, and pipe
material stiffness. In all cases, the
obtained strain distribution curves are
compared with the numerical modeling
results of normal faulting. It is worth
noting that all pipeline simulations
employed polyethylene pipes
conforming to the AWWA standard.
The primary objective of numerical
parametric analyses is, first, to evaluate
the influence of various parameters on
the behavior of buried pipelines. The
results provide practical engineers with
valuable insights into how each
parameter affects pipeline response and
aid in identifying optimal combinations
of design parameters. By understanding

the trends associated with each
parameter, optimizing pipe wall
thickness, burial depth, and soil
conditions  becomes  critical  for
enhancing pipeline resilience against
fault-induced  ground  movements.
Second, comparing the outcomes of this
study with those from other published
numerical or experimental investigations
helps validate the numerical schemes
employed.

5.1 Effect of Burial Depth (H/D Ratio)
According to ASCE (1984) guidelines
and Yimsiri (2004), the relative burial
depth, expressed as the ratio of burial
depth to pipe diameter (Hc/D), is the
primary parameter influencing lateral
soil-pipe interaction. The effect of this
parameter was investigated for a nominal
H¢/D ratio of approximately 5, using
different combinations of pipe diameters
and burial depths. In one scenario, the
pipe diameter was fixed while burial
depth increased (H/D = 5); in the other,
burial depth was fixed while pipe
diameter decreased (H/D = 5.1) (Figures
9 and 10).

As expected, in the first scenario,
increased soil resistance at greater burial
depths leads to higher axial and bending
strains, particularly at larger fault
displacements. Figure 9 shows that as
burial depth increases, bending
deformation becomes concentrated
closer to the fault, with the location of
maximum bending strain shifting toward
the fault line and its magnitude
increasing due to higher soil resistance.
Measured axial strains for H/D = 5 are
also more concentrated near the fault,
reflecting higher longitudinal friction
compared to H/D = 2.8, although axial
strains remain similar for small fault
displacements.
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When the burial depth increases, the
higher confinement of the surrounding
soil caused by overburden pressure
forces the pipeline to follow the abrupt
fault-induced deformations transferred
through the stiffer soil. As a result, the
curvature of the beam increases, and the
bending  strains = become  more
pronounced. At the same time, the
frictional resistance between the soil and
the pipe surface is enhanced, leading to
higher axial strains. This observation
agrees with the findings of Qiu et al.
(2025), who reported that a lower H/D
ratio improves deformation
compatibility and enhances the overall
structural stability of the pipeline.

5.2 Effect of Pipe Diameter

The effect of pipe diameter was
investigated at H/D =5.1, where the pipe
diameter is approximately half that of the
case with H/D = 2.8. The axial and
bending strain distributions along the
pipe are presented in Figure 10.
Comparison of strain distributions for
larger and smaller diameter pipes at the
same burial depth indicates that pipe
diameter has a relatively minor effect on
axial strain distribution. However,
bending strains in the smaller diameter
pipe model are slightly lower than those
in the larger diameter pipe model. This

observation is consistent with the
findings of Wijewickreme and Dilrukshi
(2017), who reported that, for a given
overburden ratio or burial depth (H), the
normalized maximum soil restraint
decreases with increasing pipe diameter
(D). A larger soil restraint at smaller
diameters indicates a stronger resistance
of the surrounding soil against pipe
movement, resulting in greater curvature
along the pipe and, consequently, higher
bending and axial strains.

Although the H/D ratio is a convenient
dimensionless parameter that simplifies
the interpretation of soil—pipe interaction
results, the present study demonstrates
that the individual values of burial depth
(H) and pipe diameter (D) also exert
distinct influences on pipeline response.
Therefore, both parameters should be
explicitly considered when evaluating
soil restraint and the resulting axial and
bending strain distributions. In general,
factors affecting pipeline behavior are
highly interactive. For this reason, Dey
and Tesfamariam (2022) employed the
Taguchi method and design of
experiments to identify the key factors,
including pipe diameter-to-wall
thickness ratio (D/t), burial depth, soil
stiffness, and fault angle, that influence
pipeline response.
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Figure 9. Effect of burial depth on the distribution of axial and bending strains in normal faulting.
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Figure 10. Effect of pipe diameter on the distribution of axial and bending strains in normal faulting.

5.3 Effect of Pipe Wall Thickness (D/t
Ratio)

The diameter-to-thickness (D/t) ratio
emerging as a key design parameter
influencing mechanical performance
under faulting hazards. Understanding
how D/t ratio affects strain and stress
responses is essential for ensuring
pipeline safety, seismic resilience, and
long-term  infrastructure  reliability
(Jahangiri and Shakib, 2020). The
influence of pipe wall thickness on the
distribution of axial and bending strains
was investigated at a fault displacement
of 0.04 m in the centrifuge model (0.448
m in the prototype scale) for different D/t
ratios, with a constant pipe diameter of
0.3344 m (centrifuge scale) (Figure 11).
Specifically, D/t =11 (t=0.0304 m) was
selected as the thick-wall case, and D/t =
26 (t = 0.0129 m) as the thin-wall case,
in addition to previous results for D/t =

1

17 (t = 0.0196 m). As shown in Figure
11, increasing the pipe wall thickness
leads to reductions in both maximum
axial and bending strains. This behavior
is attributed to the increased cross-
sectional area, moment of inertia, and
bending stiffness associated with greater
wall thickness. This observation aligns
with the findings of Zhang et al. (2020),
who reported that pipeline axial strain
decreases with a lower diameter-to-
thickness ratio (D/t). Therefore, a lower
diameter-to-thickness ratio (D/t)
generally results in decreased axial strain
in pipelines, enhancing their structural
integrity and resistance to faulting
displacements.

5.4 Effect of Pipe Material Stiffness

This section examines the effect of the
pipe material’s elastic modulus on the
distribution of axial and bending strains.
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Figure 11. Effect of pipe wall thickness on the distribution of axial and bending strains under a normal fault

displacement of 0.488 m in prototype scale.
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For simplicity, the pipe materials were
assumed to be elastic with linear stress—
strain behavior. As shown in Figure 12,
the overall shape and pattern of the axial
and bending strain distributions remain
similar, while increasing the material
stiffness reduces both axial and bending
strains. The influence of material
stiffness on strain distribution s
particularly pronounced at larger fault
displacements.

The bending strain is directly related
to pipe curvature, which is a function of
the pipe bending stiffness (E,lL,). A

0.8

183
higher bending stiffness limits the
curvature  induced by  soil-pipe

interaction, thereby reducing bending
strain, as demonstrated in previous
studies (e.g., Saiyar et al. 2016). In
addition, a stiffer pipe resists local
deformations imposed by the fault
displacement, which distributes the
displacement over a longer pipe length
and reduces the corresponding axial
strain. These observations are consistent
with the physical behavior of the soil—
pipe system and justify the trends
observed in the numerical results.
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Figure 12. Effect of material stiffness on the distribution of axial and bending strains under normal faulting.

6 Conclusions

This study employed a numerical
approach to model the response of buried
pipelines subjected to normal fault
displacements, where beam elements
were embedded within solid elements
representing the surrounding soil. The
results showed good agreement with
measured bending and axial strains,
demonstrating that the proposed method
can reliably capture the key aspects of
soil-pipe  interaction under fault
movement.

The adopted approach is more realistic
than the simplified Winkler spring
model, yet far less computationally
demanding than continuum models
using shell elements, which typically
require high-performance computing

resources. It therefore offers a balanced
compromise between accuracy and
efficiency. By directly modelling the
interaction between soil and pipe, the
method reduces the assumptions and
uncertainties associated with selecting
appropriate spring stiffness values in
conventional analyses.

It should be noted that the present
model does not account for local
buckling of pipelines, which may occur
under very large fault offsets or in thin-
walled pipes. However, such situations
are generally avoided in practical
pipeline design. Hence, the proposed
approach can serve as a reliable and
practical tool for design applications,
especially when iterative or trial-and-
error analyses are required to identify
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optimal  combinations of  design
parameters such as burial depth, wall
thickness, and pipe diameter.

The results also highlight the
importance of accurately defining
Winkler spring stiffness, as commonly
used guidelines may not provide
sufficient precision for this type of
problem.

Parametric analyses confirmed that
the trends obtained are consistent with
previous studies. Increasing burial depth
leads to higher soil confinement, forcing
the pipeline to follow the abrupt fault-
induced deformation within the stiffer
surrounding soil. This results in
increased curvature and higher bending
strains. At the same time, greater
frictional resistance along the pipe—soil
interface causes an increase in axial
strain.

At a constant burial depth, pipe
diameter has a relatively minor effect on
axial strain distribution; however,
bending strains in smaller-diameter
pipes are slightly lower than those in
larger pipes. Although the burial depth
ratio H/Dis a convenient dimensionless

parameter for interpreting soil-pipe
interaction, this study demonstrates that
both burial depth (H) and pipe diameter
(D) individually influence pipeline
behaviour and should therefore be
considered explicitly.

A lower diameter-to-thickness ratio
(D/t) was found to reduce axial strain,
thereby improving the pipeline’s
structural integrity and resistance to
faulting displacements.

A stiffer pipe material can better resist
local deformations imposed by fault
movement, distributing the displacement
over a longer pipe length and reducing
the corresponding strain.

Overall, the observed trends provide
valuable insights for design engineers,
offering realistic guidance for selecting
appropriate design parameters and
improving the resilience of buried
pipelines against normal faulting. It
should be noted, however, that the
present results correspond to a normal
fault with a dip angle of 90° and a HDPE
pipeline embedded in dense sand;
different materials, fault geometries, or
soil types may lead to varying trends.

Table 7. List of Symbols.

Symbol Description Unit
XY, Z Cartesian coordinate directions m
D Pipe outer diameter m
t Pipe wall thickness m
H, Burial depth to pipe center m
H./D Dimensionless burial depth ratio -

G Shear modulus of soil MPa
v Poisson’s ratio -
[0) Internal friction angle of soil °
Y Dilation angle of soil °

c Cohesion of soil kPa

y Unit weight (effective weight density) of soil kN/m?
u Pipe—soil friction coefficient -

E Young’s modulus of pipe material MPa

p Density of pipe material kg/m?

Qud Ultimate downward soil reaction per unit pipe length kN/m
Zyg Relative displacement corresponding to q,.4 m
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Symbol Description Unit
Nga, Ny Dimensionless bearing capacity factors -
p Lateral soil resistance per unit length (p—y response) kN/m
y Lateral pipe displacement m
t—x Axial force—displacement response -
q-z Vertical force—displacement response -
D/t Diameter-to-thickness ratio -
ay Yield strength of pipe material (tensile/compressive) MPa
c _
B Fault dip angle °
6 Pipe—soil interface friction angle °
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