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ABSTRACT: Buried pipelines are an essential component of lifelines. However, they are repeatedly damaged by
earthquakes. Fault displacement is a significant cause of damage to buried pipelines. In this study, the response of
buried pipelines to reverse fault, normal fault, and vertical dislocation was evaluated using the discrete element
method (DEM), which can model the details of the nonlinear behavior of the ground. The characteristics of the
deformation, bending moment and axial force of the buried pipe for each fault type are clarified about the burial
depth. For comparison, a finite element analysis using soil springs was also performed. The results showed that
the response of the buried pipe was significantly different from that of the DEM because the deformation of the
ground surface could not be considered in the FEM analysis. For finite element analysis with soil springs for the
practical design of buried pipes subjected to fault displacement, it is necessary to improve the model of soil springs.

Keywords: Buried pipeline, Soil-pipe interaction, Fault movement, Discrete element method, Finite element
method

1. INTRODUCTION beam with the range of yielding of the ground as the
unknown in a model which treats the buried pipe as
Fault displacement is one of the most common an elastic beam and the ground around it as elasto-
causes of damage to buried pipelines during plastic springs. Talebi and Kiyono [10] developed a
earthquakes. For example, in the 1971 San Fernando new governing equation that includes the exact
earthquake, more than 1,400 buried water, sewage, nonlinear axial and transverse soil-pile interaction
and gas pipelines were damaged because of the fault terms for a strike-slip fault crossing. At present, finite
displacement near the ground surface [1]. In the 1999 element analysis, in which the pipe and the ground are
Chi-Chi earthquake in Taiwan, it was confirmed that modeled as a beam element and nonlinear spring,
some steel pipes subjected to fault displacement were respectively, is commonly used in design practice to
deformed in a z-shape [2]. In the 2014 Kamishiro evaluate the cross-sectional force generated in buried
Fault Earthquake in Nagano Prefecture, a sewer pipe pipes subjected to fault displacement. The restoring
that intersected a reverse fault was damaged by force characteristics of the nonlinear springs in the
vertical and  horizontal  displacements  of ground can be set based on the guidelines released by
approximately 80 cm and 40 cm, respectively [3]. In the American Lifelines Alliance (ALA) [11].
the 2016 Kumamoto earthquake, a ductile iron pipe Yoshizaki et al. [12] conducted large-scale
for the water supply crossing the fault in Mashiki experiments to analyze in detail the effects of
Town was bent significantly and detached at the joint permanent ground displacement (PGD) on buried
[4]. steel pipes. Ha et al. [13-15] and Abdoun et al. [16]
The design of buried pipelines against fault conducted centrifuge experiments on a reduced
displacement has been developed in the past. model to investigate in detail the relationship between
Newmark and Hall [5] developed a method to the cross-sectional forces generated in a buried pipe
calculate the pipe elongation by considering the non- subjected to fault displacement and the characteristics
uniform distribution of frictional forces between the of the pipe and the surrounding soil. In these studies,
pipe and the surrounding ground under fault the effectiveness of the finite element model analysis
displacement. Kennedy et al. [6] extended the method was verified by comparing it with the experimental
of Newmark and Hall [5] to calculate the bending results.
moment of the pipe. Wang and Yeh [7] proposed a Numerical studies have also been conducted to
method to model the ground as an elastic spring and investigate the effects of experimental limitations and
a pipe as a beam. Takada et al. [8] developed a finite many loading conditions. Most of these methods are
element analysis method that combines shell and based on finite element analysis. Finite element
beam elements to accurately evaluate the strains in analysis was also used in the experimental studies
the pipe at fault crossings. Suzuki [9] developed a described above [12-16], and the experiment and
method for calculating the deformation and cross- analysis were consistent. Rahman and Taniyama [17]
sectional force of a buried pipe subjected to fault developed a hybrid model that treated the ground
displacement by solving the elastic equation of the using a discrete element method and the pipe using a
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finite element method. They investigated the
characteristics of the interaction between them near
the fault intersection. They discussed the effects of
displacements owing to the reverse and lateral faults
and the bending stiffness of the pipe. Because the
number of models they analyzed was limited, the
discrete element analysis on many models was
necessary to clarify the characteristics of the
interaction between the pipe and the ground acting on
a pipe subjected to fault displacement.

In this study, the deformation and cross-sectional
force characteristics of a buried pipeline were
analyzed using a three-dimensional discrete element
method (DEM). The analyzed models are different
from those of Rahman and Taniyama [17]. The fault
displacement analyzed was a pure Vvertical
displacement. High-density polyethylene (HDPE)
pipes were examined, and their burial depths were 2.4,
4.8, and 7.2 times the outer pipe diameter.
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Fig. 1  Types of fault movements considered in the
present study.

2. METHOD
2.1 The Discrete Element Method (DEM)

DEM [18] is a popular numerical tool in
geotechnical engineering that can directly address the
granular properties of the ground. The deformation of
the ground is represented by the motion of many rigid
bodies. In general, spheres are used as rigid bodies
because of their simplicity in detecting contact. In this
study, the ground was modeled as a set of spheres.

The contact between spheres is determined by the
relationship between their radii and the distance to the
center of gravity. When the radii of the two spheres

154

are r; and ry, respectively, and the distance between
their centers of gravity is r,, the two spheres are in
contact if they satisfy the following relationship:

@

When contact occurs, virtual springs and dashpots are
generated in the tangential and normal directions of
the contact point, respectively, and the contact force
acting on the sphere is calculated. The equation of
motion of the sphere is as follows:

1 <1,

mi; = F; )
where F; is the i-directional component of the sum of
all contact forces acting on the sphere; m is the mass
of the sphere, and X; is the acceleration. In the DEM,
both translational and rotational motions of the object
are considered. The equation of motion for rotation is
given by:
Iiw; = M; 3)
Where the index i represents the central axis of
rotation, I; is the rotational inertia, &; is the
rotational acceleration, and M; is the moment.

The maximum shear force E3,, is determined as
follows:

Fax = nF" Q)
where F™ and u are the normal contact force and
frictional  coefficient between the  spheres,

respectively.

The open-source software Yade 2020.01a [19]
was used in this study. Spherical elements were used
for the ground, while a chained cylinder element was
used to represent the buried pipe. The chained
cylinder model deforms according to the elastic beam
theory. However, since the chained cylinder model
[20], [21] implemented in the Yade does not support
a hollow cross-section such as a pipe, the source code
required slight modification.

2.2 Analytical Model

The ground model, whose length, width, and
height were 14 m, 1 m, and 1 m, respectively, was
placed in a rigid box, as shown in Fig. 2. The box was
divided into two parts, one of which was fixed, while
the other was movable. For normal or reverse fault
analysis, the fault plane was tilted by 45° to the fixed
side. The movement of the fault was simulated by
moving the movable side of the box at a constant
speed of 0.5 m/s. The maximum fault movement § is
0.30 m. The box was modeled using the facet
elements provided by Yade. In the actual analytical
mode, a flat plate was placed at the bottom of the box
to prevent the spherical elements from spilling
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through the gap created by the movement of the fault.

Fixed side Movable side

Fault plane

70m 70m

(a) Vertical dislocation type

Fixed side Movable side

Fault plane

70m
(b) Normal and reverse fault types

70m

Fig. 2 Dimension of the analytical model.

Table 1 summarizes the parameters of the
spherical elements. The spherical elements used in
the analysis were all equal in size. When analyzing
the ground using the DEM, it is desirable to keep the
size of the spherical elements as small as possible.
However, if the size of the spherical elements is too
small, the number of required elements becomes too
large, and the analysis cannot be performed
realistically. Therefore, in this study, the spherical
element was assigned a diameter of 0.04 m, as a
guideline to ensure the complete analysis of one case
in a few hours. Hence, 319,726 spherical elements
were used.

An HDPE pipe with an outer diameter of 0.125 m
(whose parameters are listed in Table 2) is analyzed.
Although HDPE is a strain-rate-dependent material,
it is treated as an elastic material. The variation in the
cross-sectional shape of the pipe was neglected. The
modeled pipe was buried horizontally in the center of
the width, at the specified depth, and its ends were
rigidly attached to the walls of the rigid box.

The frictional coefficient u between the surface of

the pipe and spherical elements was determined by Eq.

(5) using the internal  friction  angle
betweenbetweeng between the spherical elements,

p=tanfo ®)

where f, the coating coefficient of the pipe, was
assigned a value of 0.6 according to the ALA
guidelines [11].

2.3 Simulation Cases

Nine cases, as listed in Table 3, were analyzed.
The three types of faults were vertical longitudinal
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dislocation, 45-degree reverse fault, and 45-degree
normal fault, as shown in Fig. 1. The pipe burial
depths (distance from the ground surface to the
central axis of the pipe) were 0.30 m, 0.60 m, and 0.90
m.

Table 1 Parameters for the spherical elements

Parameter Value
Diameter (m) 0.040
Density (kg/m?®) 2.4X10°
Elastic modulus (N/m?) 3.0x107
Poisson’s ratio 0.15
Internal friction angle 35.0°

Table 2 Parameters for the pipe model

Parameters Value
Diameter (m) 0.125
Thickness (m) 0.0114
Elastic modulus (N/m?) 1.0Xx10°
Poisson’s ratio 0.46

Table 3 Summary of the analytical cases

Case  Fault type Burial depth (m)
111 Vertical dislocation 0.30
112 Reverse fault 0.30
113 Normal fault 0.30
121 Vertical dislocation 0.60
122 Reverse fault 0.60
123 Normal fault 0.60
131 Vertical dislocation 0.90
132 Reverse fault 0.90
133 Normal fault 0.90

The burial depth is defined as the depth from the ground surface to
the centerline of the pipe.

2.4 Simulation Procedure

First, spherical elements of a specified size were
randomly generated in the prepared box, deposited
under gravity, and stabilized until their motion settled
sufficiently. The number of spherical elements to be
generated was adjusted by trial and error to ensure
that the height of the ground after stabilization was
approximately 1.0 m. At this point, the friction
between the elements was set to zero so that the
spherical elements would be as dense as possible.
Next, the spherical elements were removed from the
buried position of the pipe, and the pipe was placed
in the vacant space. After confirming that the motion
of the spherical elements was sufficiently settled
under the action of gravity, the fault displacement was
applied. Figure 3 shows the ground model just before
the fault displacement was applied. The spherical
elements are colored in a grid pattern to identify the
deformation of the ground. The porosity of the ground
was 0.490.



International Journal of GEOMATE, Aug., 2022, Vol.23, Issue 96, pp.153-162

Fig.3 Side view of the ground model before
applying the fault movement

(a) Vertical dislocation

(b) Reverse fault

(c) Normal fault

Fig. 4 Deformation of the ground models after
applying the fault movement

3. RESULTS AND DISCUSSION
3.1 Deformation of the Ground Model
Figure 4 shows a side view of the ground model

after a fault displacement of 0.30 m was applied.
There are some differences in the ground surface

deformation depending on the burial depth of the pipe.

However, a pipe with a burial depth of 0.30 m is
shown here as an example. In the model with vertical
dislocation, a gentle slope was formed just above the
fault because of the flow of spherical elements. In the
model with reverse faulting, the ground is
significantly compressed above the fault plane. The
ground on the fixed side was hardly deformed, while
the ground on the moving side was deformed over a
wide area. In particular, the ground near the surface
was deformed to the rightmost boundary. In the case
of a normal fault, the subsidence of the ground
surface was smaller than that in the vertical direction
at the bottom of the moving side, because the ground
could not sufficiently follow the movement of the
fault and its pores enlarged. Near the right boundary,
the ground could not keep up with the movement of
the boundary, resulting in a gap between the wall and
the ground.
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Fig.5 Deformation of the pipe along the axial
direction.

3.2 Deformation of the Pipe

The deformation of the buried pipe when the
displacement of each fault movement pattes3rn
reaches 0.30 m is shown in Fig. 5. The pipe exhibits
a characteristic deformation according to the fault
pattern.

In the case of vertical dislocation, the pipe
deformed slightly upward from just above the fault to
the moving side. The deformation of the pipe on the
fixed side occurred only near the fault. The vertical
upward displacement of the pipe is more significant
at shallower burial depths because the downward
force acting on the pipe was smaller. In the case of
reverse faulting, the pipe bends upwards significantly
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on the moving side near the fault.

In the case of reverse faulting, the pipe bends
upward significantly on the moving side of the
ground near the fault. In this case, the pipe is
compressed by the fault movement, and thus its
upward deformation is larger. Since the downward
restraining force acting on the pipe is smaller at
shallower burial depths, the pipe is bent to a larger
extent. In the case of the shallowest burial depth, the
pipe deforms even near the boundary of the moving
box (left side of the figure), indicating that the
boundary affects the analysis results.

In the model with normal faults, the pipe deforms
gently, unlike in the models with the other two fault
types. For the shallowest burial depth case, the
deformation of the pipe continues to the left boundary,

unlike the cases with different burial depths.
3.3 Bending Moment of the Pipe

The bending moment generated in the pipe is
illustrated in Fig. 6. When the vertical discrepancy is
given, the bending moment on the fixed side is
positive while that on the moved side is negative. The
bending moment of the pipe is almost zero at the
intersection with the fault and larger at greater burial
depths. The point where the bending moment is the
largest on the fixed side is farther from the fault
location as the burial depth becomes shallower. On
the other hand, the position of the maximum bending
moment on the moving side remains almost the same
regardless of the burial depth. The maximum value of
the bending moment was larger on the moving side
than on the fixed side.

The shape of the distribution of the bending
moment of the pipe in the results of reverse faulting
resembles that of the results of vertical dislocation.
The position where the bending moment becomes
zero is almost the same. The bending moment of the
pipe is positive on the fixed side and negative on the
moving side. Its maximum magnitude was larger
when the pipe was buried deeper at both the fixed and
moving sides. The position where the maximum
bending moment appears is constant regardless of the
burial depth on the fixed side, while it approaches the
fault on the moving side as the burial depth increases.

In the case of normal faulting, the bending
moment generated in the pipe is smaller than that
obtained with vertical dislocation or reverse faulting.
It is negative for the fixed side and positive for the
moving side, which is opposite to the other two cases.
The tendency of the magnitude of the bending
moment to increase with the depth of burial is the
same as in the other cases.

3.4 Axial Force of the Pipe

Figure 7 shows the axial force of the pipe. The
axial force was positive in tension and negative in
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compression. In the models with a vertical dislocation
and normal fault, tensile forces act on the pipe. On the
other hand, compressive forces act on the pipe in the
model with reverse faults.

6=90° HDPE

3000
— caselll

casel2l
20001 —— casel3l

1000 A

—1000 +

BENUING MOMENL {N-M)
o

—2000 +

—3000 T T T T T T
0 2 4 6 8 10 12 14
Horizontal position (m)

(a) Vertical dislocation

6=45° HDPE
3000

— casell2

casel22
2000 1

—— casel32

1000 A

—1000 A

BENTINY MUMENL (N-IM)

—2000 -

—3000

T T T T T T
2 4 6 8 10 12 14
Horizontal position (m)

(b) Reverse fault

8= —45" HDPE

1000
—— casell3

casel23
—— casel33

750 A

500 -

250 A

—250 A

BENUING MOMEenL (Nmj

=500 4

=750

—1000

T T T T T T
2 4 6 8 10 12 14
Horizontal position (m)

(c) Normal fault

Fig. 6 Bending moment of the pipe at the different
burial depths.

In the model with vertical dislocation, the tensile
force acting on the pipe was large near the fault and
decreased as it approached the lateral boundary. The
axial force is almost constant near the fault, indicating
that the reaction force acting on the pipe has reached
its maximum value. Near the fault, the axial force
increased with the depth of the pipe. The difference
in the slope of the axial force graph shows that the
reaction force acting on the pipe increases with the
pipe burial depth. The axial force decreased with
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burial depth near the right and left boundaries. The
axial force at the right boundary exceeds that at the
left boundary, possibly because of dynamic effects.
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Fig. 7 Axial force of the pipe at the different burial
depths.

In the reverse fault model, the compressive force
on the pipe at the intersection with the fault was the
largest in the deepest case132. In case 132, where the
depth of burial is the maximum, the compressive
force on the pipe is the largest at the intersection with
the fault, and the graph flattens near the maximum
compressive force, indicating that the ground reaction
force has reached its maximum. On the other hand, in
casel12, where the soil cover is the shallowest, the
compressive force increases monotonically from the
left boundary to the right boundary, displaying a trend
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different from the case with the deepest burial depth.
In the intermediate case122, the compressive force is
the highest near the fault and decreases toward the
boundary. The rate of change of the compressive
force differs between the fixed and moving sides.

In the normal fault model, the tensile force is the
highest at the boundary on the moving side and
decreases towards the boundary on the fixed side. The
rate of change of tensile force differs on both sides of
the intersection of the pipe and fault, and the rate of
change of the tensile force on the moving side is lower
than that on the fixed side.

3.5 Comparison with the Finite Element Analysis

The deformations, bending moments, and axial
forces of the pipes obtained using DEM were
compared with the results obtained by finite element
analysis. The software OpenSeesPy [22], which
enables the control of OpenSees [23] using Python
script, was used for finite element analysis.

3.5.1 Finite element model

The pipe was modeled as an elastic beam element
and the ground as soil springs. The ground springs
were applied in the axial and transverse directions.
The transverse soil springs generate reaction forces
against the upward or downward movement of the
pipe. Both ground springs were modeled as elastic-
perfectly plastic models following the ALA
guidelines [11]. The maximum force F,,, and yield
displacement &,, of each soil spring were determined
as follows, according to the ALA guidelines [11].

The maximum force per unit length F,,,, and the
yield displacement &, (m) in the axial direction are
given by

Fax = TDH7 =522

tan(f¢) (6)

d, = 0.003 (7
where D, H, 7, K,, ®, and f are the outer diameter of
the pipe, depth of the centerline of the pipe from the
ground surface, unit weight of the ground, coefficient
of pressure at rest, internal friction angle of the
ground, a factor of pipe coating (assigned a value of
0.6), respectively.

For the vertical uplift soil spring, the maximum
force per unit length and yield displacement &, is

given by

— (H) -
Fmax - (44D) VHD (8)
8, = 0.01H (9)

The maximum force per unit length F,., and the
yielding displacement &, for the vertical bearing soil
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spring are,

2
Froy = e(mtand) 4,2 (45 + %) + e(0.18¢—2.5)yD2
(10)

8,=0.1D (11)

This finite element analysis model neglects the
coupling of the bending moment and axial force in the
pipe. In addition, the coupling between the axial
(horizontal) and transverse (vertical) ground springs
is not considered.
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Fig.8 Comparison of the pipe deformation
obtained using DEM to that obtained using
FEM
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Fig. 9 Comparison of the bending moment of the
pipe obtained using DEM to that obtained
using FEM

3.5.2 Results

Figure 8 shows the pipe deformation for each fault
type. For the vertical dislocation model, the results of
the DEM and the finite element method (FEM) are in
general agreement. However, in the discrete element
analysis, the pipe was slightly raised at the fault
intersection. The results of the DEM and FEM for
pipe deformation in the model with reverse faulting
differ significantly. The upward convex deformation
of the pipe at the fault intersection observed in the
DEM results was not observed in the FEM results
because the finite element method does not consider
account the effect of the axial force on the bending of
the pipe. For normal faults, the deformations of the
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pipes on the moving side differ from each other. The
FEM results show that the pipe is pushed down to a
deeper position compared to the DEM results. This
indicated that in FEM, the ground above the moving
pipe exerts excessive force on the pipe.
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Fig. 10 Comparison of axial force of the pipe
obtained using DEM to that obtained using
FEM

Figure 9 compares the distribution of the bending
moments of the pipes. The DEM and FEM results are
very similar for the bending moment of the vertical
dislocation model. For the reverse fault model, the
peak values of the bending moments were different
for both the fixed and moving sides. In particular, the
peak bending moment on the fixed side was much
lower in the FEM than in the FEM. For the peak
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bending moment caused by the normal fault, the FEM
results are higher than the DEM results, contrary to
the case of the reverse fault.

Figure 10 shows the axial force generated in the
pipe. In this figure, the axial force obtained from the
results of the DEM varies along the pipe, while that
obtained using FEM remains constant. This is
because the axial slip between the pipe and ground
occurs at a relative displacement as small as 3 mm in
the ground spring used in the finite element analysis,
and the effect of the force acting perpendicular to the
axis of the pipe on the maximum friction force is
neglected.

4. CONCLUSIONS

In this study, the deformation, bending moment,
and axial force of the buried pipe were determined for
vertical dislocation, reverse fault, and normal fault
using DEM. The results of the calculations are
summarized as follows:

1. For reverse faults, the buried pipe bends toward
the ground surface near the fault intersection in
the hanging wall. The deformation of the buried
pipe increases with a decrease in the burial depth.

2. Regardless of the fault type, the bending moment
generated in the buried pipe is not symmetrical
concerning the fault plane. The maximum value
of the bending moment increases with the burial
depth.

3. In both the normal fault and vertical dislocation
cases, tensile axial forces act on the buried pipe,
but the shape of their distribution is different.

A finite element method (FEM) analysis was also
performed, in which the ground was modeled as a
spring and the buried pipe as a beam. The results
obtained by FEM were compared with those obtained
by DEM. The results obtained can be summarized as
follows:

1. For the vertical dislocation cases, the deformation
and bending moment of the buried pipe showed
good agreement between the DEM and FEM
results, respectively.

2. For normal faults, the deformation of the buried
pipe obtained by FEM analysis is larger than that
by DEM analysis.

3. For reverse faults, the FEM analysis cannot
reproduce the deformation of the buried pipe that
extends toward the ground surface. This is
because FEM using ground springs does not take
into account the effect of deformation of the
ground surface.

4. For reverse faults, the deformation of the buried
pipe obtained by FEM analysis is smaller than that
obtained by DEM analysis.

5. For reverse faults, the FEM analysis

cannot reproduce the deformation of the buried pipe

that extends toward the ground surface. This is
because FEM using ground springs cannot take into
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account the effect of deformation of the ground
surface.

In general, the results of ground deformation
analysis using DEM depend on the size of the
elements used. Therefore, it is necessary to confirm
that the findings of this study do not largely depend
on the size of the spherical elements. In addition,
further investigation of the axial force is needed
because the FEM analysis conducted in this study did
not use the ground spring in the pipe axial direction.
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