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Abstract. This paper presents a study on the mechanical behavior of buried pipelines crossing faults using experimental and
numerical methods. A self-made soil-box was used to simulate normal fault, strike-slip fault and oblique slip fault. The effects of
some important parameters, including the displacement and type of fault, the buried depth and the diameter of pipe, on the
deformation modes and axial strain distribution of the buried pipelines crossing faults was studied in the experiment. Furthermore, a
finite element analysis (FEA) model of spring boundary was developed to investigate the performance of the buried pipelines
crossing faults, and FEA results were compared with experimental results. It is found that the axial strain distribution of those buried
pipelines crossing the normal fault and the oblique fault is asymmetrical along the fault plane and that of buried pipelines crossing
the strike-slip fault is approximately symmetrical. Additionally, the axial peak strain appears near both sides of the fault and
increases with increasing fault displacement. Moreover, the axial strain of the pipeline decreases with decreasing buried depth or
increasing ratios of pipe diameter to pipe wall thickness. Compared with the normal fault and the strike-slip fault, the oblique fault is
the most harmful to pipelines. Based on the accuracy of the model, the regression equations of the axial distance from the peak axial
strain position of the pipeline to the fault under the effects of buried depth, pipe diameter, wall thickness and fault displacement were

given.
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1. Introduction

As an efficient means to transport gaseous and liquid
materials, pipelines are widely deployed and play important
roles in a nation’s economy. However, the safety operation
of a pipeline is challenged by many adverse effects
(Kishawy and Gabbar 2010), such as corrosion (Du et al.
20164, Liu et al. 2019), erosion (Wang et al. 2019), cracks
(Du et al. 2013), and external impacts (Jiang et al. 2019,
Dong et al. 2019). For buried pipelines, fault movement
threatens the pipeline integrity and easily causes large
deformation and damages to pipelines (Vazouras et al.
2012, Cheng et al. 2019, Wu et al. 2019). Benefitting from
the recent rapid development of structural health monitoring
technology (Yi et al. 2015, Zeng et al. 2015, Lynch et al.
2004, Zhang et al. 2018, Zhang et al. 2018), pipeline
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monitoring receives much attention (Ho ez al. 2019, Ren et
al. 2018, Arzaghi et al. 2017, Jia et al. 2018a, Zhu et al.
2017). The advanced sensing technologies, such as fiber
optic sensors (Jia ef al. 2018b, Hou et al. 2014, Ren et al.
2014, Jia et al. 2015) and piezoceramic transducers (Du et
al. 2016b, Xu et al. 2019, Du et al.2017), also contribute to
the pipeline monitoring. In addition, finite element analysis
(FEA) and experimental studies have been carried out to
study the performance of the pipeline (Zhang et al. 2016,
Jalali t al. 2016, Xu and Lin 2017).

With the increasing emphasis of the lifeline earthquake
engineering, which mainly includes water supply and
drainage, oil and gas transportation and other energy supply
systems engineering (Ha et al. 2010, Zhang et al. 2017,
Arafah et al. 2015), research have been conducted to study
the force mechanism of the pipeline under fault movement.
Newmark and Hall (1975) developed the Newmark-Hall
method for calculating buried pipelines crossing fault. This
method neglects bending deformation of pipelines and
transverse pipeline-soil interactionl, resulting in the
obtained pipeline strain being smaller than the actual one.
Subsequently, Kennedy et al. (1997) further improved this
method by considering both bending deformation of
pipeline and transverse pipeline-soil interaction. With the
development of finite element technology, many scholars
have applied finite element analysis method to this field.
ASCE: Guideline for the seismic design of oil and gas
pipeline systems (1984) recommended adopting finite
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element method to analyze the strain response of buried
pipelines crossing fault. Then, Wang and Yeh (1985)
improved the Kennedy's method by adopting elastic
foundation beam to simulate large deformation section of
pipeline. Subsequently, Takada et al. (2001) analyzed the
relationship between strain and bending angle of buried
pipeline under normal fault and reverse fault by using shell-
beam hybrid model and proposed the calculation method of
peak strain of pipeline under different fault crossing angle.
For further research, Cocchetti et al. (2008) explored the
relationship among pipe size, crossing angle and
displacement on the basis of the pipe shell model. Liu ef al.
(2009) used shell element and solid element to simulate
pipe-soil model and analyze the buckling response and
variation trend of pipelines under the influence of diameter
and crossing angle. Vazouras et al. (2015) considered the
length and crossing angle of the pipeline when building the
numerical model. Using the proposed closed-form nonlinear
force-displacement relationship compared the axial strains
with those obtained from detailed finite element models. It
is shown that the end conditions of the pipeline have a
significant influence on pipeline performance. In addition,
Halabian and Tohid (2018) used large deformation shell
elements to simulate the pipeline embedded in the near field
soil and used elastic beam elements to simulate the segment
located far away from the fault. Developing a new hybrid
model and applied it to solve rigorous soil-pipeline
interaction. At the same time, many scholars have studied
the cross-fault pipeline through experiments. Audibert and
Nyman (1977) used hydraulic device to push the self-made
pipe soil device to simulate fault movement, then, the
analysis method of load-displacement curve of buried
pipeline was proposed under the influence of different
parameters. Subsequently, Erami ef al. (2015) adopted full-
scale experiments to research the applicability of pipe-soil
interaction equations to pipelines. The results of full-scale
experiments were compared to the results of computer-
aided analyses. It shows that the nature of soil in the pipe-
soil interaction and the effects of connection joints must be
considered. In addition, Rofooei et al. (2015) analyzed the
deformation and buckling behavior of steel pipes and HDPE
pipes by simulating reverse faults with full-scale
experiment device and the influence of fault and pipeline
parameters on pipeline strain was discussed in detail.
Recently, Zeng et al. (2019) used self-made scale model
and equivalent spring to analyze the influence of soil type
on the mechanical behavior of the pipeline under fault
movement. The results show that choice the non-adhesive
backfill can decrease the strain and deformation of the
pipeline.

The above research results show that fault movement
has great influence on the mechanical behavior of buried
pipelines crossing faults. However, in the scale model test,
the axial tension of area far away from the fault on the
pipeline was not considered, furthermore, few people study
it by experimental methods and the research parameters are
relatively less. Therefore, a systemic investigation into the
mechanical behavior of buried pipelines crossing faults is
presented in the paper, incorporating experimental study
and FE modeling. An experimental study on nine buried

steel pipelines crossing fault was conducted by using a soil-
box scale test device with spring boundary that considers
the small axial deformation occurred at the area far away
from the fault on the pipelines. The effects of some
important parameters on the deformation modes and axial
strain distribution of the buried pipelines crossing fault were
obtained. Finally, a finite element analysis (FEA) model on
soil-pipeline was developed for further research the
properties of buried pipeline crossing fault and its accuracy
was verified by experimental results. Based on the accuracy
of the model, the variation law of the axial distance from
the peak axial strain position of the pipeline to the fault
under the effects of buried depth, pipe diameter, wall
thickness and fault displacement was studied, and the
regression equations of the axial distance from the peak
axial strain position of the pipeline to the fault were given.

2. Experimental program
2.1 Experimental design

Two kinds of pipes with the diameter of 32mm and
40mm were used in the test, of which both the thicknesses
were 2.3mm. Referring to the model similarity design in the
reference (Zeng et al. 2019), the longitudinal length of
pipeline should be no less than

L =60D =60%0.040 = 2.4m, and the minimum width of

the soil-box should be D =3/(58/15)=0.78M  Thus, the
total length of the pipeline and soil-box utilized in this test
was defined as 3.0 m, the width of the soil-box was defined
as 1.0 m, and the height of the soil-box was defined as 1.1m
considering the effect on the pipeline’s mechanical
properties for various buried depth. Therefore, the
dimension of soil-box is 3.0 m (length) x 1.0 m (width) %
1.1 m (height), with a buried depth defined as 0.3m and
0.6m for the pipeline. Nine buried pipeline specimens were
designed and fabricated for the test. Table 1 presents the
cross-sectional dimensions and the fault parameters of all
specimens. As shown in Table 1, all specimens are labeled
to identify the diameter, buried depth and fault type. For
example, the label “N-32-0.3” is defined as follows:

The first part “N” represents that the fault type of
specimen is normal fault.

The second part “32” indicates the pipeline with
diameter (D) of 32 mm.

The last part “0.3” means that the buried depth (d) of
specimens is 0.3 m.

When laying soil, the clay was filled in the soil-box with
a thickness of S5cm each time, followed by levelling and
compacting with certain devices before the succeeding
procedure of another layer. The laid soil was then left still
for 48 hours after the entire process of laying soil was
completed, and check whether the strain gauges in good
work condition during the period. To accurately study the
mechanical behavior of buried pipelines crossing fault, both
the axial tension on the pipeline of large deformation
section near fault and small deformation section far away
from fault should be fully considered. Therefore, in this
experiment, the screw and spring were arranged at the ends
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Table 1 Details of specimens

Spring elastic

Crossing .
No. Specimen Fault type D/mm t/mm L/mm . coefficient d/m
angle/ () / (N/m)
1 N-32-0.3 Normal fault 32 23 3000 90 4729 0.3
2 N-32-0.6 Normal fault 32 23 3000 90 4729 0.6
3 N-40-0.3 Normal fault 40 23 3000 90 4729 0.3
4 S-32-0.3 Strike-slip fault 32 23 3000 90 4729 0.3
5 S-32-0.6 Strike-slip fault 32 23 3000 90 4729 0.6
6 S-40-0.3 Strike-slip fault 40 23 3000 90 4729 0.3
7 0-32-0.3 Oblique slip fault 32 23 3000 90 4729 0.3
8 0-32-0.6 Oblique slip fault 32 23 3000 90 4729 0.6
9 0-40-0.3 Oblique slip fault 40 23 3000 90 4729 0.3

*Notes: D, t, L and d denotes diameter, wall thickness, length and buried depth of the pipeline respectively.

Node between pipeline end and spring

End spring

Screw

Fig. 1 Design at the pipeline end

Table 2 Material properties of soil

Fig. 2 Spring device

Natural density

Soil type Water content ( % )

Internal

cohesion ( kpa ) Poisson ratio

(g/cm3) friction angle ( °)
Clay 1.88 26.8 7.8 355 0.35
Table 3 Mechanical properties of pipelines
Pipeline diameter Wall thickness Yield strength Tensile strength /MPa Modulus of elasticity Poisson ratio
/mm /mm /MPa /MPa
32 2.3 292.8 392.3 2.03x10° 0.3
40 2.3 290.7 386.1 2.02x10° 0.3

of the pipeline to make the pipelines of entire distance
between anchorage points could expand when fault moves,
as shown in Fig. 1. Using this method, the axial tension of
the entire distance between anchorage points on pipelines,
including large and small deformation sections, could be
taken into account. This semi-rigid constraint makes the
ends of pipe neither completely fixed nor freely expandable
and can better simulate the actual interstation condition, as
shown in Fig. 2.

2.2 Material properties

The soil in soil-box and pipe adopted clay and
galvanized steel tube, respectively. The mechanical

properties of clay were measured by unconsolidated
undrained triaxial compression test, as presented in Table 2.
The tensile test was carried out on the pipeline, and the
mechanical properties are measured, as listed in Table 3.

2.3 Layout of measuring points

Eighteen strain gauges were symmetrically bonded
along the pipeline axis to measure the strain distribution of
the pipeline, as shown in Fig. 3. The strain acquisition
system adopted was DH3816 static strain acquisition
instrument, as shown in Fig. 4(b). Due to the small diameter
of the pipe selected in the test, the accurate attach positions
ware marked and the surfaces of them were cleaned with
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Leftarea Fault Right area
1-1 21 31 41 51 61 7-1 8-1 9-1
12 22 32 42 52 62 72 8-1 9-2
500 300 , 250 150 1m0, 250 300 500
Fig.3. Strain gauge arrangement.
Table 4 The schematics of three types of faults
Normal fault Strike-slip fault Oblique slip fault

Steel frame

Retaining plank

Pile cap Horizontal jack

Vertical jack

(a) Self-made soil-box device

strai

Computer
n t‘ ument

(b) Strain measurement system

—
DH3816 ST

acquisition

Fig. 4 Loading and measuring device

alcohol before the strain gauges were mounted with epoxy
resin. Each of the attached gauges was covered with a circle
of tape for protection, and tested with ohmmeter every time
before the experiment.

2.4 Test loading

As shown in Fig. 4(a), a self-made soil-box, with the
dimension of 3.0 m (length) x 1.0 m (width) x 1.1 m
(height), was utilized in the test. The fault crossing angle
and fault dip angle in the test are both 90°. The vertical and
horizontal displacements, which could both range from 0
mm to 140 mm with an increment of 10mm, were
controlled by hydraulic jacks. The horizontal displacement
of the left part of the soil-box was exerted by the horizontal
jack, and the vertical displacement of the right part was
exerted by the vertical jacks. When simulating normal fault,
the left part of soil-box was fixed and the right part of soil-
box moved vertically under the action of vertical jacks;
when simulating strike slip fault, the right part of soil-box
was fixed and the left part of soil-box moved horizontally
under the action of horizontal jack; when simulating oblique
slip fault, the left jack and right jack worked simultaneously
to exert displacement on both the left and right part of the
soil-box. The schematics of three types of faults were
presented in Table 4.

3. Test results and discussion
3.1 Deformation modes

Figs. 5(a)-(c) show the soil deformation under the
normal fault, the strike-slip fault and the oblique-slip fault,
respectively. Comparing these three figures shows that a
crack appears at the fault and approximately parallel to it,
while the soil far from the fault has no obvious deformation.
However, in Fig. 5(a), the surface of the soil near the fault is
uplifted and the crack at the fault is wider. In Fig. 5(b),
there is no obvious uplift on the soil surface near the fault,
and the crack at the fault is narrow. In Fig. 5(c), the soil
surface near the fault is uplifted and severely damaged, and
the crack at the fault is the largest. Pipelines deform with
the movement of the fault constrained by the surrounding
soil, and the deformation is consistent with the fault
displacement. The deformation of the pipeline after loading
were shown in Fig. 5(d). Comparing the deformation of N-
32-0.3, S-32-0.3 and 0O-32-0.3, it can be seen that the
pipeline deformation is the largest in the case of the oblique
slip fault. Comparing the deformation of N-32-0.3, N-32-
0.6 and S-32-0.3, S-32-0.6, respectively, it can be seen that
the deformation of pipelines decreases with decreasing
buried depth or increasing pipe diameter. Fig. 5 (d) shown
that the buried pipelines crossing the normal fault and the
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(a) Soil deformation under the normal fault

(c) Soil deformation under the oblique slip fault

3

VFyauIt—rJIahe

Pipelinetrace

(d) Pipelines deformation

Fig. 5 Deformation of soil and pipelines

*Notes: the pipelines in Fig. 5(d) are hollow pipelines, the relevant parameters were provided in Table 1

oblique fault experienced asymmetric deflection around the
fault plane, of which the reason was that the vertical uplift
and vertical bearing soil reaction were different. For buried
pipelines crossing the strike-slip fault, the pipelines
experienced relatively similar deflection around the fault
plane, for the horizontal soil reaction on the pipeline were
relatively consistent.

3.2 Axial strain

3.2.1 Influence of fault displacement

The axial strains of measuring points under different
fault displacements are shown in Fig. 6, in which the yield
strain of pipe material was marked with dash line in red to
reveal the pipeline’s behavior beyond the elastic zone.
Taking N-32-0.3, S-32-0.3 and O-32-0.3 as examples to
analyze the influence of fault displacement on the axial
strain of pipeline. Comparing Fig. 6(a) with Fig. 6(b) shows
that in case of the normal fault, the axial strain of all
measuring point has an upward trend when the fault

displacement is gradually increased from Omm to 140mm,
and furthermore, a smaller peak strain appears at the
measuring points 5-1, 5-2 at the fault and the measuring
points 1-1, 1-2, 9-1, 9-2 far from the fault. Additionally,
when the fault displacement is 140 mm, the axial tensile
and compressive peak strain on the upper side of the
pipeline appear at the measuring points 2-1 and 8-1,
respectively. However, those on the lower side appear at the
measuring points 2-2 and 8-2, respectively. The measuring
points from 6-1 to 9-1 on the upper side of the pipeline in
the right part of soil-box are subjected to tension, while the
measuring points from 6-2 to 9-2 on the lower side of the
pipeline are compressed. Conversely, the measuring points
from 1-1 to 4-1 on the upper side of the pipeline in the left
part of soil-box are compressed and the measuring points
from 1-2 to 4-2 on the lower side is subjected to tension.
The axial Tensile and compressive peak strain of the
pipeline is about 700 mm away from the fault. From Figs.
6(c)-(f) reveal that the pipelines under the strike-slip fault
and the oblique-slip fault have similar trends. It can be
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Fig. 6 Axial strain of specimens under different fault displacement

concluded that the axial strain of different measuring points
increase with increasing fault displacement. The peak strain
is not at the fault, but near the two sides of the fault.

3.2.2 Influence of buried depth

The axial strain distribution under different buried depth
was shown in Fig. 7 with the selection of 0.3m and 0.6m
buried depth to analyze the influence of buried depth on the
axial strain of the buried pipeline crossing fault. In the case
of the normal fault, specimen N-32-0.3 and specimen N-32-
0.6 were taken as examples for analysis. The axial strain
distribution of N-32-0.3 and N-32-0.6 were shown in Figs.

7(a)-(d), respectively. It shown that the axial peak strain of
the pipeline is not at the fault, but near the two sides of the
fault. The upper side of the pipeline in the left part of the
soil-box was compressed and the lower side was subjected
to tension, while the upper side of the pipeline in the right
part of the soil-box is subjected to tension and the lower
side is compressed. It can be seen from the figures that the
axial strain distribution of the upper sides and lower sides of
the pipeline is asymmetrical along the fault plane, due to the
difference between the vertical uplift and vertical bearing
soil reaction. When the buried depth is 0.3m, the axial
tensile peak strain of the pipeline is always greater than that
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Fig.7 Axial strain distribution of specimens

of the compressive peak strain. Therefore, the pipeline is
mainly subjected to tension. When the buried depth is 0.6m,
the axial peak strains of pipeline on the left side and right
side of fault are around 900pe and 1600y, respectively. It
can be seen that with the increase of buried depth, the upper

side of the pipe is mainly subjected to tension, the lower
side is mainly compressed, and the axial strain distribution
of the upper sides and lower sides of the pipeline is
asymmetrical along the fault plane. Comparing the axial
strain of the upper side and lower side of the pipeline, the
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axial tensile and compressive peak strain on the both sides
of the pipeline with a depth of 0.6m are larger than those of
the pipeline with a depth of 0.3m. From Figs. 7(g)-(j),
despite the difference of buried depth, the axial strain
distribution in the left and right parts of the pipeline is
approximately symmetric along the fault plane in the case
of strike-slip fault. From Figs. 7(m)-(p), the left upper side
of the pipelines is compressed and the lower right side of
the pipelines is subjected to tension in the case of oblique-
slip fault. Additionally, the axial strain of pipeline crossing
strike-slip fault and oblique slip fault increases with
increasing buried depth, similar with that of normal fault.
Therefore, it is concluded that the axial peak strain of the
pipeline emerges on the two sides of the fault, rather than
the fault itself, and the restraint action of pipe-soil and the
axial strain response of pipeline increases with the
increasing buried depth. A shallow burial is beneficial to
resisting the fault movement of a pipeline.

3.2.3 Influence of the ratio of pipe diameter to pipe
wall thickness

The ratios of pipe diameter to pipe wall thickness with a
diameter of 32mm and 40mm are 1391 and 17.39,
respectively. The axial strain distribution under different
ratios of pipe diameter to pipe wall thickness is shown in
Fig.7. From Figs. 7(a)-(b) and Figs. 7(e)-(f), it can be seen
that in case of normal fault, the axial strain distribution of
the upper side of the pipeline is asymmetrical along the
fault plane, so is the lower side. The symmetrical center of
the strain curve of N-40-0.3 is offset, the reason is that the
pipe-soil restraint action increases with increasing ratios of
pipe diameter to pipe wall thickness or decreasing
displacement. The axial tensile and compressive peak strain
of N-40-0.3 are around 700ue and 900pe, respectively.
While those of N-32-0.3 are around 1200pe. It can be
known that cross section moment of inertia increases with
increasing ratio of pipe diameter to pipe wall thickness, it
also increases the stiffness of the pipeline and enhances the
restraint action of the pipe-soil. When fault displacement
gradually increases to 140 mm, the reason why the pipe
stiffness can always resist the pipe-soil restraint is the pipe
diameter increases. From Figs. 7(g)-(h), Figs. 7(k)-(1) and
Figs. 7(m)-(n), and Figs. 7(q)-(r), it can be seen that the
axial strain of pipelines crossing strike slip fault and oblique
slip fault decreases with increasing ratio of pipe diameter to
pipe wall thickness, the same as that of the crossing normal
fault. Therefore, it is concluded that the axial strain of the
pipeline decreases with increasing ratio of pipe diameter to
pipe wall thickness. For design of pipeline crossing fault,
the influence of ratio of pipe diameter to pipe wall thickness
should be considered.

3.2.4 Influence of fault type

When the angle between the pipeline and normal fault is
90°, the axial strain distribution of the pipeline is shown in
Figs. 7(a)-(f). It can be seen that the axial strain distribution
of the upper side of the pipeline is asymmetrical along the
fault plane, so is the lower side. The reason is that the
vertical uplift and vertical bearing soil reaction is
difference. The soil restraint plays a leading role when the

fault displacement is small. However, the symmetrical
center of the strain curve is offset after the fault
displacement reaches to 60 mm, the reason is that the pipe-
soil restraint action is weakens with the increasing fault
displacement, the fault displacement plays a dominant role.

When the angle between the pipeline and strike-slip
fault is 90°, the axial strain distribution of the pipeline is
shown in Figs. 7(g)-(1). It shown that a few strain curves are
offset, the reason is that the soil restraint on the pipeline
plays a leading role when the fault displacement is small.
The axial strain distribution of the left and right areas of the
pipeline is approximately symmetric along the fault plane,
the reason is that the horizontal soil action on the pipeline
are relatively consistent. From Figs. 7(k)-(1), it can be seen
that are some differences in the axial strains on both sides
of the fault, the reason is that the soil surrounding pipelines
is not homogenous at both sides of the fault. The pipeline is
also subjected to similar reaction force when the fault
displacement is increase.

When the angle between the pipeline and oblique slip
fault is 90°, the axial strain distribution of pipeline is shown
in Figs. 7(m)-(r). Similar to normal faults and strike-slip
faults, in case of oblique slip fault, the axial strain increases
with the increase of burial depth and the decrease of
diameter. Comparing the peak strain in Figs. 7(a)-(r), thus it
is clear that oblique slip fault has the greatest damage to
pipelines, followed by normal fault, while strike slip fault
has the least damage. Additionally, the axial strain
distribution of the left upper side of the pipeline is
asymmetrical along the fault plane, so is the lower right
side. The reason is that the vertical uplift and vertical
bearing soil reaction is difference.

4. Finite element analysis (FEA) mode

To further investigate the mechanical behavior of buried
pipeline crossing fault, a three-dimensional FEA model was
developed.

4.1 Finite element type and mesh

The FEA model was divided into two parts: the soil and
the pipeline made from steel tube. According to references
(Du et al. 2018a, Du et al. 2018b), the four nodes shell
elements with reduced-integration (S4R) was selected for
simulating the steel pipeline while the eight nodes brick
solid elements with reduced-integration (C3D8R) was used
for simulating the soil. Mesh generation adopted the
structural meshing technology to obtain more regular
hexahedron elements. This model focused on the large
deformation section of pipelines, so the meshes of soil and
pipeline are refined within 500 mm from both sides of fault,
as shown in Fig. § (a)

4.2 Material model

In consideration of material properties of clay, the ideal
elastic-plastic Mohr-Coulomb model is used to simulate
mechanical properties of soil, as shown in Fig. 9(a). It can
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(b) Spring constraint

Fig. 8 Three-dimensional FEA model
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Fig. 9 Material constitutive mode

be divided into two stages: clastic stage, elastic-plastic
stage. The elastic stage is represented by Hooke's Law;
Mohr-Coulomb yield criterion is used to analyze the elastic-
plastic stage, the elastic modulus, density, Poisson's ratio
and friction angle need to be input. The cohesion is also
specified and the dilatancy angle is set to 0. The material
properties of soil are shown in Table 2. In consideration of
the elastic-plastic characteristics of the pipeline, the elastic-
plastic model is used to simulate mechanical properties of
pipeline. It can be divided into two parts: Elastic part,
plastic part. The elastic part needs to input elastic modulus
and Poisson's ratio; the plastic part needs to input the stress-
strain curve obtained from the tensile test. The trilinear line
model was adopted by the pipeline, which can be divided
into three stages: elastic stage, elastic-plastic stage and
plastic stage, as shown in Fig. 9(b), where &1, &, o1and o>
represent elastic yield strain, plastic yield strain, elastic
yield stress and plastic yield stress of the pipeline,
respectively; E; and E> denote the material modulus of
pipeline at elastic deformation stage and stress
strengthening stage, respectively. The mechanical properties
of pipeline are shown in Table 3.

4.3 The contact between soil and pipeline

When analyzing the buried pipeline under the fault
displacement, the force is transmitted by contact between
soil and pipeline. The non-linearity of contact interface will
be involved when the pipeline interacts with the soil. This
paper selects the surface-to-surface contact algorithm to

define the interaction of pipeline and soil. It can be divided
into two parts: tangential action is defined by the Coulomb
friction model; normal action is defined by hard contact. In
the finite element method, the rigid object is regarded as the
main control surface, the object with less rigidity acts as a
subordinate surface. Due to the rigidity of the pipeline, the
outer wall of the pipeline selection as the main control
surface, soil surface as a dependent.

4.4 Boundary conditions and load application

In the FEA, the boundary conditions are set as follows:
the upper surface of the model is the ground surface, and
there is no need to add boundary conditions. Under normal
faults, displacement constraints and angle constraints in X,
Y and Z directions are applied to the bottom surface of the
fixed end, and corresponding displacement loads are
applied to the bottom surface of the moving end. The front
and posterior surfaces and the left and right surfaces are
only constrained by displacement in the X direction. Under
strike-slip faults, displacement and angle constraints in X, Y
and Z directions are applied to the bottom surface of the
fixed end. The displacement constraints in the direction of
X and Y are applied to the front and posterior surfaces of
the fixed end, while the displacement constraints in the
direction of Y are applied only to the front and rear surfaces
of the moving end. Under the oblique fault, the boundary
conditions and displacement loads of normal faults and
strike-slip faults need to be considered comprehensively. In
the model, the displacement loading method is adopted to
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Fig. 10 Strain nephogram along the pipeline axis
simulate the influence of different types of fault . .
yp 5. Comparison between the predicted and

displacement on the mechanical performance of the buried
pipeline. It is achieved by applying displacement on the
bottom or side of the moving end. Because of the end of the
pipeline is connected by spring device, the end constraint is
established by selecting the spring element and determining
the spring elastic coefficient, as shown in Fig.8 (b).

experimental results
5.1 Deformation mode

The axial strain nephograms of specimens N-32-0.3, S-
32-0.3 and O-32-0.3 under different fault displacement are
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Fig. 11 Comparisons of peak axial strains between the predicted results in FEA and measured results in test (Exp)

Table 5 The maximal differences between the FEA results and Exp results

Specimen Fault displacement/mm Measured results /e Predicted results/pe Maximal differences
N-32-0.3 60 644 683 5.710%
N-32-0.6 20 379 403 5.955%
N-40-0.3 20 231 213 7.792%
S-32-0.3 20 232 213 8.190%
S-32-0.6 20 248 274 9.489%
S-40-0.3 60 427 471 9.342%
0-32-0.3 60 1379 1275 7.542%
0-32-0.6 60 1638 1808 9.403%
0-40-0.3 100 1291 1349 4.299%

shown in Figs. 10(a)-(c). It can be seen that the FEA and the displacement, the deformation and strain of pipeline

experimental pipeline deformation have similar results. The increase. From Figs. 10(a)-(c), it can be found that the FEA

maximum deformation of the pipeline is not at the fault, results are in good agreement with the experimental results:

however near the fault. With the increase of the fault the oblique slip fault has the greatest influence on the axial
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Table 6 Parameters design of model

No. t/mm D/mm d/mm A /mm L/mm
1 10 300 300 200 30000
2 15 400 600 400 30000
3 20 500 900 600 30000
4 25 600 1200 800 30000
5 30 700 1500 1000 30000
*Notes: t, D, d, A and L denotes wall thickness, diameter, buried depth, fault displacement and length of the pipeline
respectively.
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Fig. 12 The variation trend of the axial distance from the peak axial strain position of the pipeline to the fault under the

effects of different parameters

strain and deformation of buried pipelines in case of the
same fault displacement, followed by the normal fault,
while the strike slip fault has the least influence. Fig. 10
shows that the buried pipelines crossing the normal fault
and the oblique fault experienced asymmetric deflection
around the fault plane. For the case of buried pipelines
crossing the strike-slip fault, it is observed that the pipelines
experienced relatively similar deflection around the fault
plane

5.2 Axial peak strain
For the buried pipelines under fault movement, their

peak axial strains at the measuring points 8-1 predicted in
FEA were compared with the measured results (Exp) in test,

as shown in Fig. 11. It is clear that the FEA results agree
well with the experimental (Exp) results. It is also clear
from Fig.11 that the peak axial strain predicted in FEA and
measured values of test increase with increasing fault
displacement. Additionally, from Figs. 11(a)-(b), under the
normal fault, the peak axial strain predicted by FEA
increases with the buried depth, which agrees with the
trends from the experiment. The similar conclusion can be
draw when the buried pipeline under the strike-slip fault
and oblique slip fault by comparing Fig.11(d) with Fig.
11(e) and Fig. 11(g) with Fig. 11(h), respectively. Under the
strike-slip fault, Figs. 11(d)-(f) reveal that, influenced by the
ratios of pipe diameter to pipe wall thickness, the changing
trends of the numerical peak axial strain and experimental
values are the same. The axial peak strain increases with
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decreasing ratios of pipe diameter to pipe wall thickness.
The respective comparison of Fig. 11(a) with Fig. 11(c) and
Fig. 11(g) with Fig. 11(i) show that there is a similar
conclusion under the normal fault and oblique slip fault. As
can be seen from Fig. 11(b), Fig. 11(e) and Fig. 11(h), in the
finite element analysis, the influence of fault type on the
peak axial strain of pipeline is the same as that obtained
from the test. The oblique slip fault has the greatest impact
on the pipeline strain, followed by the normal fault, while
the strike-slip fault has the least influence.

5.3 The regression equations of the position of
peak axial strain

The experimental results are in good agreement with the
FEA results. Based on the accuracy of the finite element
model, four parameters were selected to study the variation
trend of the axial distance from the peak axial strain
position of the pipeline to the fault in large deformation
section under normal fault, Parameters design shown in
Table 6. The effects of wall thickness, fault displacement
and diameter on the axial distance from the peak axial strain
position of the pipeline to the fault were shown in Fig.
12(a), Fig. 12(b) and Fig. 12(c) respectively. It can be seen
that the axial distance from the peak axial strain position of
the pipeline to the fault increases with increasing wall
thickness, diameter and fault displacement. However, as
shown in Fig. 12(d), the axial distance from the peak axial
compressive strain position of the pipeline to the fault
decreases with increasing buried depth, the axial distance of
tensile side increases with increasing buried depth.

Based on the analysis of the above-mentioned working
conditions, the regression equations of the position of peak
axial strain of pipeline crossing normal fault to the axial
distance of fault are given under the effects of various
parameters.

The axial distance from the peak axial tensile strain
position of the pipeline to the fault:

y =0.97t? + 4.33D+0.52A + 0.67d +866.3 (1)

The axial distance from the peak axial compressive
strain position of the pipeline to the fault:

y = 0.001t* +5.9x10° D3 +0.0015A% - 0.58d +3900 (2)

“t” represents the wall thickness, mm. “D” represents
the pipeline diameter, m. “d” represents buried depth, mm. *
A ““ represents fault displacement, mm.

The results of the regression equation are fitted with the
consequences of the finite element model (FEM), which
indicates a high degree of fitting as can be drawn from
Figure 13. The regression equation can simplify the analysis
of peak strain position of pipeline and provide a reference
for the study of buried pipelines crossing faults.

6. Discussion of future work

In this paper, only the mechanical properties of healthy
pipelines under fault movements are analyzed, however, in

Equation result/mm
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FEM results/mm
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Fig. 13 Comparison of regression equation results with the
FEM results

service pipelines often have pre-existing damages.
Therefore, a pipeline with pre-existing damages should be
considered in the future research, and the mechanical
properties of the damaged buried pipeline under fault
movements should be explored. Besides, when studying the
axial distance from the peak of the pipeline strain to the
fault, a preliminary study was performed with finite element
analysis alone resulting in a regression equation, yet
parameters related to soil and relative soil -pipe stiffness
were not considered in the regression analysis. Thus,
parameters related to soil and relative soil -pipe stiffness
should be considered in the future research of buried
pipelines crossing faults. As demonstrated in this research,
fault movements deform a pipeline and possibly cause
damages to the pipeline, therefore, it is important to
perform real-time health monitoring of the pipeline. A
potential candidate to perform health monitoring of a
pipeline subject to fault movement is the piezoceramic
transducer (Tian er al. 2019) along with the supporting
algorithms. However, the use of piezoceramics to detect
real-time damage of the buried pipeline subject to fault
movement has not been studied in this paper. The future
research will use transducers made of the PZT (Lead
Zirconate Titanate), a type of piezoceramic material with
strong piezoelectric effect, to monitor real-time damage of
buried pipeline across a fault. The future research will
continue to use the soil-box scale test model with the
equivalent spring boundary.

7. Conclusions

This paper studied the mechanical behavior of buried
pipelines crossing faults by experimental and numerical
methods. The major findings of the research are
summarized in the following:

* The axial strain at different measuring points of the
buried pipelines crossing faults increases with increasing
fault displacement. The axial peak strain appears near both
sides of the fault, while the strain at the fault and at the
farther measuring points are relatively small.

* The pipe-soil restraint action and the axial strain
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increases with increasing buried depth. Increasing the ratio
of pipe diameter to pipe wall thickness is beneficial for
pipeline to resist fault displacement and decrease the axial
strain of the pipeline.

* Compared with a normal fault and a strike-slip fault,
the axial strain response of the pipeline under an oblique
slip fault is the largest, Therefore, the oblique fault has the
greatest harm to the pipelines.

* For pipelines crossing the normal fault and the oblique
fault, the deformation and axial strain distribution of
pipelines are asymmetric along the fault plane. However,
for the case of buried pipelines crossing strike-slip faults,
the deformation and axial strain distribution of pipelines are
approximately symmetric along the fault plane if the soil
surrounding pipelines is homogenous at both sides of the
fault plane.

* For a normal fault, the axial distance from the peak
axial strain position of the pipeline to the fault increases
with increasing wall thickness, diameter and fault
displacement. However, the axial distance from the peak
axial compressive strain position of the pipeline to the fault
decreases with increasing buried depth, and the axial
distance of tensile strain position increases with increasing
buried depth. The regression equation can simplify the peak
axial strain position analysis and provides a reference for
the study of buried pipelines crossing faults.
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