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Abstract: In different kinds of buried pipelines, L245 and L360 are the most used which are chosen
by the China Pipeline Design Institute. For studying the stress and deformation characteristics of
buried pipelines with different specifications across faults, this paper established a physical model of
cross-fault buried pipelines and a finite element model of pipelines crossing the fault zone, which
adopts the finite element method and ANSYS software. The models take pipeline material, soil
material, grid division, load application method, and other factors into consideration, concentrating
on the nonlinear solution of L245 and L360 buried pipelines under the condition of strike-slip fault
soil. The results illustrate that pipelines with larger diameters are more conducive to resisting the
stress and deformation caused by faults. Moreover, the strain and dislocation amount of the pipeline
increases with the increase of the dislocation amount when a fault occurs. Furthermore, the resistance
is optimal when the angle of intersection between the fault and the pipe is 60, while further research
and analysis are needed for special cases. This work can provide a direction for the optimization of
parameters for pipeline design especially strain-based design.

Keywords: buried pipeline; finite element method; fault; contact stiffness; dislocation

1. Introduction

Refined oil distribution is a significant part of the process for consumers getting oil,
and long-distance pipelines are an important guarantee for refined oil distribution [1,2].
Most of the long-distance pipelines in our country pass through active geological fault
zones, and frequent geological activities near fault zones pose a great threat to the normal
operation of underground pipelines that cross faults [3]. Current research shows that the
causes of earthquake damage to buried pipelines can be divided into two categories: one is
strong ground movement; the other is permanent ground deformation, such as site damage
caused by fault movement, sand liquefaction, landslides, etc., [4]. Among them, the biggest
impact on buried pipelines is the surface rupture caused by fault movement. Among
them, the nature of the fault, site conditions, embedding methods, pipeline materials, and
other factors have a significant impact on the degree of damage caused by fault movement.
Therefore, it is of great significance to study the mechanical properties of buried pipelines
in fault movement.

At present, the theoretical analytical method and finite element analysis method
are two mainstream methods used to study the stress and strain analysis of pipelines.
Theoretical analytical methods generally simplify the thin shell structure of pipelines into
cable or beam models before theoretical calculation. Although the theoretical analytical
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model can obtain accurate analytical solutions, it is difficult to apply to solve engineering
problems with more complex conditions.

The reaction analysis method of buried pipelines in fault was first proposed by N. M.
Newmark and his student W. J. Hall in 1973 [5]. They come up with a three-broken-line
model. In 1977, based on the Ramberg–Osgood stress-strain model, Kennedy derived a
new formula of strain and its functional form as [6]:

ε(σ) =
σ

E

[
1 +

(
α

r + 1

)
·
(
|σ|
σy

)]r
(1)

Then in 1985, Leon Ru-Liang Wang brought forward an improved method, which
considered the bending strain and stiffness [7].

So far, the numerical analysis method of the finite element model has been used more
widely than the stress and deformation analysis of pipelines. The finite element method can
be roughly divided into two categories: one is to divide the pipeline into beam elements,
which is relatively simple; the other divides the pipe into shell units. In both of these
finite element methods, soil springs connected in three directions are used to consider the
interaction between pipes and soil [8,9]. Zhang Kun et al. used the calculation model of
pipe plastic deformation to analyze and calculate the pipe plastic deformation under the
action of radial extrusion and residual pressure of pipe leakage to calculate the required
load amount of pipe extrusion [10]. Wang Lei, Xie Qiang et al., Liu et al., and Shang
Yujie et al., based on the elastic foundation beam model, derived the analytical solution
of pipeline deformation and internal force under the action of a transverse landslide and
studied the characteristics of pipeline deformation by the finite element simulation method.
Chen Liqiong and Xue Jinghong used numerical simulation software to analyze the stress
and strain distribution of buried pipelines crossing landslides, and studied the effects of
soil properties, pipe diameter, wall thickness, internal pressure and pipe material on the
stress and strain of pipelines. The finite element method is often used to simulate the actual
seismic damage and aseismic experiment of pipeline crossing fault.

In this paper, the influence of a strike-slip fault on a buried pipeline is analyzed by the
finite element model.

2. Finite Element Analysis Model

According to Saint-Venant’s principle, the phenomenon of stress concentration gen-
erally appears near the point where the object is subjected to force. However, after a
certain distance from the point of application of the force, the stress distribution tends to be
uniform, that is, the local load of the object only affects a relatively small area near it, and
the local effect of uneven stress can be ignored at a longer distance [11]. In this working
condition, the large deformation of the pipe soil is mainly concentrated in a certain range
on both sides of the fault, and the pipe section far away from the fault will move with the
soil. On the premise of ensuring the safety of the large-deformation pipe section near the
fault, the site with a small possibility of distal failure may not be analyzed.

Based on the above analysis, first, a physical model for analyzing buried pipelines
across faults is established. As shown in Figure 1, the length, width, and height of the soil
are 60 m, 20 m, and 10 m, respectively, the length of the pipeline is 60.2 m, and the center
axis of the pipeline is 10 m from both sides of the soil.

This section can be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

2.1. Material Parameter Setting

The stress-strain curves of pipes and soil materials are plastically nonlinear. When
the strain exceeds the yield strain, the response of the material becomes nonlinear and
irreversible. Under the action of a fault, the stress value of the pipeline may exceed the
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yield stress and enter a nonlinear state; under the action of gravity and the shearing action
of the pipeline, the faulted soil may also enter the material nonlinear stage [12–14].

Figure 1. Physical model of buried pipeline across faults.

2.1.1. Pipe Material

According to the recommendations of SY/T 0450-2004 “Code for Seismic Design of
Buried Oil (Gas) Steel Pipelines”, the stress-strain curve of pipeline steel adopts a three-
fold line model, which is divided into an elastic zone, an elastoplastic zone, and a plastic
zone [15,16].

Two factors are considered. The grid division result of the faulted soil model is shown
in Figure 2.

Figure 2. Grid division of faulted soil.

When meshing in ANSYS, it is stipulated that when meshing complex surfaces, each
element edge at the curved edge should not exceed 15◦, otherwise inverse elements will
be generated here, which will cause analysis errors. Therefore, for the pipeline, at least
24 parts need to be divided on the circumference.

The finite element model of the cross-fault pipeline is shown in Figure 3. When
dividing the mesh, divide the mesh along the pipe circumference and axial direction, and
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divide the pipe circumference with 24 elements. When using ANSYS for structural analysis,
try to avoid using lower-order tetrahedral elements, and use sweep division instead. For
pipes, all hexahedral elements are generated.

Figure 3. Grid division of pipelines laid across slopes.

The surface-to-surface three-dimensional contact pair establishes the finite element
model of the pipeline crossing the fault zone, and also uses the SOLID45 element to simulate
the pipeline and soil.

2.1.2. Soil Materials

The constitutive relationship of the soil is ideal elastoplastic, that is, after the equivalent
stress reaches the yield limit, the stress will no longer increase, however, the strain will
continue to increase. Use the Drucker–Prager model that comes with the ANSYS software
to define the soil material, the equation is [17]:

f (I1, J2) = αI1 +
√

J2 − K = 0, (2)

where I1 is first invariant of stress tensor; and J2 is second invariant of stress deviator tensor.
α and K depend on three parameters: cohesion c, internal friction angle ϕ, and expansion
angle ψ.

2.2. Meshing

Meshing is an important step for finite element analysis, and it directly affects the
accuracy of the calculation results. In general, the greater the mesh density, the better the
convergence of the calculation results and the higher the calculation accuracy, however,
the calculation time is longer. Therefore, when determining the number of meshes, it is
necessary to weigh the contact unit CONTA174 and the target unit TARGE170 to form a
surface-surface three-dimensional contact pair.

Since the pipe has a much higher stiffness relative to the soil, the contact problem is
rigid to flexible. The outer surface of the pipeline is the target surface, and the interface
between the faulted soil and the pipeline is the contact surface, and the two together form
a contact pair. The properties of the two faulted soils are the same, and one of the contact
surfaces is selected as the target surface and the other is the contact surface, forming a
contact pair.

For the surface-to-surface contact unit, the contact algorithm uses the augmented
Lagrangian algorithm. At the beginning of the iteration, the contact coordination condition
is determined by the penalty stiffness coefficient FKN. Once the balance is reached, the
permissible intrusion amount is checked. At this time, if necessary, increase contact stress
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to reduce the amount of intrusion. The advantage of this method is that it is not easy to
cause pathological conditions, has less sensitivity to contact stiffness, and can better meet
the real conditions of non-invasiveness. However, the disadvantage is that it requires more
iterations and consumes more computing resources [18].

The amount of penetration between the two surfaces depends on the contact stiffness.
In theory, the greater the contact stiffness, the smaller the penetration, which is more in line
with the real situation. However, too much contact stiffness may cause the ill-condition of
the total stiffness matrix, resulting in difficulty in convergence. In this paper, the normal
stiffness coefficient FKN is set to 0.1, and the maximum contact penetration tolerance
FTOLN is set to 0.1. To improve convergence, we turn on the automatic reduction of
initial penetration.

In ANSYS, the friction between the target surface and the contact surface adopts the
Coulomb model, and there are additional options to deal with complex adhesion and shear
behavior. Before the two surfaces begin to slide relative to each other, the shear stress on the
two surfaces must rise to a fixed value τ, and this stage is called adhesion. Once the shear
stress exceeds this value, the two surfaces will slide relative to each other. The pipe–soil
friction coefficient is selected concerning “Strength Design of Pipelines and Storage Tanks”.

Considering that the pipe–soil contact problem involves friction, the stiffness matrix
chooses the asymmetric option. Although the asymmetric solver requires more calculation
time than the symmetric solver, for cross-fault problems, the friction stress has a greater
influence on the calculation results, and the magnitude of the friction stress is highly
dependent on the solution process and has any effect on the stiffness matrix. Symmetrical
approximation may lead to reduced convergence.

In summary, the pipe–soil interaction is simulated by setting up contact pairs between
the pipe and the soil, and between the soil and the soil. The contact pair model is shown in
Figure 4.

Figure 4. Contact pair model.

2.3. Boundary Conditions and Load Application

In the beam or shell finite element method, the interaction between the tube and
the soil is considered by the axial soil spring and the transverse soil spring (including
the horizontal soil spring and the vertical soil spring) connected to the node of the tube
element, as shown in Figure 4. Since the fault displacement may be very large, the nonlinear
characteristics of the soil spring must be considered. The parameters of the axial soil spring
are determined by the backfill in the trench, while the parameters of the lateral soil spring
(including the horizontal and vertical soil springs) are determined by the soil conditions
around the pipeline buried site. In addition, when the pipeline moves in the vertical plane,
due to the surface soil having an empty surface, the stiffness of the foundation soil of the
pipeline upward and downward is different, that is, the soil reaction force and downward
displacement of the pipeline relative to the soil. The soil reaction force of displacement is
different [19–21].
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When strike-slip faults slip, cross-fault pipelines will be subjected to shear, bending,
tension and compression forces, resulting in tensile, compression, or buckling failure. When
a strike-slip fault occurs in an earthquake, it can be regarded as a large displacement of
the soil on one side, and no change in the geometric boundary of the soil on the other side.
Therefore, the bottom surface of the soil on one side is fully constrained, the degrees of
freedom in the three directions are set to 0, and the normal displacements of several sides
perpendicular to the bottom surface are restrained at the same time. The degree of freedom
in the two directions of X and Y is 0.

The gravity load in ANSYS is applied in the form of inertial force; therefore, the
direction of the gravity acceleration g is in the positive direction of the Y-axis. In addition,
internal pressure is applied to the inner surface of the pipe. The schematic diagrams of
boundary conditions and load application are shown in Figures 5 and 6.

Figure 5. Finite element analysis diagram of buried pipeline.

Figure 6. Schematic diagram of boundary conditions and load application.

3. Simulation Result Analysis
3.1. Stress and Strain Cloud Diagram

We performed nonlinear solutions to the established finite element model and per-
formed post-processing on the calculation results. Figures 7 and 8 are the stress and strain
cloud diagrams of the pipe section near the fault. It can be seen that under the action of the
faulted soil, the pipe section near the fault will produce greater stress deformation.



Energies 2022, 15, 1655 7 of 15

Figure 7. Stress cloud diagram of the pipe section near the fault.

Figure 8. Strain cloud diagram of the pipe section near the fault.

In this paper, a total of 24 types of buried pipelines with different diameters and wall
thicknesses of L245 and L360 are simulated and analyzed by the finite element method. The
simulation results of L360 323.9 × 8.5 buried pipelines are used as an example for analysis.
Figures 9–11 show the displacement, stress, and strain clouds of this size pipe when the
dislocation occurs in the fault, respectively. As shown in Figure 9, the buried pipeline is
shifted significantly with the fault dislocation, and significant bending deformation occurs
on both sides of the fault. Figure 10 shows that when the fault is dislocated, the bent pipe
section near the fault generates higher stress, and as shown in Figure 11, the bent pipe
section near the fault then generates larger strains and contains larger plastic strains with
similar distribution characteristics as the stress. Through the above cloud analysis, it can be
seen that when dislocation occurs in the fault, the buried pipeline across the fault will be
followed by a large displacement, and the pipeline on both sides of the fault will be bent
and deformed, and a large stress-strain will be generated in the bent pipe section.
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Figure 9. Pipeline displacement cloud diagram.

Figure 10. Pipeline stress cloud diagram.

3.2. Stress and Strain Cloud Diagram

In the series simulation analysis of buried pipeline across the fault, it is assumed that
the soil is hard clay, and according to the Petroleum and Chemical Engineering Design
Workbook Book 2 Oilfield Surface Engineering Design, the soil physical parameters used
are shown in Table 1; according to GB/T17395-2008 Seamless Steel Pipe Size, Profile, Weight
and Allowable Deviation, the pipe specification parameters used are shown in Table 2. In
Table 2, because of the required toughness of pipelines, L245 and L360 are chosen as the
pipe material. The chosen diameters are the most commonly encountered in the work of a
pipeline design institute in China.

Table 1. Physical parameters of soil.

Soil Type Modulus of
Elasticity /MPa

Density/k
g/m3

Poisson’s
Ratio

Cohesion/
MPa

Internal
Friction

Stiff Clay 10 1800 0.15 0.06 56
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Figure 11. Pipeline strain cloud diagram.

Table 2. Pipeline specifications.

Model Number Diameter/mm Wall Thickness/mm

L245

111

168.3

4.5
112 5.0
113 5.5
114 6.0

L245

121

219.1

6.0
122 6.3
123 7.0
124 7.5

L245

131

323.9

7.1
132 7.5
133 8.0
134 8.5

L360

211

168.3

4.5
212 5.0
213 5.5
214 6.0

L360

221

219.1

6.0
222 6.3
223 7.0
224 7.5

L360

231

323.9

7.1
232 7.5
233 8.0
234 8.5

We use the selected initial data to simulate and analyze the buried pipeline in the
process of fault dislocation, and the relationship between the maximum strain of the L245
series pipeline and the amount of fault dislocation is organized according to the calculation
results as follows:

According to Figure 12, it can be seen that the pipe strain shows a complex nonlinear
relationship with the amount of dislocation when dislocation occurs in the fault, which
can be roughly distinguished into two regions: (1) the strain increases with the amount of
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dislocation; (2) the strain oscillates with the increasing amount of dislocation. The cut-off
value of the two regions varies depending on the pipe specification and the intersection
angle between the pipe and the fault. Among the four pipe sizes, 323.9 × 7.1 pipe has the
best ability to resist dislocation at an intersection angle of 30◦, followed by 90◦ and the
worst at 60◦; the other three pipe sizes have the best intersection angle with the fault at 60◦,
followed by 90◦ and the worst at 30◦.

Figure 12. The maximum strain change law of pipeline under different included angles: (a) 323.9× 7.1;
(b) 323.9 × 7.5; (c) 329.9 × 8.0; (d) 329.9 × 8.5.

According to Figure 13, the strain of the pipe and the amount of dislocation when
the fault occurs show a complex non-linear relationship, but the strain increases with the
increase in the amount of dislocation and the trend of increasing. Among the four pipe
specifications, 219.1 × 6.0 pipe in the intersection angle of 30◦ when the best ability to resist
dislocation, 90◦ followed by the worst 60◦; the other three specifications of the pipe and the
intersection angle of the fault are the best 60◦, 90◦ followed by the worst 30◦.

According to Figure 14, various sizes of pipes require fault dislocations of about 20 cm
at 60◦ intersection angle before significant strain occurs, but the 90◦ intersection angle and
30◦ intersection angle change significantly after greater than 10 cm of fault dislocations.

The relationship between the maximum strain and the amount of fault dislocation for
the L360 series pipeline simulated in our work is shown in Figures 15–17. It can be seen that
the L360 series pipe behaves similarly to the L245 series, and the strain of the pipe shows a
complex non-linear relationship with the amount of dislocation when dislocation occurs
in the fault, but the strain tends to increase with the increase of the amount of dislocation.
Among the four pipe specifications, all three pipes have the best ability to resist dislocations
at an intersection angle of 60◦ with the fault, followed by 90◦ and the worst at 30◦.
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Figure 13. The maximum strain change law of pipeline under different included angles: (a) 219.1 × 6.0;
(b) 219.1 × 6.3; (c) 219.1 × 7.0; (d) 219.1 × 7.5.

Figure 14. The maximum strain change law of pipeline under different included angles: (a) 168.3 × 4.5;
(b) 168.3 × 5.0; (c) 168.3 × 5.5; (d) 168.3 × 6.0.
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Figure 15. The maximum strain change law of pipeline under different included angles: (a) 323.9 × 7.1;
(b) 323.9 × 7.5; (c) 323.9 × 8.0; (d) 323.9 × 8.5.

Figure 16. The maximum strain change law of pipeline under different included angles: (a) 219.1 × 6.0;
(b) 219.1 × 6.3; (c) 219.1 × 7.0; (d) 219.1 × 7.5.
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Figure 17. The maximum strain change law of pipeline under different included angles: (a) 168.3 × 4.5;
(b) 168.3 × 5.0; (c) 168.3 × 5.5; (d) 168.3 × 6.0.

4. Conclusions

In our work, ANSYS was applied to test and analyze different sizes of buried pipelines
for the effects of slip faults, and the following conclusions were drawn:

Each pipe has a strain threshold. The pipe strain with the increase in the amount of
fault dislocation changes very little when the amount of fault dislocation is less than the
threshold. Moreover, the pipe strain with the increase in the amount of dislocation and the
increasing trend will rapidly increase when the amount of fault dislocation is greater than
the threshold. Therefore, the maximum strain of buried pipes should be less than this point
in engineering applications.

The pipeline strain and dislocation amount show a complex non-linear relationship
when dislocation occurs in the fault, but basically, the strain increases with the increase
of the dislocation amount. Especially, after the strain of L245 pipe increases to a certain
range with the increase of dislocation amount, the strain will oscillate and change with the
increase of dislocation amount, the critical value of which varies with the pipe specification
and the intersection angle between the pipe and the fault, and further analysis and test
are needed.

Generally, the resistance ability of the intersection angle between the fault and the
pipe is optimal at 60◦, and the resistance ability of the intersection angle between the fault
and the pipe is the worst at 90◦. In particular, the L245 model 323.9 × 7.1 pipeline has the
worst resistance at 60◦, and the best resistance at 30◦. The same special one is the L245
model 219.1 × 6 pipeline, whose law is the same as the L245 model 323.9 × 7.1 pipeline.

A larger pipe diameter is more conducive to resisting the stress deformation caused
by the fault.

The above results are mainly used for “strain-based pipeline design” and the parameter
optimization of pipelines.
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