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G W N e

Abstract: Sensitivity analysis aids in determining important factors affecting pipeline safety. Sensitiv-
ity analysis of stress inside gas pipelines with corrosion defects in a landslide region can provide a
theoretical basis for the safe operation of pipelines. This study considered an X80 high-grade steel gas
pipeline model with corrosion defects using finite element analysis (ABAQUS software) under lateral
landslide conditions. Particularly, we studied the six major engineering elements of soil cohesion
to understand the stress variations in buried gas pipelines and performed a sensitivity analysis
of each influencing parameter. The calculation results revealed that all the factors influencing the
stress in corroded gas pipelines during landslide conditions were positively correlated to the internal
pipe stress, except for the axial position of corrosion defects. The factors in the descending order of
influence on the sensitivity coefficient are stated as follows: landslide displacement, axial position of
corrosion defect, soil cohesion, depth of corrosion defect, pressure, and length of corrosion defect.
The results of this study will aid in the design and implementation of such pipelines in mountainous
or other landslide-prone terrains.

Keywords: lateral landslide; corrosion defect; gas pipeline; stress; sensitivity analysis

1. Introduction

Several kinds of topography and landforms exist in China, especially in the southwest-
ern mountainous regions and the northwestern Loess Plateau, where landslide disasters
are common during the onset of monsoon [1]. The China—Myanmar oil and gas pipeline
project is vital to ensure the energy security of China. Because more than 80% of the natural
gas pipelines of this project are situated in the mountainous regions, landslide disasters are
a frequent occurrence [2]. For instance, in 2016 and 2017, two consecutive landslides oc-
curred near the Shazi Town, Qinglong section of the China—-Myanmar natural gas pipeline,
causing the pipeline to break, leak, and burn in this section, severely damaging the pipeline
production safety and the lives of residents in the neighboring areas [3,4]. Because the
China—Myanmar natural gas pipeline was put into operation in 2013, it has been in service
for nearly 10 years. China’s existing natural gas pipeline has a service life of about 15 years
and it is nearing the end of its life. Moreover, long-distance gas pipelines inevitably corrode
over their prolonged service period [5-7]; therefore, we are entering a period of increased
risk of pipeline defects. In addition, due to the natural harsh environment, extreme climatic
conditions (annual average precipitation of about 5000 mm), existence of adverse factors
such as changeable geographical environment, water in the soil, and influence of alkali, salt,
and stray currents, the pipeline’s entire anticorrosive layer is damaged, which will lead to
electrochemical reactions and stress corrosion of the pipeline body. The existence of these
factors will lead to pipe perforation and pipeline failure accidents. Pipeline failures caused
by corrosion further endanger the safe operation of such pipelines [8,9]. Many scholars

Energies 2022, 15, 6640. https:/ /doi.org/10.3390/en15186640

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15186640
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en15186640
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15186640?type=check_update&version=1

Energies 2022, 15, 6640

20f17

have studied the impact of disasters on oil and gas resources [10-13]; however, the impact
of landslide disasters and corrosion on pipelines must be further studied.

In terms of the mechanical response of gas pipelines under the action of landslides,
Rajani et al. [14] and Orourke et al. [15] studied the mechanical response of pipelines
under lateral landslides based on a simplified method and the R-O model, respectively.
Additionally, Zhang et al. [16], Zhang et al. [17], and Zhao et al. [18] used finite element
analysis methods to characterize the mechanical behavior of buried pipelines crossing
the landslide area, considering the interaction between pipe and soil, and analyzing the
landslide soil parameters, pipeline parameters, and influence of landslide scale on the
mechanical behavior of buried pipelines. Katebi [19] and Liang et al. [20] conducted an
in-depth numerical analysis of the mechanical response of the pipeline under various load
conditions; however, they neglected the mechanical response of the pipeline at multiple
intercepting components. Zang et al. [21] and Cao et al. [22] used finite element software
(ABAQUS) to investigate the influence of landslide and pipeline factors on the buried
pipeline in the landslide section.

Considering the analysis and research of pipelines with corrosion defects, Ahammed [23]
studied the influencing factors of the failure pressure of the pipeline through finite element
simulation analysis. Chen et al. [24] and Sun et al. [25] proposed an evaluation method to
predict the failure pressure of X80 pipeline interaction corrosion defects based on the finite
element method. Cui and Cao [26] verified the accuracy of the fitted formula to evaluate the
failure pressure of medium- and high-strength corrosion pipelines. Shuai et al. [27] fitted
the formula predicting the failure pressure of defective pipelines to validate the numerical
formula with the test results. Zhou et al. [28] considered X80 and X100 double-etched
pipelines as the research objects, established a finite element model through ABAQUS, and
studied the influence of defect length, defect depth, and corrosion spacing on the failure
pressure of the pipeline.

Existing research on the failure pressure of pipelines with defects primarily focus on
analyzing the influence of factors, such as defect size, defect shape, and defect location, on
the failure pressure of pipelines, mostly under conditions that do not consider landslides.
To study the impact of landslides on pipelines, buried pipelines are fundamentally used as
models to characterize the effects of landslide scale, pipeline factors, and soil properties on
the stress and deformation of pipelines, excluding corrosion conditions. Currently, only a
handful of scholars have investigated the failure pressure of defective pipelines under the
action of landslides. Although Xu [29] studied pipelines with volume defects under the
action of landslides, the studied pipelines were X60 steel with large-diameter development.
Thus, the characteristics of X80 pipeline should be studied under similar conditions.

Existing research has comprehensively identified the factors affecting the pipeline
stress in landslide disasters and corrosion, but sensitivity analyses have not been conducted
on the factors influencing the pipeline stress. Thus, to evaluate the stress of gas pipelines
with corrosion defects under landslide disasters, we performed finite element analysis
using ABAQUS in this study. In addition, we performed a comparative analysis on the
sensitivity of pipeline stress on various factors for risk assessment, prevention, and control
of gas pipelines with defects under landslide disasters. The current research aims to provide
a relevant foundation for disaster mitigation and engineering design.

2. Mechanical Analysis of Pipeline in Lateral Landslide
2.1. Mechanical Models and Basic Assumptions
For the convenience of calculation, it is necessary to simplify the mechanical model of
the pipeline and assume the following;:
1.  The pipe is continuously and evenly distributed along the axis;
2. The landslide thrust force on the pipeline is evenly distributed along the buried pipeline;
3. The pipe in the landslide as a beam bending problem.
4. The pipeline stress-strain curve is still the true stress-strain curve.

The simplified mechanical model is shown in Figure 1.
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Figure 1. Lateral landslide pipe force diagram.

2.2. Solution of Transverse Landslide Pipeline Mechanics

The differential equation of pipe bending is as follows:

d?y glx  gx?
where
E: Modulus of elasticity, Pa;

I: Moment of inertia, m*;

P: Longitudinal force of pipeline section, N;
y: Pipeline deflection, m;

w: Deflection at the section, m;

Mp: Bending moment on section, N-m;

[: Pipeline span length, m;

q: Lateral pressure under soil collapse, Pa;
x: Length ratio of pipe;

Bending moment at the end of pipe:

where
k: Soil resistance coefficient, MPa/m?Z;
M)p: Bending moment at end of pipe, KN-m;

The bending moment at the midpoint of the pipe is as follows:

MC:(M”;Z)_EI

a(f) P
where

M.: Bending moment at midpoint of pipe; KN-m;
Deflection at midpoint of pipe:

h(4) -1
a1 ayh(E) 1
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Deflection of pipe end point:
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where
ko: Resistance coefficient, N/m?3;
D: Pipe diameter, m.

3. Establishment of Gas Pipeline Model with Corrosion Defects under the Action
of Landslide

3.1. Establishment of Soil Model

The schematic of the soil model proposed in this study is illustrated in Figures 1 and 2.
Overall, the soil body is 80 m wide and can be categorized into two components—the
lower component of the soil body, including the soil bedrock, and the upper component,
constituting the landslide body, further divided into non-sliding and sliding components.
In particular, the sliding component is 20 m wide, and the non-sliding component on
both sides is 30 m wide. The area around the Qinglong section of the China-Myanmar
natural gas pipeline in western Guizhou, Shazizhen had two consecutive landslides in 2016
and 2017. The angle of the two landslides was about 25-35° [3]; therefore, the landslide
angle was taken as 30° for convenient calculation. The thickness of the landslide body was
8 m. The 3D view of the landslide model is shown in Figure 3. The basic parameters are
listed in Table 1 [30]. The Mohr—Coulomb model was adopted for the landslide soil, and
the bedrock of the landslide soil was considered an elastomer material. Accordingly, we
consulted relevant literature to select a hard contact and penalty functions with face-to-face
discrete methods to describe the normal and tangential contact existing between pipes and
soils [22,31-33].

A finite element model was established to study the deformation and failure mecha-
nism of the pipeline during interaction between the pipeline and landslide body, and the
influence of other secondary factors was neglected. Therefore, we considered the follow-
ing assumptions for the model: (1) the direct influence of other objective factors, such as
temperature variations and external vibrations on the pipeline, was not considered; (2) the
mechanical and physical properties of the soil along with the pipeline were presumed to be
uniformly distributed along all axes of the pipeline; (3) only landslides were considered
under the action of safe and normal transportation of pipelines.

Displacement load

|
| A
Wy W

Buried piping
30m 1 20m A 30m
Non landslide section Landslide section . Non landslide section -
80m

Figure 2. Schematic illustration of soil model.
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Figure 3. Three-dimensional view of landslide model.
Table 1. Relevant parameters of lateral landslide soil.
Density Poisson’s Ratio Elastic . Ir}ternal Soil Cohesion Fr1cf1('m
Parameter Ke-m_3 v Modulus Friction Angle ¢ kPa Coefficient
Pr kg E, MPa v, ° ’ M
Landslide 1.900 x 103 0.4 20 20 20 0.4
Soil bedrock 2.040 x 103 0.35 32,5 - - -

: Internal friction angle, dip angle of shear strength line in 0—1 coordinate plane; M: Friction coefficient, ratio of
frictional force between two surfaces to vertical force acting on one surface; v: Poisson’s ratio, ratio of transverse
and axial normal strains of a material under unidirectional tension or compression; c: Soil cohesion, attraction
between adjacent parts of the same substance, kPa; E: Elastic modulus, its stress and stress should become directly
proportional during the elastic deformation stage of a material, MPa.

3.2. Establishment of Pipeline Model

This study took the data on the Qinglong section of Western Guizhou of the China-
Myanmar natural gas pipeline as an example. We considered X80 grade steel pipe as
the research object with a diameter of 1016 mm and wall thickness of 22 mm. The true
stress-strain curve of X80 steel is shown in Figure 4, and the buried depth of the pipeline
was set to 2.0 m. The basic parameters of the pipeline are shown in Table 2.

600 ]
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Figure 4. True stress—strain curve of X80 steel.
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Table 2. Basic parameters of pipeline model.
Pipe Wall Densi Elastic Poisson’s Pressure Minimum
Pipe Diameter Thickness ke tzs Modulus Ratio P. MP Yield Pressure
D, mm t, mm P, Xgm E, MPa v ks SMYS, MPa
X80 1016 22 7800 206,000 0.3 10 530

3.3. Mesh Division and Boundary Condition Setting

The model in this study was divided into meshes, and the meshes of the pipe—soil
contact area were locally refined to ensure the accuracy of the solution results in this area.
In case the soil was meshed, the contact region between the soil and pipeline, as well as the
soil in the vicinity of the pipeline, were densified or divided into cubes for meshing. The
side of the cube was divided into a unit of 0.08 m. During meshing, a unit was divided in
intervals of 0.1 m along the circumferential direction of the pipe and 1 m in the pipe axial
position. The meshing of the soil and the contact region between the soil and pipeline in
the finite element pipeline model are described in Figure 5.

Figure 5. Schematic illustration of mesh division.

The ultimate bending of the pipe was observed if the length of the soil behind the
pipe was more than five times the pipe diameter. Therefore, in the current model, the
distance between the pipeline and the rear face was set as 3.5 m. In addition, the boundary
conditions of the pipeline model and landslide soil were set as follows: full constraints
applied to the bottom of the soil bedrock; axial constraints applied to both sections of the
pipeline, including the left and right ends of the landslide; and displacement loads applied
to the rear end of the soil to represent the soil sliding.

3.4. Model Validation

The developed model was verified with comparison to the stress variations reported
in the literature [30]. Accordingly, the lateral landslide displacement of the finite element
model was set to 1 m with an operating pressure of 10 MPa, and the stress variations were
calculated. The calculated soil and pipeline displacement cloud diagrams are presented in
Figures 6 and 7, and the pipeline stress cloud diagram is depicted in Figure 8.

Under similar conditions reported in related literature, 23 points along the axial
direction of the pipeline were considered as the analysis object and the simulation results
were compared with the variations observed in pipeline stress [34]. The comparison results
are depicted in Figure 9, which demonstrates that the stress variation trend of the pipe in
the axial position obtained under simulation was overall consistent with the experimental
results. The maximum von Mises stress of the pipeline was 514.8 MPa, less than the yield
strength of 530 MPa, corresponding to the safe operation of the pipeline.
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Figure 6. Displacement cloud map of soil mass.

U, Magnitude

Figure 7. Displacement cloud map of pipeline.

S, Mises

Figure 8. Stress nephogram of buried pipeline.
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—e— Experimental results
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Axial position of pipeline

Figure 9. Schematic illustration of pipeline model verification.

3.5. Establishment of Pipeline Model with Defects

According to relevant research theories, the calculation cost and numerical conver-
gence must usually be considered in the process of finite element modeling [26]. Therefore,
it is generally necessary to simplify the geometry of defects. At present, the commonly used
simplified defect geometry models are divided into the following four types: (1) uniform
wall thickness model, (2) flat bottom model, (3) spherical model, and (4) cylindrical model.



Energies 2022, 15, 6640 8 of 17

For the pipeline with corrosion defects established herein, the uniform wall thickness defect
model was adopted. A schematic illustration of the corroding pipes is shown in Figure 10,
and the grid division diagram of pipeline defects is shown in Figure 11.

Figure 10. Schematic illustration of corroded pipe.

z x

Figure 11. Corrosion defect pipeline model and grid diagram.

The corrosion was localized corrosion caused by the harsh natural environment.
Therefore, the corrosion was simplified to rectangular uniform wall thickness corrosion,
which is more accurate and simpler than other simplified models. The corrosion defect size
of the pipeline was as follows: the length was 400 mm, central angle was 20°, and depth
was 10 mm.

According to existing literature [29], the corrosion behavior of a pipeline under the
action of landslide defects can be combined with the finite element analysis of the pipeline.

3.6. Sensitivity Analysis Method
3.6.1. Analysis

To establish a system model, the functional relationship between the system character-
istics and influencing factors was considered. We aimed to determine the datum parameter
set according to the specific problems in this study. During analysis of the impact of specific
parameter x;, on system characteristics, the datum parameter presumed the datum value
and remained constant. In addition, x, was varied within a certain range. At this instant,



Energies 2022, 15, 6640

90f17

the system characteristic was y = f (x]‘, X5, X, x;‘Z), and the influence of a single parameter
on the system characteristic was investigated.

3.6.2. Dimensionless Treatment

In an actual system, the influencing factors are often various physical quantities
with varying dimensions. Therefore, the sensitivities of various influencing factors were
compared based on dimensionless parameters. Accordingly, this study defined the di-
mensionless sensitivity function and sensitivity factor; i.e., the ratio of the relative error ¢,
of system y to the relative error 6, of parameter x; is defined as the sensitivity function
Ni(x;) of the parameter.

The relative error of system y is as follows:

|Ay|
o, = (7)
Yy y*

The relative error of parameters xy is as follows:

_ A

Xk xk
The sensitivity function is as follows:
_ 1avl/yr | Ay

x*
k _
Trk - 1/2/ n, (9)

Ni(xg) y

O |Axe| /x| Axg

where

Ni(x;): Sensitivity coefficient of factors to the system;

x;: Benchmark value of factor setting;

y*: Response value of factor at reference value.

The size of |Ni(x)| indicates the sensitivity of the factor. A small value of | Ny (xy)]
weakens the sensitivity of the element, consequently reducing the influence of the element
on the target. In contrast, the influence of the element on the target increases with the
sensitivity of the element.

4. Stress Sensitivity Analysis of Pipeline with Corrosion Defects under Landslide
4.1. Sensitivity Factor Analysis

The influencing factors of a landslide on the stress of a gas transmission pipeline with
corrosion defects primarily refer to the defect length, defect depth, defect axial position,
pressure in the pipe, displacement of landslide mass, and cohesion of soil mass. The setting
of reference values for the sensitivity analysis is listed in Table 3.

Table 3. Reference values of sensitivity analysis.

Axial Position Internal Landslide
Influence Defect Length Defect Depth Pressure of . Soil Cohesion
of Defect .. Displacement
Factor d, mm 2 m Pipeline Sm ¢, KPa
’ P, MPa !
Reference value 10 5 8 2 20

Based on the established finite element model of a gas transmission pipeline with
corrosion defects under the action of landslide, the maximum von Mises stress value of
the pipeline was calculated using the reference values presented in Table 3; the influencing
factors of the model were varied with +10%, £20%, +30%, +40%, and +50% of the
reference value. The maximum von Mises stress value of the pipeline was calculated, and
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the sensitivity coefficients of various influencing factors were evaluated according to the
sensitivity coefficient analysis method.

Multiple influencing factors demonstrated the same number of variations over time,
and the maximum von Mises stress of the gas transmission pipeline with corrosion defects
varied under the landslide action. Considering £10%, £20%, +30%, £40%, and £50% of
the reference value as the influencing factors of the variation model, the maximum von
Mises stress value of the pipeline calculated using the developed finite element model
is presented in Table 4. The sensitivity analysis diagram of influencing factors drawn
according to the calculation results is depicted in Figure 9.

Table 4. Summary of maximum von Mises stress of pipeline (MPa).

Variation of

Influencing Lmm omax Dmm  0pmax Z,m  Omax P, MPa Omax S,mM  omax ¢ KPa Omax
Parameters (%)

—50 200 516.3 5 516.8 2.5 528.1 4.0 511.0 1.0 515.7 10 487.7
—40 240 516.5 6 516.9 3.0 527.0 4.8 511.6 1.2 524.7 12 489.9
—30 280 516.7 7 517.0 35 525.2 5.6 512.1 14 531.9 14 493.5
-20 320 517.0 8 517.1 4.0 523.6 6.4 512.7 1.6 538.9 16 496.0
—10 360 517.2 9 517.2 4.5 521.4 7.2 513.3 1.8 544.3 18 498.3

10 400 517.3 10 517.4 5.0 518.2 8.0 514.0 2.0 548.9 20 500.1

20 440 517.5 11 518.0 55 516.0 8.8 514.6 2.2 552.7 22 501.7

30 480 517.6 12 519.0 6.0 516.0 9.6 515.3 24 556.1 24 502.8

40 520 517.7 13 520.1 6.5 515.8 104 516.1 2.6 559.6 26 503.7

50 560 517.7 14 521.2 7.0 515.6 11.2 516.9 2.8 562.4 28 504.6

—50 600 517.8 15 522.6 7.5 515.6 12.0 517.8 3.0 565.0 30 505.1

As shown in Figure 12, all factors except the axial position of corrosion defects were
positively correlated to the stress in the gas transmission pipeline with corrosion defects
under landslide action.

570 - —=— Corrosion length

© . —&— Corrosion depth

% 560 |- —#*— Corrosion axial position | @/
= | —¥— Internal pressure | e
GCJ —&— Landslide displacement| -

D 550 || —«— Soil cohesion |

o [

Q540 |

Y

o !

n

n L
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= L

7}

» 520

()

D I

= 510 |
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(>\§ I ;q/‘
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(o]
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I
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Variation of influencing factors /%

Figure 12. Sensitivity analysis of influencing factors.
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e  Corrosion length

The maximum von Mises stress of gas pipelines containing corrosion defects under
the action of landslide increased with the corrosion length, but the growth trend was not
prominent. Table 5 shows the model parameters when the defect length changes. In the case
of —50% variation of influence parameters, the maximum von Mises stress of the pipeline
was 516.3 MPa. In contrast, the maximum von Mises stress of the pipeline was 517.8 MPa in
case of 50% variation of influence parameters, corresponding to a variation of only 1.5 MPa.
Moreover, the variation in the maximum von Mises stress of the gas transmission pipeline
was almost equal to that in corrosion length. As observed, the variations in corrosion defect
length slightly influenced the maximum von Mises stress of the pipeline in a certain range.

Table 5. Model parameters for varying defect length.

Axial Position Internal Landslide
Influence Defect Length Defect Depth Pressure of . Soil Cohesion
of Defect .. Displacement
Factor d, mm 2 m Pipeline S m ¢, KPa
! P, MPa ’
Reference value  —50% D-50% D 10 5 8 2 20

e  Corrosion depth

The maximum von Mises stress of gas pipelines containing corrosion defects under
the action of landslide increased with the corrosion depth with a prominent growth trend.
For a defect depth between 5 and 9 mm, the increase in the maximum von Mises stress
value of the pipeline was 0.1 MPa, which increased further with the corrosion depth. The
stress value increased by 0.12% for a depth between 5 and 10 mm. For a depth between
10 and 15 mm, the stress value increased by 1.01%, indicating that the corrosion depth
was within 10 mm, with the defect depth having minimal influence on the stress value
of the gas pipeline. The threat to the safe operation of the pipeline increased when the
corrosion depth exceeded 10 mm. Table 6 shows the model parameters when the defect
depth changes.

Table 6. Model parameters for varying defect depth.

Axial Position Internal Landslide
Influence Defect Length Defect Depth Pressure of . Soil Cohesion
of Defect . . Displacement
Factor d, mm m Pipeline S m ¢, KPa
= P, MPa ’
Reference value —50% t-50% t 5 8 2 20

e  Axial position of corrosion defects

The maximum von Mises stress of gas transmission pipelines with corrosion defects
under the action of landslide decreased with the increase in axial position of defects. As
the distance between the defect and middle length of the pipeline increased, the reduction
in the maximum von Mises stress of the pipeline was 1.1, 1.8, 1.6,2.2,3.2,2.2,0,0.2, 0.2,
and 0 MPa, displaying a trend of initial increase with subsequent decrease. When the axial
position of the defect was 2.5 and 5.5 m, the stress was reduced by 2.34%, while it reduced
by only 0.8% between 5.5 and 7.5 m. These results indicated that the pipeline is prone to
be damaged if the corrosion defect is in proximity to the center of the landslide. At the
junction of the landslide section and non-landslide section, the corrosion defects exerted
less destructive force on the pipeline. Table 7 shows the model parameters when the axial
position of the defect changes.
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Table 7. Model parameters for varying axial position of defect.

Axial Position Internal Landslide
Influence Defect Length Defect Depth Pressure of . Soil Cohesion
of Defect .. Displacement
Factor L, mm d, mm m Pipeline S m ¢, KPa
= P, MPa '
Reference value 400 10 —50% z-50% z 8 2 20

e Internal pressure of pipeline

In increase in the internal pressure gradually increased the maximum von Mises stress
of the gas pipelines with corrosion defects under landslide conditions. Table 8 shows the
model parameters when the pressure inside the pipeline changes.

Table 8. Model parameters for varying internal pipeline pressure.

Axial Position Internal Landslide
Influence Defect Length Defect Depth Pressure of . Soil Cohesion
of Defect .. Displacement
Factor L, mm d, mm m Pipeline S m ¢, KPa
= P, MPa '
Reference value 400 10 5 —50% P-50% P 2 20

e Landslide displacement

The conclusion of landslide displacement is similar to that of internal pressure. As
the landslide displacement increased from 1 to 3 m, the maximum von Mises stress of
the pipeline increased in the following progression: 2.6, 2.8, 3.5, 3.4, 3.8,4.6,5.4,7,7.2, 9.
Although the maximum von Mises stress of the pipeline increased, the stress growth
diminished with every 0.2 m advance of the landslide displacement. Table 9 shows the
model parameters when the landslide displacement changes.

Table 9. Model parameters for varying landslide displacement.

Axial Position Internal Landslide
Influence Defect Length Defect Depth Pressure of . Soil Cohesion
of Defect .. Displacement
Factor L, mm d, mm m Pipeline S m ¢, KPa
= P, MPa '
Reference value 400 10 5 8 —50% S-50% S 20

e  Soil cohesion

During landslide, the maximum von Mises stress of gas pipelines with corrosion
defects increases with the factor of soil cohesion. As the cohesion of soil increased from 10
to 30 KPa, the maximum von Mises stress of the pipeline increased by 0.5, 0.9, 0.9, 1.1, 1.6,
1.8,2.3,2.5, and 3.6 MPa. Although the maximum von Mises stress of the pipeline increased,
the extent of the increase reduced with the addition of every 2 KPa in soil cohesion. Table 10
Model parameters when soil cohesion changes.

Table 10. Model parameters for varying soil cohesion.

Internal

Influence Defect Length Defect Depth Axial Position Pressure of Fandshde Soil Cohesion
of Defect .. Displacement
Factor L, mm d, mm Pipeline ¢, KPa
z, m S, m
P, MPa

Reference value 400 10 5 8 2 —50% ¢-50% ¢
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Based on the sensitivity coefficient equation (Equation (9)), the variations of influenc-
ing factors and stress (Table 4) were substituted for calculation. Consequently, the
sensitivity coefficient values of all influencing factors were obtained as presented in
Table 11, and the variation plot of sensitivity coefficients is depicted in Figure 13.

Table 11. Sensitivity coefficients for various influencing factors.

Variation of

. Corrosion Corrosion Corrosion Internal . . .
Influencing . i Displacement  Soil Cohesion
> Length Depth Axial Position Pressure
Parameters, %
—50 0.0039 0.0023 —0.0382 0.0117 0.1210 0.0496
—40 0.0039 0.0024 —0.0425 0.0117 0.1102 0.0510
—30 0.0039 0.0026 —0.0450 0.0123 0.1032 0.0440
—20 0.0029 0.0029 —0.0521 0.0126 0.0911 0.0410
—10 0.0019 0.0039 —0.0618 0.0136 0.0838 0.0360
10 0.0039 0.0116 —0.0425 0.0117 0.0692 0.0320
20 0.0029 0.0155 —0.0212 0.0126 0.0656 0.0270
30 0.0026 0.0174 —0.0154 0.0136 0.0650 0.0240
40 0.0019 0.0184 —0.0125 0.0141 0.0615 0.0225
50 0.0019 0.0201 —0.0100 0.0148 0.0587 0.0200
. Corrosion length
0.12 ~ —— Corrosion depth
L \ Corrosion axial position
0.10 F TN Internal pressure
L N ——— Landslide displacement
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Figure 13. Variation diagram of sensitivity coefficient.

The stress of the gas transmission pipeline with corrosion defects under landslide

conditions were analyzed according to the variations in sensitivity with regard to the
influencing factors, as presented in Table 11 and Figure 13. The details are given below:

1.

Corrosion length

The sensitivity coefficient of the pipeline stress under defect length initially decreased,
but subsequently increased with the corrosion length. In particular, the sensitivity
coefficient varied from 0.0019 to 0.0039, thereby implying minimal influence of the
increasing corrosion length on the stress of the gas transmission pipeline.
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2. Corrosion depth

The sensitivity coefficient of the pipeline stress with respect to defect depth increased
with the corrosion defect depth. Particularly, the sensitivity coefficient ranged from
0.0023 to 0.0201, indicating the influence of the defect depth on increasing the stress
in the gas transmission pipeline, but the promoting trend was not prominent.

3.  Corrosion axial position

As the axial position of corrosion was situated farther away from the center of the
landslide, the sensitivity coefficient of pipeline stress to the axial position of corro-
sion decreased at first but subsequently increased, and the variations in sensitivity
coefficient ranged from —0.0618 to —0.0100.

4.  Internal pressure

With the continuous increase in pipeline internal pressure, the sensitivity coefficient
of pipeline stress initially increased, then decreased, before finally increasing again.
The sensitivity coefficient varied from 0.0117 to 0.0148, suggesting less influence of
pressure in the pipeline on the stress of the gas transmission pipeline.

5. Landslide displacement

With the increasing landslide displacement, the sensitivity coefficient of the pipeline
stress reduced with respect to landslide displacement. The sensitivity coefficient
varied from 0.0587 to 0.1210, indicating that the influence of displacement evidently
reduced the influence on the stress of the gas transmission pipeline.

6.  Soil cohesion

As the soil cohesion increased, the sensitivity coefficient of pipeline stress with
respect to soil cohesion decreased. Specifically, the sensitivity coefficient varied
from 0.0510 to 0.0200, indicating the diminishing influence of soil cohesion on
pipeline stress.

According to the above analysis based on the calculation results of sensitivity coeffi-
cients, the descending order of sensitivity coefficient for each influencing factor can
be stated as follows: landslide displacement, corrosion axial position, soil cohesion,
corrosion depth, internal pressure, and corrosion length.

4.2. Protection and Treatment of Landslide Pipeline

As discussed in Section 4.2, landslide displacement poses the greatest impact on
defective pipelines. Therefore, to design and select the pipeline route, first, the regions prone
to geological disasters and those with greater hazards must be avoided. For unavoidable
cases, targeted prevention and control measures must be implemented to eliminate hidden
dangers [35]. To prevent and control landslide disasters, comprehensive prevention and
control measures are required in combination with treatment and monitoring. Accordingly,
the techniques of slope cutting and slope protection should be adopted to reduce the weight
of soil at the back end of landslide mass. The soil in the sliding section is pressurized at the
slope toe of the anti-sliding section, and the anti-sliding force increased with the weight
of the anti-sliding section. Subsequently, intercepting and drainage ditches should be
constructed to avoid the accumulation of surface water on the slope surface of the landslide
section along with the discharge of surface water adjacent to the slope in the vicinity of the
landslide. Thus, anti-slide piles must be constructed adjacent to the pipeline and retaining
walls must be set to support the landslide mass. Ultimately, the landslide mass should be
monitored for warnings and alerts.

In addition to landslide, the axial position of corrosion defects posed the most signif-
icant impact on the pipeline. Therefore, pipeline anticorrosion work must be conducted
appropriately in addition to the protective measures against landslides. More importantly,
the pipeline situated at positions prone to landslide require more anticorrosion measures
than the pipeline at the general position. For instance, pipes with strong corrosion resis-
tance reasonably use anti-corrosion coating and apply cathodic protection technology. If it
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is impossible to implement avoidance measures in landslide areas including potentially
unstable slope areas, selected pipelines must be employed to improve the performance and
increase the ability of pipelines to withstand landslide disasters.

5. Conclusions

In this study, to determine the maximum von Mises stress of the pipeline under
various influencing factors, a finite element model of gas transmission pipelines was
developed with corrosion defects under the action of landslide. In addition, the single-
factor sensitivity analysis method was employed to analyze the influencing factors, and the
following conclusions were obtained.

1. The effect of corrosion defect length on maximum von Mises stress was not significant
within a certain range. When the defect depth exceeded 10 mm, the threat to the safe
operation of the pipeline increased. The closer the corrosion defect is to the center of
the landslide, the more easily the pipeline is damaged.

2. Excluding the axial position of corrosion defects, all influencing factors were positively
correlated to the stress inside the gas transmission pipeline with corrosion defects
during a landslide.

3. Based on the calculation results of sensitivity coefficients under the conditions set
in this study, the sensitivity coefficients of corrosion defect length, corrosion defect
depth, corrosion defect axial position, internal pressure, landslide displacement,
and soil cohesion were 0.002, 0.0181, 0.0518, 0.0031, 0.0623, and 0.031, respectively.
The descending order of the sensitivity coefficient for each influencing factor is as
follows: landslide displacement, corrosion axial position, soil cohesion, corrosion
depth, internal pressure, and corrosion length.

4. Sensitivity analyses of each influencing factor of corroded defective gas transmission
pipelines under a landslide were carried out to provide theoretical references for the
design and prevention of pipeline engineering in landslide areas.

5. Considering the optimization of calculation and cost saving, the model was simplified
appropriately. This paper focused on the study of single corrosion defects without
considering fluid-structure interaction and multiple corrosion defects.
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