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Abstract: To solve the safety hazard of a buried gas pipeline caused by subsidence of a mined-out
area, a three-dimensional model of a buried pipeline in a mined-out area was established using
geological parameters and the finite-element software ABAQUS. The effects of the friction coefficient
of the pipe and soil, the coal-seam dip angle, and the horizontal angle on the mechanical behavior of
the pipe under varying widths of goaf area were investigated. The results indicate that the maximum
equivalent stress of the pipeline is negatively correlated with the horizontal angle. Concerning
longitudinal mining, the pipeline exhibits a high-stress zone when the mining length is >200 m, the
surface displacement appears in a small range when the mining length is 40 m, and the stratum
displacement range increases gradually with the increase in the mining length. When the width of
the goaf is constant, the maximum equivalent stress of the pipeline is positively correlated with the
tube-soil friction coefficient and negatively correlated with the coal seam dip angle. The position of
maximum stress gradually tends to appear near the uphill side of the coal seam, with an increase in
the coal seam dip angle.

Keywords: mined-out collapse; horizontal angle; coal-seam dip angle; pipe-soil friction coefficient;
finite-element analysis

1. Introduction

The pipeline used in the West-East Gas Transmission Project is the longest gas trans-
mission pipeline in China, and it runs from east to west through nine provinces and regions:
Xinjiang, Gansu, Ningxia, Shaanxi, Shanxi, Henan, Anhui, Jiangsu, and Shanghai. A total
of 93.6% of China’s coal resources are distributed in 18 provinces, north of the Kunlun
Mountains, Qinling Mountains, and Dabie Mountains. Coal mining causes the soil surface
to collapse. Currently, the stress of the pipeline passing through the goaf is complex, which
may produce bending deformation [1,2]. The pipeline may even be fractured, causing
leakage [3-5]. With the continuous and rapid growth of China’s demand for natural gas, the
application of high-steel-grade pipelines [6—8] has become increasingly popular in pipeline
engineering. Therefore, it is necessary to study the mechanical behavior of high-steel-grade
pipelines crossing goafs.

Researchers have analyzed the stress and strain of pipelines passing through goafs.
Han Bing et al. [9] used the finite-element software ABAQUS to analyze the effects of the
mining depth and coal-seam thickness on the pipeline strain and proposed that a strain-
based failure criterion can be used to confirm the anti-deformation ability of the pipeline.
Suchowerska et al. [10] analyzed the surface settlement laws for single and multiple coal
seams through numerical simulations and investigated the influence of the constitutive
model of the stratum soil on the numerical results. Wang et al. [11] evaluated the law of
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surface movement in the area facing the slope influenced by coal mining with a physical
model; they found that coal mining with multiple seams produces additional intense rock
strata movement and surface failure than that of a single seam. Kalisz et al. [12] studied the
influence of underground mining on surface deformation based on practical engineering
and examined the causes of failure of natural-gas pipelines crossing a goaf. Xiaolin et al. [13]
developed an analytical calculation method for buried pipelines in the subsidence area
based on the probability integral method, providing stress—strain calculations for buried
pipelines crossing the subsidence area at any angle. Hao et al. [14] used ABAQUS to
analyze the effects of different mining angles on the mechanical behavior of pipelines and
concluded that pipelines with an included angle of 90° were least affected by underground
mining. Although experts have investigated the mechanical behavior of goaf gas pipelines,
high-steel-grade pipelines passing through goafs have yet to be analyzed; thus, limited
studies have been conducted on the mechanical behavior of high-steel-grade pipelines
based on actual geological parameters.

Through our investigation of the literature on the research status at home and abroad,
we found that other studies aimed at analyzing the mechanical behavior of low-steel-grade
pipes in the goaf; however, high-steel-grade pipes under this same working condition
are not analyzed as such. Due to the development of the West-East Gas Transmission
Project, high-steel-grade pipes are more frequently applied in pipeline engineering, so it is
highly necessary to include high-steel-grade pipes in the analysis. Due to the advantages
of high-steel-grade pipelines, such as high strength, good fracture toughness, and good
welding performance, the performance difference between low-steel-grade pipelines and
high-steel-grade pipelines are very obvious. Additionally, the conclusions from low-steel-
grade pipelines are not necessarily fully applicable to high-steel-grade pipelines. Therefore,
the mechanical behavior of high-steel-grade X80 pipeline in goaf is analyzed in this paper.
At present, the research on buried pipelines in goaf does not consider the influence of the
spatial location of the coal seam on pipeline mechanics. Therefore, this paper analyzes the
influence of the space location of the coal seam in goafs on buried pipelines.

Therefore, using actual geological parameters with ABAQUS, a three-dimensional
mechanical analysis model of a buried high-steel-grade pipeline under a collapsed mined-
out area was developed in this study. Our paper analyzed the effects of the horizontal
mining angle, the tangential friction coefficient of the pipe and soil, and the coal-seam dip
angle on the pipeline’s mechanical behavior; our results consist of practical engineering
applications. The conclusion of this study can provide some technical support and a
reference for pipeline construction and safe operation.

2. Finite-Element Model of Pipe-Soil Interactions in Mined-Out Conditions

After underground coal mining, rock mass and soil in the mined-out area move
or collapse [15], re-establishing mechanical balance. The pipeline passing through the
goaf interacts with the surrounding soil and rock strata, forming a complex physical and
mechanical system. Therefore, the finite-element model developed in this study consists
of a rock strata and soil model, a buried-pipeline model, and a pipe-soil interaction
model. Considering this finite-element model, the effect of the initial ground stress on
the pipeline stress is considered, along with the internal pressure of the pipeline and
the gravitational force of the system. Since this working condition is not under extreme
temperature conditions and does not involve frost heave or melting of soil, the influence of
the temperature field is not considered in this paper.

2.1. Finite-Element Model Parameters

A pipeline that crosses the mining subsidence area is used as an example. For a
long-distance pipeline, an X80 steel pipe with an outer diameter of 1016 mm and a wall
thickness of 15.3 mm is used. The maximum operating pressure of the pipeline [16] is given
as follows:

Pmax = 0.72 x (205t/D), (1)
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where Prax represents the maximum operating pressure of the pipeline, o; represents the
yield strength, t represents the thickness of the pipe, and D represents the pipe diameter.

The yield stress of the pipeline is 555 MPa, and the buried depth of the pipeline is
2 m. The goaf soil model size is 400 m x 210 m x 600 m. H represents the mining depth,
w represents the width of the mining area, and v represents the mining area height. «y
represents the coal-seam dip angle, and & represents the buried depth of the pipeline. The
rock strata parameters of the soil and pipe trench backfill soil were obtained from the
literature [17-19]. The diagram of the goaf gas pipeline is shown in Figure 1, and the
specific parameters are presented in Table 1.
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Figure 1. Geometric model of natural gas pipeline through goaf.
Table 1. Physical parameters of the pipeline and rock strata.

Rock . _3 Elastic . , . . Friction Expansion
Classification Density/kg-m Modulus/MPa Poisson’s Ratio  Cohesion/MPa Angle/° Angle/°
Overlying soil 1960 110 0.3 5.0 30 15

Argillaceous 2500 3800 0.25 2.994 40 15
siltstone
Silty Mudstone 2474 1400 0.25 2.766 38 15
Coal seam 1500 2000 0.25 1.0 30 15
Sandstone 2548 26,000 0.25 4.306 39.4 15
Backfill soil 1560 24.7 0.3 0 40 10
Pipeline 7833 210,000 0.3

2.2. Soil Model of Each Rock Stratum

Generally, rock soil has nonlinear, elastoplastic, and dilatant characteristics [20,21].
Considering continuous coal mining processes, buried pipelines are gradually affected by
the mined-out collapse, and the soil properties significantly affect the stress and deformation
of buried pipelines. Therefore, soil properties influence the mechanical behavior of buried
pipelines. When the internal friction angle of the soil [22] is >22°, the Mohr-Coulomb
model [23] in ABAQUS should be used for soil modeling, ensuring the reliability of the
simulation results. This model is robust and has adaptability concerning different loads
applied to the soil; thus, it has been widely used in engineering and was used for soil
modeling in the present study.
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2.3. Pipeline Model

An X80 high-steel-grade pipe is used in the pipeline model, as shown in Figure 2.
The Ramberg—Osgood constitutive model [24] is used to describe the true stress—strain
relationship of the pipe, which is given as follows:
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where ¢ represents the real strain, oy represents the axial stress (in MPa), E represents the
elastic modulus (in MPa), o5 represents the yield strength (in MPa), « = 0.4 is the hardening

coefficient, and v = 17.15 is the strain hardening index.
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Figure 2. True stress—strain curve of the X80 steel.

2.4. Finite-Element Model of Pipe-Soil Interaction

In this study, the finite-element method [25] was used to simulate the influence of a
mined-out area that has collapsed on a buried pipeline. The finite-element model is shown
in Figure 3. Under this working condition, the buried pipeline has a complex nonlinear
relationship with the surrounding soil, which is described by defining the tangential and
normal interactions between the buried pipeline and soil in the finite-element model. To
ensure that the simulation results conform to the actual working conditions, reasonable
boundary conditions are set in the finite-element model for this study. The soil model
and the pipe model are constrained symmetrically, and the pipe-soil displacement is
constrained in the normal direction. The upper surface of the model is free of constraints.
No displacement occurs on the lower surface of the model, and all displacement degrees of
freedom are constrained. According to the actual working conditions, an internal pressure
of 10 MPa is applied to the inner surface of the model pipe, and a gravitational acceleration
of g =-9.8 m/s? is applied to the overall model in the Y-axis direction.
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Figure 3. Finite-element model meshing.

2.5. Validation of the Finite-Element Model

Because the process of surface subsidence is not monitored in real time in this project,
the finite-element model cannot be validated using measurements. In the present study, the
following two methods are used for validating the finite-element model and ensuring the
accuracy of the results: (1) The sensitivity of the results of the model to the finite-element
and mesh size are analyzed. (2) The simulation results of the finite-element model are
compared with those of other researchers.

(1) Grid verification

The size of the soil model is set at 400 m x 210 m x 600 m, the internal pressure of the
pipeline is set at 10 MPa, and the width of the goaf is set at 100 m. The soil model grid size
is set at 5, 10, 15, 20, and 25 m, and the effect of the grid size on the calculation results is
analyzed. The maximum von Mises stress and the maximum subsidence of the pipeline
under different grid sizes are presented in Table 2.

Table 2. Mesh sensitivity analysis results.

[ . Maximum Maximum von
Grid Size/m Grid Number Subsidence/m Mises Stress/MPa
5 578,884 -0.07438 265.68
10 233,522 -0.07448 265.64
15 75,642 -0.07006 265.23
20 43,976 -0.06733 264.92
25 27,364 -0.06243 263.72

The grid verification results showed that when the mesh size was 10 m, the maximum
settlement of the pipeline reached the extreme point, and when the mesh size was reduced
from 10 m to 5 m, the maximum Mises stress increased by 0.0015%, which could be ignored.
In order to save calculation, the mesh size was set at 10 m in this paper.

(2) Comparison of the finite-element analysis results with theoretical values

The goaf caving area generated by the ground layer will lead to the subsidence of the
surface, and the main section pipeline is the biggest threat to safety under the influence
of mining resources. The main methods for predicting gob subsidence [26] include the
probability integral method, the Weibull distribution method, the typical curve method,
and the negative exponential function method. Among them, the probability integral
method has been widely used in predicting mining subsidence in China, and its theory
has reached a more mature level after a large number of experts and scholars’ research
and development. Based on the mining conditions, the probability integral method [27]
can be divided into semi-unlimited mining and limited mining to predict the settlement
amount. Based on the mining condition of the coal seam in the actual process, this paper
can be judged as limited mining. Limited mining refers to the situation where the size
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of the working face is limited in length. The formulas for calculating surface subsidence
(W9x)) and horizontal movement (U°(x)) on the goaf strike main section are as follows:

WO (x) = W(x) — W(x —1), (©)]

U (x) = U(x) — U(x —1). (4)

where, the expressions of W(x) and U(x) are, respectively, as follows:

YTy
wol 2 7 _p2
W(x)=— —/e”du—f—l , )
2
v
2
U(x) = bWge "7, (6)

where, x represents the distance from any point on the surface to the origin of the coordinate
(in m), [ represents the calculation length of the mined-out area of the coal seam (in m), r
represents the radius of major influence (in m), u represents the distance from the calculated
point (in m), b represents the coefficient of horizontal movement, Wy = g cos 6 represents
the maximum surface subsidence above the goaf (in m), é represents the seam mining
thickness (in m), g represents the subsidence coefficient, and 6 represents the dip angle of
the coal seam (°).

The calculation formulas of the surface subsidence (W(x,y)), lateral displacement
(U(x,y,¢)), and axial displacement (U (x, y, ¢ + 7)) along the goaf pipeline are as follows:

W) = WO W), )
U, ,9) = - [LO WO () cos+ U () WO () sing)], ®
U(xyg+7)= wio [~ (X)W (y) sing + U (y)WO(x) cos g, )

where, ¢ represents the angle between the pipeline strike and the mining strike, ¢ + 5
represents the axial direction angle of the pipe.

A comparison between the results of the finite-element model and the theoretical
model is calculated and is presented in Figure 4, theoretical model results are from litera-
ture [28] There are two similarities between the finite-element model and the theoretical
model: (1) Both buried pipelines have subsidence in the goaf, and there is no difference be-
tween the trend of subsidence and position of maximum stress (both are at an axial distance
of 300 m from the pipeline). (2) The maximum subsidence of the pipe in the finite-element
model is 0.07448 m, and the maximum subsidence of the pipe in the theoretical model
is 0.07373 m, with an error of 1.02%. The error is within the allowable range; thus, the
accuracy and feasibility of the developed model can be verified.
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Figure 4. Comparison for model validation.
3. Influencing Factors on the Mechanical Behavior of a Buried Pipeline in the Goaf

3.1. Effect of the Horizontal Angle

The angle between the mining area and the buried pipeline is not always 0° or 90° in

practical mining engineering. Figure 5 shows a schematic of the mining area and pipeline

strike during longitudinal mining. The paper defines mining along the positive direction
of the x-axis as longitudinal mining, and the mining range is 200 m. In this manuscript,
the acute angle between the mining direction and pipeline is denoted as 6, and the mining

length of the mining area is denoted as EL.

| 200 m | 200 m
i ;
- I
,'_ Mining area
- By =
! ! =
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s L
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;T Thimingg T ]
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X r—-—-—-= - T4
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Figure 5. Schematic of the mining area and pipeline strike under the longitudinal mining condition.

Figure 6 shows the effect of post-mining pipelines in the mining area under a width
of 200 m with 6 values of 90°, 82.5°, 75°, 67.5°, and 60° (longitudinal mining condition).
Figure 6a shows the stress nephogram of the goaf pipeline. As shown in Figure 6b, during
the mining of the underground coal seam, the equivalent stress of the pipeline increased
with a reduction in the horizontal included angle 6, and the maximum equivalent stress
occurred at the center of the pipeline (axial distance of 300 m). As shown in Figure 6c,
the maximum equivalent stress of the pipeline decreases nonlinearly with an increase
in the horizontal included angle, and the equivalent stress rate of change increases with
the horizontal included angle. Additionally, with an increase in the mining length, the
high-stress zone of the pipeline barely changes after the underground coal seam mining
is completed; thereafter, the high-stress zone appears along the circumferential direction
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of the pipeline. When the horizontal angle 8 is 90°, the maximum equivalent stress of the
pipeline is 374.91 MPa. When the horizontal angle 0 is 60°, the maximum equivalent stress
of the pipeline is 425.89 MPa, and the pipeline has reached the failure state. Figure 6d
shows the maximum von Mises stress of the pipeline for different mining lengths. The
maximum equivalent stress of the pipeline increases throughout the mining process. When
EL = 400 m, the maximum equivalent stress is 425.89 MPa, and the pipeline equivalent
stress reaches its peak. Throughout the mining period, the greater the Angle between
pipeline and working face, the faster the change rate of maximum equivalent stress of
pipeline. With the increase of mining length, the change rate of maximum equivalent stress
of pipeline becomes faster.

Von Mises stress
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Figure 6. Cont.
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Figure 6. Equivalent stress distributions of the pipeline at different horizontal included angles.

(a) Stress nephogram of the goaf pipeline. (b) Curve of the equivalent stress change of the pipeline
after mining. (c) Curve of the maximum equivalent stress of the pipeline. (d) Maximum equivalent
stress of the pipeline for different mining lengths.

As shown in Figure 7a, with an increase in the excavation length, local high-stress
zones gradually appear in the middle of the pipeline, directly above the mining area.
Considering the mining of the underground coal seam, the high-stress zone gradually
expands along the axial direction of the pipeline. When the mining length is <200 m, no
high-stress zone appears on the pipeline surface. When the mining length is 200 m, the
pipeline exhibits a high-stress zone. Overall, the high-stress zone of the pipeline barely
changes; however, the equivalent stress in the center of the pipeline increases continuously.
Thereafter, a high-stress zone appears along the circumferential direction of the pipeline.
The equivalent stress of the pipeline remains lower than the yield strength throughout the
mining process, indicating that the pipeline has only elastic rather than plastic deformation.
Figure 7b shows the Y-X plane view of the formation. When the mining length is 40 m,
the formation has a small displacement range, which is concentrated above the mining
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Von Mises Stress/Pa
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275.20
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U, Magnitude

area and has negligible impact on the surface. Surface subsidence occurs, and its range
gradually increases during the mining process. The displacement of the mining area is
maximized when the mining is completed. The resulting stratum displacement indicates
that the upper surface settlement and lower surface uplift of the mining area increase.
Therefore, when the subsidence is excessively large, the mining area may collapse.
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x

(b)

Figure 7. Pipeline and formation cloud maps for different mining lengths. (a) Cloud maps of the
pipeline stress for different mining lengths. (b) Displacement cloud maps of the strata for different
mining lengths.

3.2. Effect of Friction Coefficient

Figure 8 shows the effects of the goaf width and friction coefficient on the von Mises
stress of the buried pipeline. Figure 8a—e presents the effects of varying friction coefficients
on the von Mises stress of the pipeline for goaf widths of 100, 150, 200, 250, and 300 m,
respectively. Figure 8f exhibits the variation in the maximum von Mises stress with respect
to the friction coefficient for varying goaf widths.

As shown in Figure 8, the von Mises stress increases gradually with an increase in
the friction coefficient at the same mining area width. Additionally, the von Mises stress
increases gradually with an increase in the mining area width. The maximum von Mises
stress occurs at the center of the pipeline when the friction coefficient is constant. As
shown in Figure 8f, when the width of the goaf is 100, 150, 200, 250, and 300 m and the
friction coefficient increases from 0.3 to 0.5, the maximum von Mises stress of the pipeline
increases by 0.59%, 1.20%, 1.75%, 1.99%, and 2.12%, respectively. The maximum on Mises



Processes 2023, 11, 1022

110f18

stress increases gradually under the influence of the friction coefficient with an increasing
goaf width.

The results indicate that soft materials can be used to backfill the pipe crossing the
goaf when laying it. At this time, the soil particle gap increases and the tangential friction
coefficient of the pipe and soil decreases, which can reduce the pipe stress.

270

[\

[oN

(==
T

Tangential friction
coefficient
of pipe and soil

Von Mises stress of pipe/MPa

250 F |
|
— 0.30
:} — 035
X — 0.40
240 I — 045
: — 0.50
I
|
|
|

230 " 1 " 1 " 1 1 " 1 "
0 100 200 300 400 500 600
Axial distance of pipeline/m
(a)
320 [ [
I I
I I
I I
£ 300 - l l
= : !
e | i Tangential friction
[-o i ! ! coefficient
b 280 : : of pipe and soil
] I I
g ! ! — 030
@ L — 0.35
g 260 ' —— 040
= ! ! —— 045
é | Mined-out area | — 050
> 240 : :
I I
I I
I I
220 N 1 N (| N | L 11 L | L
0 100 200 300 400 500 600
Axial distance of pipeline/m
(b)

Figure 8. Cont.
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Figure 8. Von Mises stress curves of the pipe with different tangential friction coefficients. (a) Goaf
width of 100 m. (b) Goaf width of 150 m. (c) Goaf width of 200 m. (d) Goaf width of 250 m. (e) Goaf
width of 300 m. (f) Maximum von Mises stress of the pipe.

3.3. Effect of Coal-Seam Dip Angle

Figure 9 shows the effects of the mined-out area width and coal-seam dip angle on the
von Mises stress of the buried pipeline. Figure 9a—e presents the effects of the coal-seam
angle on the von Mises stress of the pipeline for goaf widths of 100, 150, 200, 250, and
300 m, respectively. Figure 9f indicates the variation in the maximum von Mises stress of
the pipeline with respect to the coal-seam dip angle for varying goaf widths.

As shown in Figure 9, the von Mises stress decreases gradually with an increase in
the coal-seam inclination angle for the same mining-area width. The von Mises stress
increases gradually with an increase in the mining-area width for the same coal-seam dip
angle, and the maximum stress is 442 MPa. With an increase in the coal-seam dip angle, the
position of the maximum stress towards the uphill side of the coal seam. The maximum
equivalent stress of the pipeline is 432 MPa when the inclination angle of the coal seam
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is 15° and the goaf width is 300 m; the pipeline fails under these working conditions.
According to the foregoing analysis, the mining angle of the coal seam can be adjusted
appropriately, reducing the impact of mining the coal seam on the gas transmission pipeline
above the goaf. Therefore, it is recommended to mine the coal seam using a 15° dip angle
in practical engineering.
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Figure 9. Von Mises stress curves of the pipe for different coal-seam dip angles. (a) Goaf width of
100 m. (b) Goaf width of 150 m. (c) Goaf width of 200 m. (d) Goaf width of 250 m. (e) Goaf width of
300 m. (f) Maximum von Mises stress of the pipe.

4. Conclusions

The effects of different parameters on the pipeline stress were analyzed by developing
a three-dimensional finite-element model of the pipe-soil interaction regarding buried
pipelines passing through a goaf. The following conclusions are drawn:

(1) The equivalent stress of the pipeline increases when the horizontal angle of inclination
is reduced, whereas the maximum equivalent stress occurs at the center of the pipeline.
With a reduction in the horizontal angle, the high-stress zone of the pipeline barely
changes after the coal-seam mining is complete; however, the maximum equivalent
stress increases. In the process of coal-seam mining, a lesser angle between the pipeline
and the coal-seam mining strike corresponds to a faster increase in the maximum
equivalent stress of the pipeline; the change in the equivalent stress of the pipeline
increases with the mining length.
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(2) Alocal high-stress zone gradually appears with an increase in the excavation length
when the coal seam is mined longitudinally. The high-stress zone of the pipeline
remains stable when the mining length is >200 m. When the mining length is 40 m,
a small amount of stratum displacement occurs in a small range, which is mainly
concentrated above the mining area and has no surface impact. Surface displacement
gradually occurs, and the range of the stratum displacement gradually increases with
an increasing mining length.

(3) The equivalent stress of the pipeline increases with an increase in the pipe-soil friction
coefficient when the width of the goaf is constant. The effect of the pipe—soil friction
coefficient on the equivalent stress of the pipeline is significantly apparent with a
wider goaf.

(4) With an increase in the coal-seam dip angle, the von Mises stress decreases, and
the position of the maximum stress towards the side of the coal-seam uphill. The
maximum equivalent stress of the pipeline is 432 MPa when the inclination angle of
the coal seam is 15° and the goaf width is 300 m. The pipeline reached failure under
these working conditions. Therefore, to reduce the influence of coal mining on the gas
pipeline above the goaf, the mining angle of the coal seam should be maximized.

(5) We suggest that the angle between the coal seam mining direction and the pipeline
axial direction be 90° to reduce the influence of coal seam mining on the buried
pipeline when it is horizontal. For the coal seam with a dip angle to the horizontal
direction, we suggest that the mining direction and the horizontal direction be inclined
to mining in order to reduce the influence of coal seam mining on the buried pipe.

(6) The pipeline is affected not only by internal pressure but also by internal fluid. We
suggest to introduce the fluid-structure coupling model to study the mechanical
behavior of the goaf pipeline in practical engineering.
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