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In the process of underground resource exploitation, the induced surface subsidence easily leads to the deformation and
failure of buried pipeline. And in the process of soil subsidence, the complex interaction between buried pipeline and
surrounding soil occurs, which leads to deformation and additional stress in buried pipeline. In this paper, a laboratory
test system is designed and developed to analyze the influence of buried depth, cohesion of soil, and angle of internal
friction on stress, in order to obtain the deformation mechanism of pipe-soil and the pressure around the pipe and the
distribution of additional axial stress along the pipeline. The research results show that in the process of subsidence, the
synergistic deformation between the pipe and soil at both ends of the subsidence area is maintained, while there is a
compressive nonsynergistic deformation zone in the soil at the top of the pipe, and the deformation zone in the cohesion-
less soil and the cohesive soil presents a spire shape and an arch shape, respectively. Areas of maximum additional tensile
and compressive stresses occur in the area of maximum curvature and the central position. In addition, the smaller the
burial depth, the earlier the unloading phenomenon occurs; and the additional stress in buried pipe in cohesion-less soil is
significantly less than that in cohesive soil, and the unloading phenomenon occurs earlier. The research results provide the

basis for disaster prevention of buried petroleum transmission pipeline in subsidence process.

1. Introduction

Today, most natural resources (e.g., petroleum, natural gas,
oil, and water resources) are transported by buried pipelines,
whose safety is central to ensuring the development of
resources [1, 2]. However, due to underground resource
extraction, groundwater pumping and underground engi-
neering construction causes the upper soil to sink, forming
an expansive sink curve, resulting in bending and deforma-
tion or damage to the buried pipelines [3, 4]. The interaction
between the buried pipe and the soil around the pipeline is
caused by the deformation of buried pipeline during soil
subsidence and additional soil pressure around the pipeline
[5, 6].

The study of the interaction between buried pipes and
the soil around the pipes relies on indoor tests as well as
numerical simulations. Tian et al. use a new formulation
derived from the improved Spangler model to improve the

accuracy of stress and deformation calculations for orthotro-
pic buried pipes and demonstrate that the new model can
simulate the behaviour of buried pipes better than the Span-
gler model [7]. Khademi-Zahedi uses the finite element
method to evaluate the behaviour of buried medium density
polyethylene (MDPE) pipelines where damage occurs at the
crown. Buried gas pipelines are subjected to severe stresses
during loading due to soil-structure interaction, the presence
of traffic loads, the self-weight of the soil, daily or seasonal
temperature variations, and uniform internal pressures [8].
Wu et al. use the orthogonal test method for sensitivity anal-
ysis of soil parameters and a comprehensive numerical study
of the interaction between large diameter pipes and soils [9].
Wang et al. conduct a study of surface stress tests between
room temperature or frozen sand and pipes to investigate
the facial stress experienced by pipes buried in sand [10].
Zhang et al. develop a numerical simulation model of X80
pipeline under a reverse fault with a crossing angle of 60°,


https://orcid.org/0000-0002-2308-357X
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/7941989

(b) Layout of the earth pressure box along the pipeline
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FIGURE 1: Arrangement of the main test element.

analyze the damage evolution mechanism of buried steel
pipeline, and discuss the effects of internal pressure and
diameter-thickness ratio on the stress, strain, and displace-
ment of the pipeline [11]. Bildik and Laman conduct an
experimental study of stresses in buried pipes in cohesion-
less soils [12]. Zhou et al. use the experimental data to inves-
tigate the internal mechanistic behaviour and characteristics
of surface subsidence in thick alluvial coal mining areas,
which explains the peculiarities of surface subsidence in coal
mining areas with thick alluvial layers and provides a basis
for the establishment of predictive models [13].

The interaction during the relative movement of the
pipe-soil is influenced by multiple parameters of the pipe-
soil, which poses difficulties for indoor experimental studies,
so it is of positive significance to analyze the influence of the
pipe-soil parameters on the deformation and forces of bur-
ied pipes. Joneidi et al. consider the soil as an elastic material
and derive its composition. The gas pipe is also modeled on
a critical section below the road to study the axial stress as
the maximum stress component and the displacement of
the pipe [14]. Meidani et al. investigate the response of bur-

ied pipes under relative axial ground motion using three-
dimensional discrete element analysis and develop a model
for the continuous nature of the pipes. The microscopic
parameters of the model are calibrated by triaxial tests
[15]. Zhang et al. use a numerical simulation model to study
the bending evolution mechanism of buried steel pipe under
fault movement and discuss the influence of internal pres-
sure of steel pipe, fault displacement, and diameter-
thickness ratio of steel pipe on the bending of steel pipe
[16]. Liu and Wang introduce the nonlinear pipe-soil inter-
action model into the analysis of lateral global bending of
pipelines and investigate the bending characteristics of sub-
marine pipelines with single-arch symmetric initial imper-
fections under different pipe-soil interaction models [17].
Ono et al. use fluid-coupled DEM (Discrete Element
Method) to perform two-dimensional simulations of lateral
loading experiments of pipes buried in saturated sand [18].
Weerasinghe et al. carry out an analysis of the moisture-
controlled expansion/contraction behaviour of unsaturated
soils based on finite element analysis software as an applica-
tion of pipe stress analysis to quantify the stresses generated
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FIGURE 2: Monitoring instruments and its arrangement for soil subsidence.

by reactive soil movements on pipes [19]. Monshizadeh
Naeen and Seyedi Hosseininia investigate the deformation
behaviour of buried steel pipes crossing active reverse faults
by applying 3D continuous finite element modelling.
Numerical simulations indicate that the local buckling (or
wrinkling) failure mode is more sensitive to the pipe than
the tensile failure mode [20]. The above indoor tests and
numerical simulations mainly analyze the effect of soil resis-
tance and deformation on buried pipes. However, the defor-
mation and stress of the buried pipe is the result of the
interaction between the pipe and the soil. To reveal the force
and damage process of the buried pipe during subsidence,
the distribution characteristics of the pipe-soil deformation
and soil pressure during subsidence should be studied in
depth.

In this study, a pipe-soil interaction test system is devel-
oped, and a corresponding numerical model study is carried
out to determine the pipe-soil subsidence deformation, the
top soil pressure, and the additional stress of the pipe during
soil subsidence. Besides, in order to reveal the pipe-soil
deformation mechanism during subsidence, the top defor-

mation of the pipe and the distribution law of the additional
axial stress along the pipe are analyzed, and the effect of pipe
burial depth, soil cohesion, and internal friction angle on the
additional soil pressure at the top of the pipe is obtained.
The results provide a basis for analyzing the force character-
istics of pipes in the subsidence area and establishing a
mechanical analysis model for buried pipes during
subsidence.

2. Laboratory Tests

2.1. Development of Test Systems. The experiment system is
composed of test-bench system and test-test system (as
shown in Figure 1(a)). The test bench is designed as a rect-
angular body with dimensions of 3200 mm (L) x 320 mm (
W) x 2200 mm (H). The test bench base and vertical baffle
are made of 32a channel steel cut and welded; the model
bench support is made of no. 9 angle steel test bench base
and vertical baffle welded; the cross-sectional size is 90 mm
x 90 mm x 8 mm; the compression template is made of 2
pieces of steel template; the size is 310 mm x 1600 mm. In
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FiGure 3: Test soil subsidence curve.

the test, the settlement of soil is controlled by Jack, the sub-
sidence of soil is monitored by displacement meter arranged
under Jack, and the settlement development process of soil
along pipeline is realized. During the test, the jack was
placed with the bottom of the soil and processed a steel cover
plate on each jack of 320 mm x 125 mm, placed one trans-
verse per 150 mm on the lower soil jack. Strain-gauge mini-
ature earth pressure boxes are placed on the upper and lower
sides of the pipe and on a typical section in the test, respec-
tively, as shown in Figures 1(b) and 1(c), respectively, mon-
itoring the evolution of the soil pressure around the pipe
during soil subsidence using strain gauges. Real-time testing
of test pipe subsidence values are used by a pull wire dis-
placement meter. Real-time monitoring of relative pipe-soil
deformation values are used by displacement gauges with
sleeves [21, 22].

In order to control and monitor the subsidence volume
of the soil, a displacement meter is arranged at the bottom
of the steel cover, the maximum range of the displacement
meter is 150mm, and the measurement accuracy is
0.01 mm. The subsidence volume of each jack in each subsi-
dence stage is calculated first during the subsidence of the
soil, and the subsidence value is collected and monitored
by the DM-201 multichannel data acquisition instrument
produced by Hangzhou Xintec Technology Co. The dis-
placement of the channel is shown in Figure 2.

The dimensions of the test bench are 3200 mm in length,
320 mm in width, and 2200 mm in height. The pipe is made
of 50 mm diameter hard PVC material, which the size of the
pipes and the range of soil affected by the interaction of the
pipes and soil will be much smaller than the minimum size
of the soil of the test bench (320mm wide) to effectively
avoid the influence of the size on the experimental results.

This experiment focuses on the soil-pipe interaction dur-
ing subsidence. According to the deformation stiftness of the
pipe and the characteristics of the soil, it was found by the
preliminary test that when the pipe is buried at depth of
200~600 mm, the pipe and the soil will go through two
stages of synergistic deformation and nonsynergistic defor-
mation in the process of soil subsidence. Therefore,
400 mm pipe burial depth was used in this indoor labora-
tory. In order to further study the effect of soil burial depth
on pipe soil interaction, the working conditions of 200 mm,

FIGURE 4: Observation of settlement of soil in pipeline layer.

400 mm, and 600 mm pipe burial depth would be analyzed
in numerical simulation. Based on the above test scheme
design, the soil subsidence range and burial depth on the
pipe soil interaction and pipe stress distribution characteris-
tics will be analyzed in depth.

2.2. Soil Subsidence Curve along Pipeline. The buried pipeline
is an underground linear structure. When the subsidence
range affects the buried pipeline, the subsidence of the bur-
ied pipeline becomes an expanded subsidence curve with
the increase of the subsidence range. The subsidence range
begins to affect the initial stage of buried pipeline, and the
subsidence range and subsidence amount along the pipeline
do not reach the maximum. With the expansion of the sub-
sidence range, the subsidence range and subsidence amount
of soil along the pipeline increases until the subsidence
reaches the maximum. Based on the above deformation
characteristics, the subsidence curve of the pipeline in this
test adopts trigonometric function subsidence curve [23,
24], which is shown in Equation (1):

1 1-n’ 2

W(x)=Ww,, n? 1—f+—sin27rf + " (1+cos7rf) .
D 2m D 4 D

(1)

W (x) is the sink value at any point within the sink curve;

W is the maximum sink value, taken as 30 mm, 70 mm,

m
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F1GURE 5: Boundary conditions and loading of model.

110 mm, and 150 mm, respectively; # is the degree of subsi-
dence factor, and the subsidence coefficient determines the
shape of the subsidence curve, and the curvature at the bot-
tom of the centre of the subsidence zone during subsidence
changes from large to small; the larger the n, the smaller
the curvature at the bottom of the centre of the subsidence
zone. When #n =1, the bottom curvature of the subsidence
area is zero (flat bottom), and the subsidence value reaches
the maximum. In the test, n is taken as 0.25, 0.5, 0.75, and
1.0, respectively. The subsidence curve is symmetrical about
the centre of the subsidence area, and D is the half of the
length of the subsidence affected area along the pipeline.
One end of the sunken soil in the indoor test is the origin,
and the subsidence curves for each stage along the pipeline
in the test are shown in Figure 3.

According to the evolution of the subsidence curve, the
soil subsided in 4 steps (as shown in Figure 3). After each
soil subsidence stabilizes, the settlement of pipeline soil is
observed (as shown in Figure 4). At the end of the test, the
soil is excavated, and the deformation and damage of the soil
around the pipe are observed in a typical section.

Pressure
box

FIGURE 6: Deformation of soil on the upper side of pipe.
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In the test, a hard PVC pipe with 50 mm diameter and
1.5mm wall thickness, 35MPa tensile strength, and
2.8 GPa tensile modulus is chosen. The test is arranged in
the measurement point of the pull wire displacement meter,
and the two ends of the pipe are fixed [25, 26]. The soil in
the test is a cohesive soil with the cohesive force of 21 kPa
and the internal friction angle of 30°. The cohesive force of
sand is 0kPa, and the angle of internal friction is 35. The
density of clay is 1.718g/cm’, and the density of sand is
1.643 g/cm’.

3. Numerical Simulation

During soil subsidence, the interaction between pipeline and
soil around pipe is realized in ABAQUS numerical software
[27, 28]. The behaviour of the pipe-soil contact introduces a
contact surface unit and uses the master-slave contact sur-
face to realize the pipe-soil interaction in the sunken soil.
When the pipe-soil contact surface is in contact, the contact
constraint is applied between the pipe-soil, and the contact
pressure is transferred. When the contact pressure becomes
zero, the pipe-soil contact surface is separated, and the con-
tact constraint on the corresponding node is removed at the
same time. In the setting of the master and slave surfaces of
the contact surface, the wall surface with higher stiffness is
chosen as the master surface and the surrounding soil as
the slave surface. At the same time, the nodes on the side
of the slave surface (pipe surrounding soil) is avoided to fall
to the back of the master surface (pipe wall). At the time of
meshing, the mesh on the slave side (pipe surrounding soil)
is divided more finely than the main side (pipe wall). Con-
tact surface transfers tangential stress (friction force), and
Coulomb calculation of ultimate friction resistance is used
in simulation [29].

The analysis step in numerical simulation is divided into
initial analysis step and loading analysis step. In the initial
analysis step, displacement constraints in the X, Y, and Z
directions are applied to the sides of the model in the length

direction, and displacement constraints in the Y direction
are applied to the bottom, and displacement constraints in
the X and Y directions are applied to both ends of the pipe.
In the loading analysis step, the displacement constraints in
the Y direction of the subsidence range are lifted, and the
subsidence curve from the indoor test is used to load the dis-
placement of the soil along the subsidence range of the pipe,
as shown in Figure 5(a), and the displacement loading func-
tion is in Equation (1). After displacement loading, the soil
in the pipeline and subsidence area sinks. The pipe-soil
deformation after applying displacement load is shown in
Figure 5(b).

In order to analyze the influence of soil around the sub-
sidence pipe on the mechanical response of buried pipeline,
the effects of different burial depths, different soil qualities,
and different friction angles within the soil on the mechani-
cal response of buried pipes are simulated and analyzed. The
numerical models with buried depth of 200 mm, 400 mm,
and 600 mm are established, and the influence of different
buried depth and soil parameters on the additional stress
of pipeline is analyzed.

4. Results and Analysis

4.1. Deformation Characteristics of Pipe-
Soil during Subsidence

4.1.1. Pipe-Soil Congruence during Subsidence. In the labora-
tory test, the soil subsidence is divided into four stages. In
order to reflect the synergistic relationship between pipeline
and soil around the pipe in real time, the subsidence value of
pipeline in each subsidence stage is compared with the sub-
sidence monitoring value of soil in the same layer of pipeline
(as shown in Figure 6). The solid line is the settlement curve
of the pipeline, and the dashed line is the settlement curve of
the soil of the same layer of the pipeline.

It is obvious that the subsidence value and subsidence
curve of buried pipeline in the first and second subsidence
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(a) 1/4 span deformation (c = 0 KPa) (b) Midspan deformation (c = 0 KPa)

(c) 1/4 span deformation (c =20 KPa) (d) Midspan deformation (c =20 KPa)

FIGURE 9: Deformation of soil in pipeline section.
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stages are basically consistent with the soil around the pipe,
namely, the pipeline and the soil around the pipe are syner-
gistic subsidence deformation in the initial subsidence stage.
The mechanical response of buried pipeline is analyzed.
After the third subsidence stage, the subsidence value of
the soil in the middle of the pipe is greater than the subsi-
dence value of the pipe, nonsynergistic deformation of the
pipe, and the surrounding soil, but the surrounding soil
and the pipe remain synergistic at both ends of the subsi-
dence curve. With the increase of the soil subsidence range
and subsidence value, the nonsynergistic deformation range
of the pipe and the soil around the pipe gradually increases,
and the maximum value of the pipe-soil settlement differ-
ence appears near the maximum curvature of the soil subsi-
dence curve in the middle of the subsidence area. When the
pipe line and the soil around the pipe produce nonsynergis-
tic subsidence, the pipeline is divided into a pipe-soil syner-
gistic deformation zone and a nonsynergistic deformation
zone, and the subsidence value of the soil along the pipe line
is regarded as the subsidence deflection of the pipe. In the
zone of nonsynergistic pipe-soil deformation, an analytical
model is developed based on the distribution of additional
earth pressures along the pipeline.

4.1.2. Characteristics of Soil Deformation at the Top of the
Pipe. In order to analyze the deformation and failure charac-
teristics of the soil at the top of the pipeline during the settle-
ment of the soil, the marking surface is arranged in the top
soil of the 1/4 span and the middle span of the pipeline in
the laboratory test. The deformation of soil around the pipe
on the typical 1/4 cross section is shown in Figure 7. In
Figure 6, the upper part of the soil near the pipe shows a
misshapen fracture surface, the maximum dislocation dis-
tance is about 25mm, and the maximum dislocation
momentum decreases from bottom to top. At the top of

the pipe about 110 mm, the soil begins to appear arc com-
pression surface. The expansion angle is about 75 degrees.
The compression deformation range is limited to a certain
height of soil at the top of the pipeline, namely, there is an
equal subsidence surface in the upper soil layer of the
pipeline.

The binding force on the top of the pipe is closely related
to the compression deformation and shape of the top soil.
The deformation of soil on the upper side of the pipe in
the third subsidence stage is analyzed below. The cloud dia-
gram of soil deformation along the pipeline is shown in
Figure 8. The Figure 8 shows the overall soil settlement;
because of the difference of the stiffness between the soil
and the pipe, there will be nonsynergistic deformation in
the settlement process, thus creating a soil arch area gener-
ated inside the soil body, corresponds to that shown in
Figure 6. The numerical legend in the figure shows the dis-
placement deformation values.

During settlement, there are pipe-soil synergistic defor-
mation zone and nonsynergistic deformation zone, due to
different deformation stiffness of soil and pipeline in
Figure 8. As the settlement proceeds, the lower soil of the
pipe is separated from the pipe to create a gap area.
Figures 9(a) and 9(b) show the tip-shaped area generated
at the top of the pipe without cohesive soil, because there
is no bonding force in the cohesive soil, so no large addi-
tional stress is generated. Figures 9(c) and 9(d) show the
deformation area generated at the top of the pipe with cohe-
sive soil as a circular arc-shaped area with a continuous arc
at the top of the area. Such a result is due to the internal
bonding force of the clayey soil. The blank area below
the pipe in Figure 9 is the result of the separation of pipe
and soil. When the pipe-soil settles, the soil below the pipe
settles faster than the pipe settles, producing a pipe-soil
gap area.
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Two sections are intercepted in 1/4 span and middle
span of subsidence area. The soil deformation of pipeline
section when soil cohesion ¢=0kPa (cohesion-less soil) is
shown in Figures 9(a) and 9(b), and the soil deformation
of pipeline section when c¢=20KPa is shown in
Figures 9(c) and 9(d). The results show that the pipe-soil
nonsynergistic subsidence occurs on the lower side of the
pipe in 1/4 span and middle span of the subsidence area,
when the deformation of the upper side of the pipe and
the surrounding soil have nonsynergistic deformation dotted
line mark in Figure 9, and the subsidence value of the upper
side of the pipe is obviously smaller than that of the sur-
rounding soil. When the cohesive force c¢=0KPa (cohe-
sion-less soil), the nonsynergistic deformation zone of the
soil on the upper side of the pipe shows a cusp topping pat-
tern; at cohesion ¢ = 20 KPa, the nonsynergistic deformation
zone of the soil on the upper side of the pipe shows an arch
shape. The nonsynergistic pipe-soil subsidence values and
deformation zones are larger on the transverse interruption
surface; at cohesion ¢ = 0 KPa, the cusp of the nonsynergistic
deformation zone at the top of the pipe develops rapidly
upwards; while at a cohesion ¢ =20 KPa, the nonsynergistic
deformation zone at the top of the pipe expands simulta-
neously to the sides and the top. By analyzing the morphol-
ogy and characteristics of the nonsynergistic deformation
zone of the soil on the upper side of the pipe, the area of
the nonsynergistic deformation zone at the top of the pipe
is smaller in soils with cohesion ¢ =0KPa than in soils with
c=20KPa, and the tip of the nonsynergistic deformation
zone of the pipe-soil develops rapidly upwards, and a vertical
single shear surface is formed in the soil, which is the main
reason for the smaller binding force at the top of its pipe.
The use of cohesion-less soils for buried pipes is beneficial
for reducing the additional stresses in buried pipes during
subsidence.

Ground surface
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FiGUure 12: Compression of the soil at the top of pipeline in
subsidence soil.

4.2. Characteristics of the Distribution of Pressure around the
Pipe in the Subsidence Soil. During the indoor test, the soil
pressure is collected at 30min, 60min, 90min, and
120 min. In the process of collecting earth pressure, the pres-
sure is first balanced. That is, the data collected by earth
pressure box are additional stress. The arrangement position
of the upper and lower side earth pressure boxes of the pipe-
line is symmetrical about the no. 17 and no. 6 earth pressure
boxes, respectively. The distribution of the earth pressure at
the left end of the pipeline is analyzed. The strain evolution
process of 12~17 and 1~6 earth pressure boxes on the upper
side of the pipeline during soil subsidence is shown in
Figure 10.
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FIGURE 13: Shear plane in sol column at the top of pipeline.

Additional earth pressure is collected along the upper
side of the pipeline in Figure 10(a). The additional soil pres-
sure increases with the increase of soil settlement in stages 1
and 2. Because the soil at the bottom of the pipe produces
more subsidence deformation than the pipe deformation,
the support function of the soil around the pipe is weakened,
and the additional stress on the upper side of the pipe
mainly comes from the weight of the soil shared by the top
of the pipe; in stages 3 and 4 (90 min and 120 min), the sub-
sidence value of the pipe is less than that of the soil around
the pipe. The pipe begins to compress the upper soil, and the
pressure growth rate of the upper side of the pipeline
increases. As the subsidence area expands, the lower side
of the pipeline forms an unloading area. During the second
subsidence phase (60 min), unloading occurs at no. 4 to no.
6. But there is an obvious pressurization at no. 3; pressuriza-
tion also occurs at the lower side of the pipe at the edge of
the subsidence area in the third and fourth subsidence stages
(90min and 120 min). This shows that during the subsi-
dence, the bottom of the pipe is not all areas of pressure
unloading; at the end of the edge of the subsidence zone,
the bottom of the pipe is pressurized. The main reason for
this phenomenon is that during soil subsidence, the soil on
the upper side of the pipe exerts downward earth pressure
on the pipe; the subsidence velocity of the soil in the lower
part of the pipeline in the subsidence area is greater than that
of the pipeline. At this point, the pipe support pressure shifts
to both ends of the edge of the subsidence area. There is an
increase in support force on the lower side of the edge pipe-
line in the subsidence area, causing the increase of earth
pressure. In Figure 10(b), 0~30min stage is the first stage
of settlement; the middle of the pipe (positions 5 and 6) will
be the first to deform to produce unloading effect, so the
curve in the figure produces negative pressure; then, in the
second stage, it is obvious to see that no. 3 has positive pres-
sure value, because the pipe support pressure will be trans-
ferred to the two ends of the edge of the subsidence area,
so it produces an increase of the support force on the lower

side of the edge pipe, which is shown in the figure as positive
pressure curve. The mutation points in the curves are the
same as this principle.

In order to analyze the change of soil pressure in the soil
layer at the top of the pipeline, the soil pressure box is
arranged in the typical section in the middle of the pipeline
to test the change of soil pressure in the upper soil of the
pipeline during subsidence (as shown in Figure 10(a)). The
earth pressure evolution pattern of the earth pressure box
at the right-hand position of a typical section (positions
no. 25, no. 26, no. 29, and no. 30) is analyzed, and the strain
evolution process is shown in Figure 11.

The earth pressure box at position 25 begins to appear
additional earth pressure in the first subsidence stage
(30min), and the upper 29 earth pressure is zero, namely,
the additional earth pressure decreases gradually from the
top of the pipe. According to Figure 11, we can also see that
no. 25 and no. 29 produce essentially the same degree of
change in the four settling stages, without excessive differ-
ences between the several stages. In the course of subsidence,
pressure unloading occurs in the no. 26 and no. 30 positions,
caused by the compression arch in the upper part of no. 26
and no. 30. From the strain evolution of soil pressure in a
typical section, it can be inferred that the compressed soil
at the top of the pipe in soil subsidence expands from the
top side of the pipe to both sides, generating a pressurizing
effect within the compressed soil. At the same time, it can
be seen that the unloading states no. 26 and no. 30 out of
the pressure state tend to increase gently, except in the first
stage after the first unloading phenomenon in the second
three or four stages did not produce too much change.

4.3. Pressure of Soil at the Top of Pipe in Subsidence Soil. In
the process of soil subsidence, the soil pressure of buried
pipeline includes initial soil pressure and additional soil
pressure. The initial soil pressure is caused by the weight
of the soil around the pipe, and the additional soil pressure
is caused by the pipe-soil interaction in the subsidence soil.
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In the process of soil subsidence, the soil pressure on both
sides of the pipeline is considered to be approximately equal,
and the additional soil pressure of the pipeline considers the
top soil pressure of the pipe. The soil pressure at the top of
the additional pipe increases with the increase of the relative
deformation between the pipe and the soil until the limit value
is reached, when the soil at the top of the pipe is shearing.

Because the subsidence velocity of the pipeline is smaller
than that in the surface, the settlement of the soil column on
the upper side of the pipe is less than that of the soil column
outside the pipe, and the settlement difference is &. This
compression deformation is limited to a certain height H,
on the upper side of the pipe. There is an equal settlement
surface in the upper soil layer of the pipe, and the height
of the equal sinker from the top of the pipe is H,. As shown
in Figure 12, H; gradually increases with the increasing
ground deformation along the pipeline route; when H, = H
, the surface soil at the location of the corresponding pipe
arches upwards, and the soil on the upper side of the pipe
is damaged, and the additional earth pressure at the top of
the pipe reaches its limit. When H, < H, considering the
additional earth pressure in the upper part of the pipe as a
uniform load Ao, the above problem is transformed into a
problem of compressive deformation of the soil under the
action of a uniform load in the form of a strip. The soil is
regarded as a semi-infinite elastic medium with Ao uniform
load. According to the elastic theory, the corresponding cal-
culation formula of the Ao of settlement difference & can be
obtained as follows [30]:

O0E

s 2)

A e —
77 Lo (1-2)

E, is the deformation modulus of soil, and y is the Pois-
son ratio of fill on the upper side of the pipe, and w, is the

calculated aspect ratio (L'/D) of rigid pipeline, and L' is
the calculated length of load.

When H,=H, the height of the equal sink surface
reaches the ground surface, and the ground surface soil
gradually arches upwards and gradually forms a through
shear surface, and the additional earth pressure at the top
of the pipe reaches its limit. The top soil pressure includes
the soil weight on the upper side of the pipe and the shear
stress on the shear surface. In the process of soil subsidence,
the shear surface of the top soil varies with the soil quality.
According to the test results, when the upper side of the pipe
is clay, the shear section is regarded as a straight line, and the
shear section of the soil on the upper side of the pipe extends
to both sides of the top of the pipe. The angle between the
shear section and the pipeline plane is & (as shown in
Figure 13(b)).

For cohesion-less soil, when calculating the pressure of
the limit pipe top soil in the subsidence soil, the influence
of soil cohesion is not taken into account. The vertical resis-
tance of the pipe top per unit length of buried pipeline along
the pipeline q,; is a function of shear surface friction and
soil weight on the upper side of the pipe. As shown in
Figure 13(a), the equation is as follows:

H
4, =yHD+2J Ky tan ¢dz = yHD + KyH?an¢,  (3)
0

y is heavy soil, N/m’; & is internal friction angle.

For cohesive soils, the vertical surrounding soil pressure
q,, at the top of the pipe per unit length of buried pipes
along the pipeline not only takes the self-weight of the soil
overlying the pipe into account but also takes the combined
effect of cohesive soil cohesion and internal friction angle
into account, as shown in Figure 13(b), for the buried pipe-
line along the pipeline. The effect of cohesive force and
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FiGure 16: Influence of soil parameters on additional axial stress in pipes.

internal friction angle on the soil pressure around the verti-
cal pipe is reflected by undrained shear strength C,. The
equation are as follows:

0 :y<(HD+H2)> .

tan &

2C,H
sin &’

(4)

C, is the undrained shear strength of soil.
4.4. Additional Axial Stress in Piping during Subsidence

4.4.1. Characteristics of Axial Stress Distribution in Pipeline.
For the characteristics of additional axial stress distribu-
tion, strain gauges are arranged along the pipeline in the
test, and the corresponding numerical simulation analysis

is carried out at the same time. The axial stress distribu-
tion along the top and bottom of the pipeline numeri-
cally simulated and tested during subsidence is shown in
Figure 14.

As shown in Figure 14. In each subsidence stage, there
are both tension zone and compression zone along the bot-
tom and top of the pipeline. In the first subsidence stage, the
tensile and compressive stresses on the top and bottom of
the pipe are basically equal, because the subsidence range
is small, and the axial friction resistance of the soil along
the pipeline is small, which is mainly affected by bending
stress. With the expansion of the subsidence area, the axial
friction of the soil along the pipeline increases gradually.
Because the axial deformation of the soil around the pipe
in the subsidence area is larger than the tensile deformation
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of the pipe, the friction force of the soil in the subsidence
area is mainly tensile stress, causing the additional tensile
stresses in the cross-section of the pipe in the sinkhole to
be greater than the additional compressive stresses. When
the extent of subsidence has progressed to stage 4 of subsi-
dence, a large additional axial stress is generated at the posi-
tion of maximum curvature and at the center of the
subsidence zone. The reason is that although the center of
the subsidence area is not the location of the maximum cur-
vature of the pipe deformation, but which is subjected to a
larger pipe-soil friction axial force (tensile stress) and bend-
ing axial stress, the axial tensile stress is larger. Combined
with the soil subsidence curve along the pipeline, the maxi-
mum additional tension and compressive stress zone of the
pipeline are located at the center of the maximum curvature
and subsidence zone, where the pipeline is prone to yield.
The distribution law of additional axial stress in each subsi-
dence stage in numerical simulation is basically the same as
the test results.

4.4.2. Influence of Buried Depth and Soil Parameters on
Additional Axial Stress of Pipeline. To analyze the influence
of buried depth on the additional axial stress of pipeline,
the maximum additional tensile stress and compressive
stress along the pipeline with buried depth of 200 mm,
400 mm, and 600 mm are analyzed, respectively. As shown
in Figure 15, the tensile stress is positive, and the compres-
sive stress is negative. In the initial stage of subsidence
(0~30min), the additional stress of pipeline under different
buried depth is almost the same, and with the development
of subsidence, the influence of buried depth on the addi-
tional stress of pipeline is obvious. The larger the buried
depth, the more obvious the soil at the top of the pipeline
is, the greater the additional axial stress, and the smaller
the buried depth; the binding force of the soil on the top
of the pipeline reaches the limit first, resulting in an unload-
ing phenomenon. Therefore, reducing the burial depth of
the pipeline in the subsidence area is beneficial for reducing
the additional axial stress along the pipeline.

The influence of the cohesion of the soil around the pipe
and the angle of internal friction on the additional axial
stresses along the pipe during the development of subsidence
is analyzed. Maximum additional tensile and compressive
stresses along in the pipe surrounding soil with different
internal friction angles of 0 and 20kPa at a burial depth of
400 mm are analyzed, respectively (as shown in Figure 16).

When the soil subsidence along the pipeline is small, the
influence of soil cohesion and internal friction angle on the
additional stress of the pipeline is relatively small, and the
influence is gradually obvious with the increase of subsi-
dence range. Reducing soil cohesion and internal friction
angle is beneficial for reducing the additional axial stress of
buried pipeline in subsidence area. The additional stress of
buried pipeline in cohesion-less soil (c = 0kPa) is obviously
smaller than cohesive soil, and the unloading phenomenon
of buried pipeline in cohesion-less soil occurs earlier. There-
fore, the sand buried pipeline with less cohesive force is
more conducive to reducing the additional axial stress along
the pipeline during subsidence.

Geofluids

5. Conclusions

Based on the developed laboratory test and numerical simu-
lation, the deformation characteristics of buried pipe-soil
during the development of subsidence, the soil pressure
around the pipe, and the additional stresses along the pipe
are determined, and the distribution laws of pipe-soil defor-
mation, soil pressure around the pipe, and additional
stresses along the pipe are obtained. The main conclusions
are as follows:

(1) During the subsidence of the soil along the pipe, the
pipe and the soil around the pipe undergoes syner-
gistic and nonsynergistic subsidence deformation.
In the area of synergistic deformation of the pipe
and soil, the subsidence value of the soil along the
pipe is regarded as the subsidence deflection of the
pipe, building a mechanical analysis model of the
pipe; while in the area of nonsynergistic deformation
of the pipe and soil, the analysis model needs to be
built, according to the distribution law of the addi-
tional earth pressure along the pipe

(2) In the process of subsidence, there is a compressed
nonsynergistic deformation zone in the soil at a cer-
tain height at the top of the pipe. The deformation
zone in the cohesion-less soil shows a cusp shape,
and a vertical single shear surface is formed in the
soil; the cohesive soil shows an arch shape, and the
compressed soil expands from the upper side of the
pipe to both sides, and the compressed soil produces
a pressure increase within the compressed soil. The
additional soil pressure at the top of the pipe
increases as the soil settles, and an unloading zone
is formed locally on the lower side, with the soil pres-
sure shifting towards the edge of the sinkhole and
the phenomenon of increased pressure

(3) In the process of subsidence, the pipe is subjected to
the combined action of bending and the axial friction
of the pipe and soil, and the maximum additional
tension and compressive stress zone is located in
the maximum curvature and central position of the
subsidence zone, where the pipe is prone to yield.
In the process of subsidence development, the
smaller the buried depth, the more the binding force
on the pipeline reaching the limit; thus, the unload-
ing phenomenon occurs, and the additional stress
of the buried pipeline in the cohesion-less soil is
obviously smaller than the cohesive soil, and the
unloading phenomenon appears earlier. Therefore,
reducing the buried depth of the pipeline in the sub-
sidence area and adopting the sand buried pipeline
with less cohesion are beneficial for reducing the
additional axial stress along the pipeline
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