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Abstract: The frequent occurrence of buried pipeline accidents caused by the ground collapse and subsidence makes it urgent to carry
out experimental studies on the mechanical response under different subsidence effects. A systematical survey of the pipeline strain,
earth pressure and soil deformation was conducted considering the effects of ground subsidence and collapse. The result showed that
due to the arching effect at the top of the pipeline, the strain and earth pressure firstly increased and then decreased with the extension
of the collapse zone, while they increased as the subsidence zone extended during the collapse and settlement. In the subsidence and
collapse zones, the pipeline along the axial direction exhibited a saddle shape with both ends convex and concave in the middle. Pipeline
deformation was more significantly affected by the subsidence. When the subsidence and collapse were both 50 mm, the maximum
strain at the top, bottom and middle of the pipeline increased by approximately 18.8%, 249% and 273% compared to the ground collapse,
respectively. It could be seen by comparing the ratio of the increasing area to the decreasing area of earth pressure around the pipeline
A that 4 in the subsidence was increased by 78% compared with that in the collapse; therefore, the pipeline was subjected to larger earth

pressure during the subsidence. Based on the modified Marston calculation model, a method for predicting the vertical earth pressure

during ground subsidence was proposed, and the accuracy of the method was verified using the model test results.

Keywords: pipeline; ground subsidence; soil collapse; pipeline strain; earth pressure around the pipeline

1 Introduction

Oil and gas pipelines are important infrastructure to
ensure the regular operation of cities. With the rapid deve-
lopment of national economic construction, the density
of pipeline networks has increased significantly, and they
are characterized by long transport distances, large spans,
and complex geological conditions along the route and
are highly susceptible to damage during operation due
to geological hazards'". Pipeline damage can bring direct
or indirect secondary disasters, which will not only cause
significant economic losses but also have a substantial
negative social impact. The ground may collapse or subside
under the influence of natural factors or engineering
construction (such as rainfall, pit excavation, preloading,
etc.), while most of the pipelines are buried at shallow
depths, and they can buckle, crack, even fracture in the
process of collapse or subsidence. When the soil is soft,
the pipeline is easy to be snapped, while when the soil is
hard, shear damage is easy to occur'?. Therefore, ground
collapse or subsidence has become an important factor
that jeopardizes the safety of oil and gas pipelines, and
the mechanical response of oil and gas pipelines in its
process has gradually become a research hotspot, and the
results of the research will provide an important theoretical

basis for the assessment of pipeline safety.

The safety of oil and gas pipelines is closely related
to the pipeline material characteristics, the type of soil
around the pipeline, and the geological environment.
During ground collapse or subsidence, the pipeline is
slowly deformed by the vertical and lateral earth pressure
around the pipeline, and elastic deformation occurs when
the force is less than the minimum yield limit. The pipeline
generates elastoplastic deformation when the force exceeds
the minimum yield limit, the safety is reduced, and the
limit state is reached. Therefore, tests of the pipeline strain
and earth pressure around the pipeline are the key to
studying the mechanical response characteristics of oil
and gas pipelines. The physical model test has the advantage
of simulating the real environment and the actual stress
state and is a critical approach to study the mechanical
response of pipelines. Some universities and research
institutes in China have developed pipeline model test
devices to simulate soil movement, which can complete
tests for pipeline deformation and earth pressure around
the pipeline under different settlement patterns®®®l. For
example, Wang et al.”’l conducted model tests on the
ground settlement caused by tunnel excavation and the
results showed that under the influence of buried pipelines,
the ground was restricted by the pipeline to form a broader
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and shallower settlement zone. O'rourke et al.l®linvestigated
the effect of permanent site deformation on the mechanical
response of buried pipelines by combining centrifugal
model tests and numerical simulations, which showed
that the results of model tests and numerical simulations
were in good agreement and the pipeline strain was always
in the elastic range during the tests. Vorster et al.”! conducted
ground settlement model tests for the pipelines with
diameter-to-thickness ratios of 7, 12 and 21, and obtained
the relationship between the diameter-to-thickness ratio
and the pipeline deformation. Ju et al.'% carried out buried
pipeline tests in a large geotechnical tank and studied the
effect of ground collapse on the buried pipelines, and
the results indicated that when the width of the collapse
zone exceeded 1.2 m, the pipeline tended to be damaged
because the strain exceeded the safety value. Wang et al.!'!}
studied the stress characteristics of the pipeline under the
effect of ground collapse using model tests and obtained
the deformation process of the soil around the pipeline
via particle image velocimetry (PIV) technique. They
found that the soil could be divided into three deformation
stages: stress redistribution, soil creep compression and
post-collapse stabilization. Liu et al.l'?! studied the
mechanical response of buried steel pipelines caused by
continuous collapse through model tests and numerical
simulation and obtained the relationship between the
deformation and stress of the pipeline and the collapse
range. Wang et al.'*! investigated the pipeline deformation,
damage and failure modes by numerical simulation, and
the results revealed that the pipeline mainly underwent
tensile deformation in the non-collapse zone and bending
deformation in the collapse zone, and both the tensile and
bending deformations led to the pipeline failure. Xul'¥!
carried out ground settlement tests in sand and clay through
a self-developed pipe—soil interaction test platform and
revealed the synergistic relationship of pipe—soil deformation

U517 carried out a full-scale

during subsidence. Zhou et al.
ground settlement model test to investigate the pipeline
deformation and earth pressure around the pipeline at
different burial depths. They confirmed the existence of
pipe—soil separation during the settlement process and
modified the traditional Winkler elastic foundation beam
theory. Liu et al.'® developed a test system for induced
ground settlement and studied the ground settlement
induced by soil seepage erosion.

In summary, most of the existing studies are small-scale
model tests, which fail to eliminate the influence of lateral
friction resistance and thus lead to certain limitations in
the results!"”; and most of the current studies are conducted
for one type of ground settlement patterns, focusing more
on the pipeline parameters (such as pipeline diameter,
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wall thickness, etc.) and backfill soil type, and have not
yet compared and analyzed the influence of different
settlement patterns on the pipeline and soil. Based on
the above problems, this paper used a self-developed
pipeline safety testing platform to carry out large scale
ground collapse and subsidence model tests to investigate
the soil deformation, pipeline strain and earth pressure
distribution around the pipeline during the ground collapse
and subsidence and to explore the influence of different
settlement patterns on the mechanical response of the
pipeline, with the hope that the research results could be
of great reference value for guiding the pipeline design.

2 Test material and program

2.1 Safety testing platform

The self-developed pipeline safety test platform mainly
consisted of 3 parts: the test box, sensing equipment and
data acquisition system. The material of the test box was
a high-strength steel plate (see Fig. 1), with the dimensions
of 6.0 mx1.0 mx1.2 m in lengthxwidthxheight. Both sides
of the box were sealed by transparent tempered glass,
through which the changes in the soil during the experiment
could be directly observed. In the length direction, the
test box was adjustable within 2.0 m in the middle and
consisted of 10 movable steel plates of 1.0 mx0.2 m in
lengthxwidth. Two hydraulic jacks were set under each
plate for support, and the height of the jacks was adjusted
to simulate ground collapse and subsidence during the
t120], The sensing equipment included earth pressure
cells and strain gauges to monitor the earth pressure around

tes

the pipeline and the pipeline deformation. The data acqui-
sition system was composed of a data acquisition instrument
and acquisition and analysis software, in which the data
acquisition instrument could collect data from up to 72
measurement points simultaneously, and the acquisition
and analysis software could record and treat the dynamic
signals output from the sensing equipment to obtain the
changes of earth pressure and strain around the pipeline.
The self-developed pipeline safety test platform was a
large-scale physical simulation test platform. First, the
pipeline was placed inside the test box, the calibrated earth
pressure cells and strain gauges were arranged around
the pipeline, then the sand was backfilled into the test
box, and the ground collapse or subsidence model test
was carried out. The data acquisition system collected
the earth pressure and strain readings at 0.5 s interval and
recorded and saved the data to accurately determine earth
pressure and strain around the pipeline.
2.2 Test material and sensor arrangement

The test filling soil used was sand. The particle size
distribution curve displayed in Fig. 2 showed that the
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particles with a diameter larger than 2 mm accounted for
about 40%, and the coefficient of uniformity was C.=
1.63, the curvature coefficient was C,=6.17, indicating
that the sand was well-graded gravelly sand. Through lab
tests, the unit weight of the sand was y=15.2 kN /m’, the
water content was w =7.5%, the internal friction angle
@=27.5°, and the cohesion was ¢ = 0.5 kPa.

(b) Side view

(a) Front view

Fig.1 Model test box system structure
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Fig.2 Particle size distribution curve of the test sand

The pipeline was made of ordinary Q235 steel pipe,
the length was 6 400 mm, the diameter was 76 mm, the
wall thickness was 1.8 mm, the ratio of diameter to wall
thickness was 42, the modulus of elasticity was 200 GPa and
the maximum bearing capacity of pipeline was 11.13 MPa.
Before the test, the pipeline was passed through a round
hole reserved in the middle of the test box, and its two
ends were fixed and restrained by clamps, and then the sand
was backfilled into the test box to simulate the geological
environment of the actual project.

Along the length direction of the pipeline, 27 earth
pressure cells were symmetrically distributed in 9 sections
of the pipeline, and the earth pressure cells were embedded
at the top, middle and bottom of the pipeline in each section.
The sensor arrangement was refined in the middle during
the test. The middle position of the pipeline was taken
as the symmetry axis, and the earth pressure cells were
symmetrically distributed on both sides of the symmetry
axis. Taking the left half section as an example, the spacing
of adjacent earth pressure cells from the middle to the

left edge was 400, 600, 800 and 1 200 mm (see Fig. 3).

Along the length direction of the pipeline, 48 strain gauges
were evenly arranged at the top, middle and bottom of
the pipeline, and the spacing of adjacent strain gauges
was 400 mm (see Fig. 4). To ensure that the initial state
of the backfill soil was always the same, the earth pressure

Published by Rock and Soil Mechanics, 2023

cell and strain gauge readings at the same location needed
to be kept approximately equal before the start of each
test.
2.3 Test program and procedure

The model tests were designed for ground collapse
and subsidence test programs, respectively. During the
backfilling, the sand was evenly layered in the test box,
and the thickness of the soil layer was 0.2 m. After each
layer was laid, a sand shovel was used to smooth and
compact, and white talcum powder was spread on the
surface to facilitate the observation of the soil settlement
in the test. The above process was repeated until the filling
was completed. At this time, the distance from the top
of the pipeline to the surface was 0.8 m, which could
meet the embedment depth requirement of oil and gas
pipelines!?!). The specific test steps are as follows:

Earth pressure cell

Symmetry axis Earth pressure cell UTe (
over the pipeline

1200 , 800,600,400, over the pipeline

== o = =

lmmﬁt to Eaﬁ pressure cell next to

Symm'et‘v axisE — = eu o DipelingCmiddle) | plqeﬂline( middle)

b — — — Earth pressure cell
= = == = == Eartlipressure cell @fider = under the pipeline

—the pipeline

(a) Front view (b) Side view

Fig.3 Layout of earth pressure cells (unit: mm)
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thgi@;br& R A i it
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Fig.4 Layout of strain gauges on the pipeline (unit: mm)

(1) Ground collapse test

The test was carried out in 5 steps to adjust the 10
movable steel plates in turn (see Fig. 5). In the figure,
a, b, ¢, d and e were respectively the positions of the
movable steel plate adjusted in steps 1, 2, 3,4 and 5. The
leftmost end of the pipeline was defined as the original
point of the coordinate axis, the horizontal coordinate x
increased gradually along the pipeline to the right, and the
center line was located at 3 m to the right of the coordinate
axis origin. In the 1% step, the movable steel plates within
0.2 m on both sides (x = 2.8—3.2 m) from the center line
(x = 3 m) were removed simultaneously, forming a hole
with a volume of 7x1.0x0.2x0.05 m® (n is the number of
movable steel plates, and » = 2 in each adjustment step),
and the next adjustment step was carried out after the soil
above the steel plate freely collapsed and the monitoring
data was stabilized (about 20 min). In the 2" step, the
removable steel plates within the range of -0.4—0.2 m
and 0.2—0.4 m (x =2.6—2.8 m and x = 3.2—3.4 m) on both
sides of the center line were removed. And so on until the
last two removable steel plates were adjusted in the 5% step,
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at which time all the movable steel plates within 1 m on
the left and right sides of the center line (x = 2—4 m) were
removed along the length direction of the pipeline.

(2) Ground subsidence test

The test was first carried out in 5 steps to adjust the
10 movable steel plates in turn (see Fig. 5), and in the 6
step, the 10 movable steel plates were adjusted simul-
taneously. In the 1% step, the movable steel plates within
0.2 m (x =2.8 to 3.2 m) on both sides of the center line
(x =3 m) were slowly lowered by 50 mm (the subsidence
volume was 7x1.0x0.2x0.05 m?) at a velocity of about
0.131 mm /s; the upper soil also settled slowly with the
movable steel plates, and after the soil subsidence was
stable, the next adjustment step was conducted after standing
for 12 h. In the 2" step, the movable steel plates in the
range of ~0.4—0.2 m and 0.2—0.4 m (x = 2.6—2.8 m and
x =3.2-3.4 m) on both sides of the center line were lowered
by 50 mm at the same time. And so on until the last two
movable steel plates were adjusted in the 5% step, at this
time the soil within 1 m of the left and right sides of the
center line (x = 2—4 m) subsided by 50 mm integrally.
In the 6™ step, 10 movable steel plates were adjusted
simultaneously so that all the plates were lowered by
another 50 mm, at which time the soil (x = 2—4 m)
subsided by a total of 100 mm.

| —Sand
/—Plpelme
: ]
Movah V= Test box
steelplafe ~ T—
PR i ———— Jack
1 | ! - ! . :
[eIdIcTblalalblcTdle]
0 1 2 3 4 5 6

Distance from leftmost end of the test box /m

Fig.5 Adjustment step for the movable steel plate

3 Mechanical response of pipeline due to
ground collapse

3.1 Definition of collapse stage and soil deformation
characteristics

In the ground collapse test, the collapse zone was a
dynamically changing zone, and after the 1% step of
adjustment, the collapse zone was x = 2.8—3.2 m, and
the non-collapse zone was x = 0—2.8 mand x =3.2-6 m
(the leftmost end of the pipe is the original point of the
coordinate axis). After the 2" step of adjustment, the
collapse zone was x = 2.6—3.4 m, and the non-collapse
zone was x = 0—2.6 m and x = 3.4—6 m. And so on until
the test was completed, the collapse zone was x = 2—4 m,
and the non-collapse zone was x = 0—2 m and x = 4—6 m.
From the literature [22], it was known that the collapse
of the overlaying soil above the pipeline occurred during
the ground collapse, and the mechanical properties of the

https://rocksoilmech.researchcommons.org/journal/vol44/iss6/3
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pipeline changed abruptly with the collapse of the overlaying
soil. Hence, it was defined as the partial collapse stage
(in the 1% and 2™ steps of adjustment) when the overlaying
soil was intact, and it was defined as the complete collapse
stage (the 3™ to the 5" steps of adjustment) after the collapse.
In the partial collapse stage, the soil below the pipeline
collapsed toward the collapse zone, forming a vaulted hole.
However, the overlaying soil still had integrity under the
restriction of the pipeline (see Fig. 6(a)), and the vaulted
hole extended toward the ground surface as the collapse
zone expanded (see Fig. 6(b)). After entering the complete
collapse stage, the overlaying soil collapsed due to shear
failure, at which time the pipeline was suspended and a
nearly vertical shear plane was formed at the edge of the
collapse zone (see Fig. 6(c)). With the further expansion
of the collapse zone, the soil continued to collapse towards
both sides. The soil in the non-collapse zone was less
affected by the collapse and did not produce significant
deformation in the whole process.

K_—/

"'! R Vaulted hole

Ty

(a) Soil deformation after the 1% step of adjustment (partial collapse stage)

b -‘-_-—'
éf'-“ \"“n. = Vaulted holcfmm
= L . /uited holch

(c) Soil deformation after the 3 step of adjustment (complete collapse stage)

Fig.6 Ground deformation during the collapse

3.2 Effect of ground collapse on pipeline strain
Given the symmetrical distribution of strain along the
center line (see Fig. 7), the left half of the pipeline was
taken in this study (x = 0—3 m). After the pipeline was
buried into the soil, the compressive strain was generated
by the sand confining pressure, and the strain of the buried
pipeline was zeroed before the test. As shown in Figs. 7-9,
when the strain at the measurement point was positive,
the pipeline underwent a certain degree of rebound, and
the positive strain was positively correlated with the amount
of rebound, which was called tensile strain in this study.
In contrast, when the strain was negative, the pipeline was
further compressed, and the negative strain was negatively
correlated with the amount of compression, which was
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called compressive strain in this study.
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450 - : : '—m- The 1% step of adjustment
. . :—e— The 2 step of adjustment
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(b) Complete collapse stage

Fig.7 Axial strain at the top of the pipeline

In the partial collapse stage (the collapse zone was
x = 2.6—3 m and the non-collapse zone x = 0—2.6 m), the
top of the pipeline was compressed in the collapse zone,
and the compressive strain increased with the pipe length
(x = 2.6 m), with the maximum value occurring at the
center line (x =3 m). In the non-collapse zone the pipeline
was under tension, the tensile strain first increased and
then decreased with the pipe length (x = 0 m), reaching
the maximum value at x = 1.2 m (see Fig. 7(a)). In contrast,
the bottom of the pipeline in the collapse zone was under
tension, and the tensile strain increased with the length
of the pipeline. In the non-collapsed zone the pipeline
was under pressure, the compressive strain first increased
and then decreased with the length of the pipeline, and
the maximum compressive strain occurred at x =2 m due
to the effect of stress concentration (see Fig. 8(a)). The
pipeline was considered as a simply supported beam for
analysis, and the pipeline was approximately saddle-shaped
with two convex sides and a concave middle along the
axial direction due to the influence of ground collapse.
Under the external load, the pipeline was damaged by
the compressive strain exceeding the yield limit"®!, so the
location where the maximum compressive strain (top x =
3 m) was the critical failure plane.

After entering the complete collapse stage (collapse
zone x = 2—3 m and non-collapse zone x = 0—2 m), part
of the soil in the non-collapse zone moved out from the

Published by Rock and Soil Mechanics, 2023

collapse zone as the overlaying soil collapsed in the collapse
zone. Within the collapse zone, the compressive strain at
the top of the pipeline decreased rapidly, while the tensile
strain in the non-collapse zone continued to increase (see
Fig. 7(b)). The area under pressure at the bottom of the
pipeline kept reducing, and the maximum compressive
strain gradually shifted toward the end of the pipeline
(see Fig. 8(b)). Compared with the partial collapse stage,
the bending deformation of the pipeline along the axial
direction decreased. Therefore, large pipeline deformation
occurred during the partial collapse stage, and the maximum
compressive strains at the top and bottom appeared at
the center of the collapse zone (x =3 m) and x = 2 m,

respectively. However, the compressive strain of the
pipeline decreased and the area under pressure produced
a certain degree of rebound as the overlaying soil collapsed.

150 '
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(b) Complete collapse stage

Fig.8 Axial strain at the bottom of the pipeline

The strain in the middle of the pipeline was mainly
induced by the lateral earth pressure. During the partial
collapse stage, the tensile strain was generated in the
middle of the pipeline, and the tensile strain increased
with the increase of the pipe length. After entering the
complete collapse stage, the tensile strain continued to
increase in the non-collapse zone x = 0 to 1.4 m, while
the tensile strain gradually decreased in other areas and
converted from tensile strain to compressive strain at
1.6 m (see Fig. 9). Compared with the top and bottom
of the pipeline, the collapse has less influence on the
deformation of the middle part of the pipeline. Therefore,
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in order to ensure the safety of the pipeline, the strength
testing of the top and bottom of the buried pipeline should
be strengthened in the project.
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(b) Complete collapse stage

Fig.9 Axial strain at the middle of the pipeline

3.3 Effect of ground collapse on the earth pressure
around the pipeline

Before the test, the earth pressure was balanced to
zero, and the measured earth pressure value minus the
initial value was defined as the earth pressure increment.
When the increment was positive, the earth pressure was
greater than the initial value; when the increment was
negative, the earth pressure was less than the initial value.

The arching effect is the main cause of pipeline failure.
Before the collapse of the overlaying soil, relative movement
occurred between the top of the pipeline and the outside
soil. The resistance caused by fiiction between soil particles
led to a reduction in the earth pressure of the moving soil
mass and an increase in the earth pressure of the stable

237241 As the earth pressure at the top of the pipeline

part[
increased, the pipeline was subjected to a positive arching
effect (the top was under pressure and the bottom was
under tension); while the pipeline was subjected to a
negative arching effect when the earth pressure at the
bottom of the pipeline increased (the top was under tension
and the bottom was under pressure). In the partial collapse
stage, the earth pressure increment at the top of the pipeline
in the collapse zone increased with the increase of pipeline
length, and the maximum value appeared at the center
line (x =3 m). The reason for this was that the overlaying
soil over the pipeline was restricted by the pipeline to
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remain stable, while the outside soil had a tendency to
move towards the collapsed hole due to its self-weight
and the earth pressure above the pipeline increased sharply
under the arching effect. The earth pressure in the non-
collapse zone could be divided into two parts. From the
initial section to 1.2 m, the effect of collapse on the earth
pressure around the pipeline could be neglected. In the
range of x = 1.2—2.6 m, the earth pressure was negative
and the increment decreased gradually with the increase
of pipeline length (see Fig. 10(a)). Stress redistribution
occurred in the soil below the pipeline due to the effect
of collapse, the earth pressure in the collapse zone was
negative, and the increment decreased gradually with the
increase of pipeline length. The earth pressure in the non-
collapse zone was positive, and the increment first increased
and then reduced with the increase of pipeline length, and
the maximum value appeared at x = 2 m (see Fig. 11(a)).
Thus, it was concluded that the pipeline was subjected to
a positive arching effect in the collapse zone and a negative
arching effect in the non-collapse zone. The earth pressure
at each measurement point in the middle of the pipeline
was negative, and the increment decreased with the increase
of pipe length (see Fig. 12(a)).
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Fig.10 Earth pressure distribution at the top of the pipeline

After entering the complete collapse stage, the earth
pressure around the pipeline changed abruptly, and the
upper and lower earth pressures decreased to different
degrees with the increase of pipe length. In the collapse
zone, the earth pressure increment above the pipeline
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Fig.12 Earth pressure distribution at the middle of the pipeline

changed from positive to negative because the arching
effect disappeared due to the collapse of all the overlaying
soil, so the earth pressure increment decreased sharply
(see Fig. 10(b)). However, the earth pressure increment
under the pipeline decreased from positive to negative
in the range of x = 1.5-2.6 m as the soil flowed out from
the collapsed hole (see Fig. 11(b)). From the left end of
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the pipeline to 1.6 m, the earth pressure in the middle
of pipeline increased sharply due to effect of frictional
resistance, and the increment turned from negative to
positive, which increased first and then decreased as the
pipeline length increased. In the range of x =1.6—3.0 m,
the increment of earth pressure continued to decrease as
the pressure around the pipe decreased, decreasing with
the increase of pipe length (see Figure 12(b)). In the range
of x = 1.6—3.0 m, as the confining pressure around the
pipeline reduced, the increment of earth pressure decreased
continuously with the increase of pipeline length (see
Fig. 12(b)). The earth pressure above and below the pipeline
reached the peak values in the partial collapse stage and
the maximum increments were 10.95 and 4.8 kPa, res-
pectively. The earth pressure decreased rapidly after entering
the complete collapse stage, so the pipeline was extremely
vulnerable to compression failure in the partial collapse
stage.

The area of the compression zone around the pipeline
(the earth pressure increment was positive) was counted
as A and the area of the tension zone (the earth pressure
increment was negative) was counted as 4>. During the
ground subsidence or collapse, the ratio of 4; to A, was
defined as the ratio of the earth pressure around the pipeline
(A= Ai/4>) in order to quantify the actual stress state of
the pipeline. In the partial collapse stage (see Fig. 13),
a sharp increase in the earth pressure ratio A of ground
above and under the pipeline, indicating a significant
increase in the area of the compression zone, and then
A decreased to a stable state in the complete collapse stage.
The earth pressure ratio A within the middle (cross section)
of the pipeline increased steadily with the extension of
the collapse zone.

8 -
—a Top of the pipeline

—e— Bottom of the pipeline
6 —a— Middle of the pipeline

Earth pressure ratio 4
N
T

0 1 2 3 4 5 6
Ground collapse adjustment step /step

Fig. 13 Earth pressure ratio 4 around the pipeline

4 Mechanical response of pipeline due to
ground subsidence

4.1 Definition of subsidence stage and characteristics
of soil deformation

In the subsidence test, the subsidence zone was a
dynamically changing zone. After the adjustment in the
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1" step, the subsidence zone was x = 2.8—3.2 m and the
non-subsidence zone was x = 0-2.8 m and x = 3.2—6 m;
after the adjustment in the 2" step, the subsidence zone
was x = 2.6—3.4 m and the non-subsidence zone was x =
0—2.6 m and x = 3.4—6 m. And so on until the test was
finished, the subsidence zone was x = 2—4 m and the
non-subsidence zone was x = 0—2 m and x = 4—6 m. The
subsidence zone expansion was called the partial subsidence
stage (the 1% to the 5% step of adjustment), and the subsidence
displacement continued to increase until the final stabili-
zation, which was called the complete subsidence stage
(the 6™ step of adjustment). In the partial subsidence
stage, the soil in the subsidence zone subsided slowly
from the center line to both sides as the subsidence zone
extended (see Figs. 14(a) and 14(b)), and at this time, no
obvious deformation occurred in the soil. In the complete
subsidence stage, as the subsidence displacement continued
to increase, the soil within the subsidence zone subsided
sharply, and shear failure occurred at the edge of the
subsidence zone, forming a sliding failure plane with an
inclination of about 45° (see Fig. 14(c)). The soil in the
non-subsidence zone was less affected by the subsidence
effect, and there was no significant subsidence throughout
the test.

B avi-tpyma. @ 4

(b) Soil deformation after the 5™ step of adjustment (partial subsidence stage)

B . = ?
oupdary (.)f soil p Outside the
dislocatio Inside the . .
. . dislocatio
dislocatio: = 3

(c) Soil deformation after the 6 step of adjustment (complete subsidence stage)

Fig.14 Ground deformation during the subsidence

4.2 Effect of ground subsidence on the pipeline strain

Given the symmetric distribution of strain along the
center line (see Fig. 15), the left half of the pipeline was
taken for study (x = 0—3 m). Figs. 15—17 show the axial
strain distribution at the top, bottom, and middle of the
pipeline, respectively. In the partial subsidence stage, the
top and middle of the pipeline were under pressure in the
subsidence zone, and the compression strain increased
with the increase of the pipeline length; in the non-
subsidence zone, the tensile strain increased and then
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decreased with the increase of the pipe length (see Figs. 15
and 17). Compared with the top and middle of the pipeline,
the strain at the bottom of the pipeline exhibited an opposite
distribution pattern (see Fig. 16), i.e., the tensile strain
increased with the increase of the pipeline length when the
pipeline was subjected to tension in the subsidence zone,
and the compression strain increased and then decreased
with the increase of the pipeline length when the pipeline
was under pressure in the non-subsidence zone. When
the pipeline was analyzed as a simple supported beam,
the pipeline approximately exhibited a saddle shape with
both ends convex and concave in the middle along the
axial direction due to the influence of ground subsidence.
The maximum compression strain at the top and middle
of the pipe occurred at the center line (x = 3 m) and the
maximum tensile strain was at x = 1.2 m, while the maximum
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tensile strain at the bottom occurred at the center line
(x = 3 m) and the maximum compression strain was at
x=12m.

After entering the complete subsidence stage, the
maximum compression strains at the top and middle of the
pipeline were 750x107® and 170x107%, which respectively
increased by 36.3% and 112% compared with those in
the partial subsidence stage, and the maximum tensile
strains were 700x107® and 270x107°, which respectively
increased by 112% and 28.6% compared with those in
the partial subsidence stage. The maximum compression
and tensile strains at the bottom were 700x107¢ and 1 070x
107°, respectively rising by 55.6% and 42.7% compared
with those in the partial subsidence stage. It was thus
concluded that the continued increase in subsidence dis-
placement had a greater impact on the pipeline deformation
compared to the subsidence zone expansion, with the
maximum compression strain occurring at the center line
of the pipeline top (x =3 m), which was the critical failure
plane of the pipeline in this cross section.

4.3 Effect of ground subsidence on the earth pressure
around the pipeline

In the partial subsidence stage, the earth pressure above
the pipeline was positive in the subsidence zone, and the
earth pressure increment increased with the increase of
the pipeline length (x = 2.4 m), and the maximum value
appeared at the center line of the pipeline (x = 3 m). In
the non-subsidence zone, the earth pressure was negative,
and the increment first decreased and then increased as
the pipeline length increased (x = 0 m) (see Fig. 18). The
earth pressure in the lower and middle parts of the pipeline
had the same trend. In the subsidence zone, the earth
pressure was negative and the increment decreased with
the increase of the pipeline length, and in the non-subsidence
zone, the earth pressure was positive and the increment
increased first and then decreased with the increase of
the pipeline length, and the maximum value appeared
atx = 1.2 m (see Figs. 19 and 20). Therefore, the pipeline
was subject to a positive arching effect in the subsidence
zone and a negative arching effect in the non-subsidence

zone.
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Fig.20 Earth pressure distribution at the middle of the pipeline

In the complete subsidence stage, as the subsidence
displacement increased, the maximum earth pressure at
the top, middle and bottom of the pipeline increased to
59.2, 28 and 11.1 kPa, which increased by 32.4%, 24.4%
and 50% respectively compared with those in the partial
subsidence stage. The reason for this was that the pipeline
had a restriction effect on the overlaying soil, and during
the ground subsidence, the relative displacements of the
overlaying soil above and around the pipeline gradually
increased as the overlaying soil detached from the soil
below the pipeline, and the arching effect led to a slow
increase of the earth pressure in the subsidence zone. Thus,
it could be concluded that after entering the complete
subsidence stage, the earth pressure around the pipeline
reached its peak value, and the pipeline was very prone
to failure.

In order to investigate the effect of ground subsidence
on the pipeline, the analysis for the earth pressure ratio 4
was performed (see Fig. 21). During the partial subsidence
stage, the earth pressure ratios at the top and middle of
the pipeline gradually increased, indicating that the range
of the pipeline tension area reduced while the range of
the pipeline compression area gradually increased. After
coming into the complete subsidence stage, the earth
pressure ratio A further increased, and the range of the
compression area reached a peak at this time. The A of
the soil below the pipeline exhibited a trend of increasing
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first and then decreasing during the ground subsidence.

5 Discussion

5.1 Effect of different settlement patterns on the earth
pressure around the pipeline

The mechanical response of pipelines was significantly
influenced by ground collapse and subsidence (see Figs. 22—
24). The analysis showed that the earth pressure around
the pipeline was less affected by the collapse compared
to the ground subsidence. The earth pressure reached the
peak value under the collapse effect after the 2™ step of
adjustment of the ground collapse, and the maximum
increments of the upper and lower earth pressure were
10.95 and 4.5 kPa, respectively, which only accounted
for 24% and 16% of the corresponding zone after the 5
step of adjustment of the ground subsidence. After the
5% step of adjustment of ground collapse, the maximum
earth pressure above and under the pipeline decreased
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Fig.24 Earth pressure distribution at the middle of the pipeline

sharply and the maximum earth pressure alongside the
pipeline increased slightly as the overlaying soil collapsed.
After the 6 step of adjustment of ground subsidence,
the maximum earth pressure around the pipeline continued
to increase as the subsidence displacement continuously
increased. Thus, it was believed that the ground subsidence
had a greater threat to the pipeline safety.
5.2 Calculation of vertical earth pressure at the top
of the pipeline during ground subsidence

Under the influence of the arching effect, the earth
pressure at the top of the pipeline varies significantly.
Based on the modified Marston earth pressure model'>,
the calculation method of vertical earth pressure at the
top of the pipeline during the ground subsidence was
developed (see Fig. 25). In this paper, the following
assumptions were adopted: (1) the assumption of limit
equilibrium; (2) the earth pressure at the top of the pipeline
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Fig.25 Mechanical analysis for the pipeline
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was assumed to be uniformly distributed (i.e., to ensure
that the vertical earth pressure at the top of the pipeline
was uniformly distributed in any plane along the depth
direction); and (3) the pipeline embedment depth was
assumed to be constant during the descent of the movable
steel plate, i.e., the unit weight of the overlaying soil could
be calculated after the stress redistribution.

Soil column element dH along the cross section
direction of the pipeline top in the subsidence zone (zone
I) was taken for analysis, and according to the vertical
force equilibrium, one can obtain
Dp, + Ddp, = Dp, + yDAH +2(y,HK —2cJK f +c)dH

Q)
where D is the pipeline diameter (m); # is the soil unit
weight (kN /m?); p) is the vertical earth pressure at the
pipeline top at depth / in the cross section analysis (kN /m?);
K is the earth pressure coefficient, K = tan(45° — ¢/2), @
is the internal friction angle of the backfilling soil; f'is the
friction coefficient, /= tan¢; and c is the cohesion of the
backfilling soil.

According to the displacement boundary condition
of the pipeline end (H = 0, p1 = 0), one can obtain

. WHKf +2¢(1-2JK f)H
D

After adjusting the movable steel plate in the 1% step,
the soil unit weight in the subsidence zone (zone I) was
¥, = p,/H , at this time, the dragging influence of soil
outside pipeline on the overlaying soil above the pipeline
was enhanced, and the soil column element dH along the
longitudinal section direction of pipeline top in the sub-
sidence zone was taken for force analysis. According to
the vertical force equilibrium, one can get

L p)+Ldp] + 2[(;/1’}11(_ 2eJK) [+ c]dH =
Lp'+y/LdH (3)
where L; is the width of the subsidence zone in the 1%
step of adjustment; and p; is the vertical earth pressure
at the depth / in the longitudinal section analysis (kN /m?).

According to the displacement boundary condition
of the pipeline end (H = 0, p1 = 0), one can obtain
e YKfH? + (4K [ —20)H .
/=

L

1
Transforming the partial earth pressure p, — p; in

p=7H (2)

YL, 4

the subsidence zone (zone I) to the non-subsidence zone

(zone II), we get the earth pressure of the non-subsidence

zone (zone II)

p/=nH+(p - p)) (5
After adjusting the movable steel plate in the 2" step,

the stress was redistributed at the top of the pipeline, the

soil unit weight was ¥, = p;/H . The cross section vertical

earth pressure p, and longitude section vertical earth
pressure p) at the pipeline top in the subsidence zone
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after the 2" step of adjustment can be obtained by sub-

stituting ¥, and the boundary condition (H = 0, p>=0)
into Egs. (1) and (3). p, and pj are further substituted

into Eq. (5) to obtain the vertical earth pressure at the

pipeline top in the non-subsidence zone (zone II). Repeat

the above steps until the earth pressure at the pipeline

top was obtained after the 5" step of adjustment.

The pipeline and soil parameters in the model test
(see Table 1) were substituted into the calculation formula,
and compared with the earth pressure above the pipeline
in the mid-span section, the results of the two were found
to be consistent (see Table 2), which proved that the
calculation formula was reliable.

Table 1 Parameters of the pipeline and foundation soil

Pipeline  Embedment Unit weight of soil Internal friction Cohesion
diameter /m  depth /m /(kN * m™) angle /(°) /kPa
0.076 0.8 15.2 27.5 0.5

Table 2 Comparison between calculation and experiment
values of earth pressure at central line of top of pipeline

Adjustment step /step  Experiment value /kPa  Calculation value /kPa

1 28.30 30.84
2 33.25 28.79
3 38.80 44.73
4 41.42 39.64
5 51.95 41.83

6 Conclusion

Based on the self-developed large scale model box
system, the mechanical response of buried pipelines under
two settlement patterns (ground collapse and subsidence)
was studied experimentally, and the formula for calculating
the vertical earth pressure at the top of the pipeline during
ground subsidence was proposed, and the main conclusions
are summarized as follows:

(1) In the partial collapse stage, the soil below the
pipeline in the collapse zone collapsed rapidly, but the
overlaying soil still remained intact under the support
of the pipeline, and the strain and earth pressure around
the pipeline reached the peak value by the arching effect.
In the collapse zone, the top of the pipeline was under
pressure, and the bottom and middle of the pipeline were
under tension. In the non-collapse zone, the top and middle
of the pipeline were under tension, and the bottom of the
pipeline was under pressure, and the center line of the
pipeline top at x = 3 m (the maximum bearing strain) was
the critical failure plane. In the complete collapse stage,
the soil in the collapse zone collapsed and part of the soil
in the non-collapse zone flowed out from the collapse
zone. The elastic deformation of the pipeline gradually
decreased with the reduction of the earth pressure around
the pipeline.

(2) During the ground subsidence, the pipeline strain
increased with the extension of the subsidence zone
and the increase of the subsidence displacement. In the
subsidence zone, the top and middle of the pipeline were
under pressure and the bottom of the pipeline was under
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tension. However, in the non-subsidence zone, the top and
middle of the pipeline were under tension and the bottom
of the pipeline was under pressure, and the maximum
bearing strain was located at the center line of the pipeline
top, and this section was the critical failure plane. Compared
with the scenario of settlement zone extension, the pipeline
strain was more significantly affected by the increase of
subsidence. When the soil settled integrally another 50 mm,
the maximum strain at the top, bottom and middle of the
pipeline increased by 36.3%, 55.6% and 112%, respectively.

(3) In the partial collapse or subsidence stage, the earth
pressure above the pipeline was positive and the earth
pressure at the middle and bottom of the pipeline was
negative due to the positive arching effect within the
adjustment range. However, in the non-adjustment range,
the earth pressure above the pipe was negative and the
earth pressure at the middle and bottom of the pipeline
was positive due to the negative arching effect. After
entering the complete collapse or subsidence stage, the
positive and negative arching effects weakened with the
collapse of the overlaying soil, but further enhanced in
the ground settlement process, and at this time, the ground
settlement caused the pipeline bending deformation to
reach the peak value , resulting in pipeline failure.

(4) Based on the modified Marston earth pressure
model, the formula for calculating the vertical earth pressure
at the top of the pipeline during ground settlement was
developed. By comparing the earth pressure at the top of
the pipeline in the model test, it could be found that the
model test results were in better agreement with the
theoretical solutions, so the calculation formula could be
used to guide engineering practice.
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