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ABSTRACT

Due to its wide distribution, the long-distance oil and gas pipeline will inevitably pass through the landslide risk area. This study
aims to investigate the impact of landslide geological disasters on oil and gas pipelines, particularly focusing on the deformation
characteristics of pipelines under various landslide dip angles. To achieve this, a large physical simulation platform was
designed and established as part of the methods used to replicate the effects of landslide geological disasters on oil and gas
pipelines. Experiments were conducted at different dip angles, monitoring and analyzing changes in stress and strain within the
pipeline, as well as soil displacement. Based on the experimental results, we draw the following conclusions: (1) the bending
process of the pipeline can be divided into slow-bending stage, constant-speed bending stage, and accelerated-bending stage. (2)
The tensile strain is produced back to the impact direction of landslide; the compressive strain is produced facing the direction
of landslide. At the point with the largest impact force of the landslide, when the dip angle of the landslide is 38°, the rate of
slow increase is the greatest in the four stages, which is about 77 times that at a slope of 10° (3) At the same point, with the
increase of the dip angle, stress is also gradually increasing. When the slope reaches the angle posing a landslide hazard,
the maximum rate of change of stress is about 26.9 X 10-°kPa/s. (4) At the centre of the pipeline, the strain difference between
the back and facing the direction of the landslide increases continuously. These experimental results have obtained the pipeline
deformation law in the whole process of pipeline landslide disaster, which can provide great help for the monitoring and early
warning of pipeline landslide disasters on site.

1 | Introduction oil and gas energy is increasing. As one of the most important

means of transportation energy, oil and gas pipeline needs to be
China's energy industry and energy transportation industry are paid more attention [1-3]. Due to the large number of oil and
currently in the process of rapid development. The demand for ~ gas pipeline construction stations, long lines and wide areas,
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(a)

g Landslide of West to East Gas Pipeline, Soil movement 1.5m

FIGURE1 |
China-Myanmar oil and gas pipeline.

and the increasing mileage in recent years, it is inevitable to
cross some landslide disaster risk areas, resulting in geological
disasters becoming one of the biggest threats to pipeline safety.
For example, the west-east pipeline crosses one of the serious
sections in the disaster prone areas in the loess region, and the
pipe bending deformation displacement 1 m caused by the
regional slope creep (Figure 1A). Another example is that
China-Myanmar oil and gas pipeline crosses the Yunnan
Guizhou Sichuan region in the southwest, and degradation
landslide disaster in accumulation layer occurs, causing the
pipeline to move 1.5-2.0 m, as shown in Figure 1B. It can be
seen that landslide geological disasters do great harm to oil and
gas pipelines, which not only affect the normal operation of oil
and gas pipelines, also cause great losses of life and property.

The analysis of pipeline landslide disaster mechanism and
failure mode is the focus of current research. On the one hand,
it is based on pipeline stress-strain analysis. Due to the limita-
tions of on-site pipeline monitoring [4] and the size effect of the
simulation test, the research method of analyzing pipeline
stress-strain based on mathematical model is frequently used.
Many scholars establish the strain characteristic model of pi-
peline deformation [5], Constitutive model [6, 7], finite element
model [8-13], etc. to analyse the deformation rate, stress-strain
and main failure modes of the pipeline under the action of
landslide, and estimate the failure probability of the pipeline
[14]. 1t provides technical support for safety assessment and
standard formulation of buried pipelines.

However, mathematical model analysis needs physical model
test verification, and the two should be closely linked. Physical
model test is one of the important means to simulate the
deformation and failure process of landslides and reveal the
disaster mechanism of landslides. Under the condition of sat-
isfying the similarity theory, selecting the most suitable similar
material can grasp the mechanical characteristics and defor-
mation trend of soil and pipeline from the overall situation.

(b)

A landslide of the China My;ninar oil and ga
pipeline pushed the pipeline 1.5m ~ 2.0m

Site of pipeline-landslide hazards: (a) Bending deformation of the west-east natural gas pipeline. (b) Landslide movement of

Many scholars studied the deformation mechanism and devel-
opment trend of landslides through the method of physical
model [15-19], but there are few studies on pipeline response
under landslide disaster based on physical model. Some
scholars [20, 21] studied the mechanical properties, stress dis-
tribution and slope failure mode of buried pipeline under soil
pipeline interaction through centrifuge physical model test.
Most of the experimental studies are based on small-scale model
experiments. There are some problems in the experimental
methods, such as difficulty in making similar materials and
model distortion. In addition, since the reliable relationship
between pipeline stress-strain and surface displacement will be
the basis for experienced experts to make rapid judgments in
pipeline risk assessment, some scholars [22-24] carried out
research on landslide surface deformation based on field mea-
surement, and found a rapid assessment method by monitoring
the displacement of deep and shallow layers of landslide sur-
face, interpreting the characteristics of displacement curve, es-
tablish the relationship between surface deformation and
pipeline stress, but due to the large amount of field measure-
ment and difficult data monitoring, the research means of field
measurement are also less applied. Many scholars [25, 26] have
used numerical simulation to establish a coupled model to
analyse the ultimate bearing capacity and stress distribution of
buried natural gas pipelines under different working conditions.
Some scholars [27] have proposed a quantitative assessment
model to analyse the historical landslide disaster data along the
oil and gas pipeline to assess the impact of landslides on the risk
of long-distance pipelines. Liao et al. [28] simulate the whole
process of pipeline-soil interactions between a landslide and a
gas pipeline to investigate how pipeline internal pressure,
landslide displacement, crack depth ratio and crack aspect ratio
influence the J-integral of a circumferential crack in the pipe-
line under landslide impact. Zhang et al. [29] construct a
comprehensive explanatory framework for landslide suscepti-
bility evaluation models to analyse the regional characteristics
and spatial heterogeneity of landslide influencing factors, and
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discuss the heterogeneity of the generalizability of the models
under different landscapes. Liao et al. [30] establish a model of
pipeline with defects crossing landslide to analyse the effect of
the depth, number and spacing of pipeline defects and gas
pressure on the mechanical behaviour of pipeline.

But there is little research on the interaction between landslide
and pipeline by using physical model. In this paper, by means of
large-scale physical model test, a physical model is constructed
by a certain similarity ratio to simulate the interaction between
the landslide and the oil and gas pipeline. The strain gauge,
micro pressure box and other monitoring equipment are used to
quantitatively analyse the stress and strain changes of the oil
and gas pipeline buried in the slope under the influence of
landslide. Combined with the strain-angle-time relationship,
the overall change process of the pipeline is discussed and
analysed, and compared with the push curve of the pipeline in
the landslide site. The research results can provide theoretical
basis for the early warning and prevention and control of oil
and gas pipelines under landslide disasters.

2 | Physical Model Device

2.1 | Construction of Experimental Model

In the physical model of landslide geological hazards in oil and
gas pipeline, the platform of landslide hazards is simulated with
a certain similarity ratio, and the intensity of landslide hazards
is simulated by adjusting the height of the landslide-prone
slope. Meanwhile, oil and gas pipelines are simulated with the
same similarity ratio, and placed on the slope of landslide, and
then the influences of landslides on the oil and gas pipeline are
studied. In this physical model, on the one hand, the formation
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conditions and movement characteristics of landslides can be
simulated. On the other hand, the influences of landslide
occurrence and development process on the oil and gas pipeline
are studied: the relationships between landslide slope, height,
rainfall intensity, and stability of the oil and gas pipeline are
derived, to lay a foundation for the stable operation of long-
distance oil and gas pipelines. This time the influence of the
increasing landslide angle on the buried pipeline is studied by
this physical model test.

A loading platform, a data acquisition system, and a pipeline
system are included in the experimental platform. The lifting
and lowering of the jack is controlled by an angle control device
to adjust the inclination of the platform. The side of the plat-
form is a measuring point plate with holes, which is used to
place experimental pipes, arrange test equipment on the pipes,
connect the data analysis platform, and obtain data (Figure 2).

The loading platform is used to build and load the whole ex-
perimental instrument with the loading platform of 7.5m in
length, 3m in width, and 1m in height. The lifting platform
that has an adjustable slope and is 5.5m in length and 3m in
width is placed on the loading platform with a maximum height
of 6.07 m. The height and slope can be adjusted by hydraulic
jack. To ensure that the slope will not cause damage to the
ground after sliding, a buffer platform is established, with a
length of 2 m and a width of 3 m. A 4 m long PVC pipeline was
selected, with a buried depth of 60 cm, and was buried in the
middle of the slope, 3m from the top of the slope. It passes
closely through the reserved holes in the platform side shield.
Both ends of the pipeline are fixed on side baffles to ensure that
there will be no significant axial displacement of the pipeline
when it is affected by landslides, and only the deflection will be
changed, which is more in line with the actual situation of long
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FIGURE 2 | The large-scale physical model for the influence of landslide disaster on oil and gas pipeline bending.
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Various mechanical parameters of model slope, pipeline and field prototype.

TABLE 1

Prototype pipe

Experimental pipeline

Prototype slope

Experimental slope

8,128,000

110,000 x 60,000 x 20,000 4000

Size (mm) 5500 X 3000 X 1000

Geometric parameter

1200
1016

600
50
6.0

Buried depth (mm)

Internal diameter (mm)

7.80

2.06
466.2

1.80
20.3

Density (gcm™>)

Physical parameters

Cohesion (kPa)
Internal friction angle (°)

14.6

14.6

0.42
10
860
30000

0.32
0.4
32.7

0.65
55

0.65
2.39
0.09

Poisson's ratio

Compressive strength (MPa)

2.07

Tensile strength (MPa)
Elastic modulus (MPa)

1300

oil and gas pipelines suffering from landslides on the site. The
positional relationship and dimensions between the pipeline
and the experimental platform are shown in the following
figure.

The physical model test in this article is based on the Froude
similarity standard, and the geomechanical model test must
comply with relevant similarity standards. Among them, the
strength standard is the most important:

Co=Cx G xC, 3.1)

where C, represents the ratio of the compressive strength of
the model material to the compressive strength of the proto-
type material; C; represents the ratio of model geometry to
prototype geometry; C, Represents the ratio of the density of
the model material to the density of the prototype material; C,
represents the ratio of the model gravity acceleration to the
prototype gravity acceleration.

Because the prototype slope size is 110,000 mm X 60,000
mm X 20,000 mm, experimental slope size 5500 mm X 3000
mm X 1000 mm, so the geometric similarity ratio of soil mass
is determined to be 0.05. Because the indoor test and field test
are conducted in the same gravity field, C, = 1. According to
formula 1, the model material must meet C,=C;-C,. Ac-
cording to the density of materials used in the simulation test
and the density of rock in the field, the density ratio can be
determined as 0.87. The similarity ratio of other parameters is
derived: cohesion similarity ratio C.=0.0435, compressive
strength similarity ratio Cy=0.0435, internal friction angle
similarity ratio C, = 1. Poisson'’s ratio similarity ratio C,, =1.
The relationship between physical and mechanical parame-
ters and geometric parameters of on-site rocks and model
materials is shown in Table 1. Similarly, since the diameter of
the Myanmar-China oil and gas pipeline on the site is
1016 mm, the wall thickness is 25.4 mm, and the length of the
pipeline in the area affected by landslide disasters is 82.5m,
the pipeline with diameter of 50 mm and length of 4m is
selected according to the experimental conditions, so the
geometric similarity ratio is 0.049. The density ratio of 0.77 is
determined according to the material density used in the
simulation test and the density of oil and gas pipeline on site.
Therefore, the similarity ratio of cohesion C.=0.037, the
similarity ratio of tension/pressure Cy=0.037, and the simi-
larity ratio of internal friction angle are derived Cop=1.
Poisson’s ratio similarity ratio C,=1. The relationship
between physical and mechanical parameters and geometric
parameters of on-site oil and gas pipelines and model pipe-
lines is shown in Table 1.

2.2 | Monitoring Equipment Layout

The data acquisition system was used to monitor the landslide
and pipeline at the same time, the stress and displacement of
landslide mass in the process of landslide deformation were also
monitored, and the surface stress and strain of the oil and gas
pipeline during the landslide were measured: the occurrence
and development process of landslide hazards and the
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FIGURE 3 |

deformation and failure process of oil and gas pipelines were
observed by a camera [31].

The PVC pipe is 4 m long, and the width of the slide is 3 m,
therefore, a micro-stress box is set at points 1, 2, and 3 m from
the left-hand side of the slide. There are two orientations
possible for the micro-stress box: facing the impact direction
of the landslide or opposite it. In this experiment, a strain
gauge should be attached to the surface of the pipe. These
strain gauges were used to test the spatio-temporal relation-
ship between pipeline bending and landslide hazards under
different dip angles; there are three measuring points with
strain gauges on the pipe. Since the length of the pipeline is
3m, a measuring point with a strain gauge is set every 1 m
from the left-hand side of the slide. Each measuring point
consists of three strain gauges, which are respectively oriented
at 9 o'clock, noon, and 3 o'clock. The surface of the strain
gauge is sealed with waterproof adhesive. The actual instal-
lation layout of test equipment is shown in Figure 3.

2.3 | Layout of Measuring Points

The stress, strain, and displacement of soil above the pipeline
were measured and analysed according to the experimental
requirements. The monitoring data were arranged and num-
bered according to the classification, corresponding to the pi-
peline stress measuring points and pipeline strain measuring
points, respectively (Figures 4 and 5).

2.4 | Experimental Scheme

In this experiment, the influences of landslide geological haz-
ards on oil and gas pipelines were studied under different dip
angles. The experiment lasted for 24 h, and the test frequency
was 50 Hz. More than 1.1 million experimental data points were
obtained from each of the different measuring points. The slope
angle of the landslide was simulated by lifting test platform, and

Location relationship between experimental pipeline and slope.

SedsStrain gaug

FIGURE 4 |
ment testing device (micro-stress box, strain gauge).

Selection and installation of physical model experi-

the slope angle was set to 10°, 20°, 30°, 40°, 50°, and 60°, until
the occurrence of a landslide. When the hydraulic jack was not
started, the dip angle of the landslide was 0°. During the ex-
periment, the rising height of the hydraulic jack was controlled
to control the dip angle of the landslide. Before the rise of the
slope, the monitoring equipment was turned on to monitor the
stress and strain changes on the pipeline during the increase of
the slope and the process of keeping the dip angle unchanged.

3 | Test Results and Analysis

3.1 | Evolution Process of Landslide in Physical
Simulation Test

In the whole process of physical model test, the three evolu-
tion stages of landslide are simulated by increasing the slope
angle: slow creep, creep-slip, accelerated creep and rapid
deformation stage [32].

From the macroscopic deformation and failure signs in the
physical model experiment, it can be seen that when the
landslide angle is 0° to 10°, the soil begins to be compacted
gradually, the slope is relatively stable, and there are fine cracks
in the front edge of the slope, which belongs to the stage of slow
creep; When the landslide angle is from 10° to 20°, the fine
cracks on the slope surface gradually expand and extend in the
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FIGURE 5 |

horizontal and longitudinal directions. At this time, the land-
slide is in the stage of uniform creep; When the landslide angle
is from 20° to the critical angle (38°), the slope surface of the
landslide forms a tension zone, obvious tension cracks appear
behind the slope, and shear cracks appear on both sides of the
middle and front of the slope, but the fracture system around
the landslide has not been trapped, that is, the tension cracks on
the top of the slope have not penetrated the whole sliding
surface in the water square direction and have not reached
the critical sliding stage. Therefore, it can be seen that the
landslide is in the accelerated creep stage. When the landslide
angle reaches the critical angle, the tension crack at the pipeline
passes through the sliding surface to form a complete shear
failure surface. It can be seen that the pipeline has the effect of
preventing sliding on the slope, and then the overall instability
failure is manifested as push type landslide [33]. The landslide
is a stage of rapid deformation, and then the soil stress is
released rapidly, the slope tends to be stable as a whole, and no
new landslide surface appears. During the whole experiment,
the angle is raised slowly, and when reaching a certain stage, it
is placed continuously to observe the landslide phenomenon,
which can simulate the landslide disaster under engineering
disturbance. At the same time, about 38 ° can be used as the
critical angle of overall instability and failure of physical model
test slope under no rain condition as the experimental
reference.

3.2 | Discussion of the Changes in Strain

To study the strain variation of the pipeline, the variations at
the same landslide dip angle and different measuring points and
the variations at the same measuring point and different land-
slide dip angles are evaluated. The same dip angle and different
measuring points are used to study the bending law of different
positions on the pipeline: moreover, the purpose of the same
measuring point and different landslide dip angles is to study

Layout of measuring points for physical model experiment.

FIGURE 6 | Failure diagram of different stages of landslide in
physical model experiment. (a) Slow creep stage, (b) creep-slip stage,
(c) accelerated creep, and (d) rapid deformation.

the bending of the pipeline with the change of the landslide
dip angle.

3.21 | Same Dip Angle, Different Measuring Points

The strain change processes in the direction of 3 o'clock
(measuring point 17), 9 o'clock (measuring point 19), and noon
(measuring point 18) on the section circumference at the centre
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of the pipeline are illustrated in Figure 6: among them, the
measuring points in the direction of 3 o'clock are those facing
the motion direction of the landslide. It is found that the
measuring points in the direction of 3 o'clock produce com-
pressive strain, and the strain decreases. The maximum strain is
248 microstrain. Meanwhile, the measuring points in the
direction of noon monitor the strain just above the pipeline
cross-section. As can be seen, compressive strain continues to
occur at this point, indicating that the point does not experience
the pressure facing the direction of motion of the landslide, thus
experiencing a lower strain value with a maximum value of 100
microstrain. Its trend is similar to that of the strain variation at
the measuring points in the direction of 3 o'clock; the mea-
suring point in the 9-o'clock-direction is facing backwards rel-
ative to the impact of landslides. The strain generated at this
point is tensile, the pipeline generates a maximum strain value
of 750 microstrain, which is much larger than that generated at
the point producing a compressive strain. It can also be seen
from the figure that the strain changes in the three directions of
3 o'clock (measuring points 14 and 20), 9 o'clock (measuring
points 16 and 22), and noon (measuring points 15 and 21) at
the bilateral sides of the pipeline are similar to those in the
section at the centre of the pipeline. Tensile strain is shown to
occur in the left section of the pipeline in the direction of
9 o'clock. Due to the different stress conditions at different
locations in the pipeline during the landslide, the law of ten-
sile strain in the direction of 9 o'clock on the left-hand section
of the pipeline first increases, and then decreases. This kind of
spring-back phenomenon is because the section on the left-
hand side of the pipeline is at the boundary of the slide. The
slide boundary has a definite restriction effect on the mea-
suring points of the left-hand section of the pipeline, which
leads to the decrease of the strain thereat.

Measuring poin
position

322 |
Point

Different Dip Angles at the Same Measuring

The overall changes in strain can be divided into three stages,
namely, slow-bending stage, constant-speed bending stage, and
accelerated-bending stage. When the pipeline is in the lifting
stage, the pipeline just begins to bear the sliding force generated
by the soil, and the strain produced by the pipeline changes
visibly, and the rate of change of strain is fast. The absolute
value of strain on the pipeline changes more than in other three
stages. In the constant-speed bending stage, the pipeline will
still undergo a change in strain due to the increase of the dip
angle, and the change is greater than that in the slow-bending
stage. When the deformation of the pipeline reaches a certain
extent, the pipeline will enter the accelerated-bending stage. At
this time, the strain of the pipeline begins to increase sharply,
and the pipeline may even buckle. The changes of the three
stages are shown in Figure 6. The strain changes of different dip
angles of the pipeline at the same measuring point are ascer-
tained here. As shown in Figure 6, the strain variation of the
pipeline under different dip angles is analysed by taking
the measuring point 19 (subject to the largest impact force
of the landslide) as an example. In the process of a landslide, as
the dip angle is increased from 0° to 10°, the strain in the
pipeline changes abruptly, and the maximum change therein is
550 microstrain. After the dip angle of the landslide reaches 10°.
The strain of the pipeline increases slowly at a rate of 1.4 x 10~
microstrain per second, when the dip angle of the landslide
rises to 20°. The strain increases rapidly to 568 microstrain
again and then springs back to a certain extent. After the dip
angle of the landslide reaches 20°, the strain in the pipeline still
increases slowly at the rate of 3.6 X 10™* microstrain per second.
This is about twice the rate of increase when the landslide angle
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FIGURE 7 | The whole physical simulation test process changes of pipeline in strain.
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FIGURE 8 | The whole physical simulation parallel test process

changes of pipeline in strain. (a) Left end pipe, (b) middle pipe, and
(c) right end pipe.

is 10°. When the dip angle rises to 30, the pipeline strain
increases rapidly to 581 microstrain. After the dip angle of
the landslide reaches 30°, pipeline strain increases slowly at a
rate of 38.8x10™* per second. Compared with the rate of

increase when the dip angle is 20°, the rate of increase at 30° is
increased to about 27 times that at a landslide angle of 10°.
When the slope angle reaches 38°, a landslide occurs, and the
pipeline strain reaches 692 microstrain. Then, the strain of the
pipeline increases slowly, and the rate of increase reaches
108 X 10™* microstrain per second. When the dip angle of the
landslide is 38°, the rate of slow increase is the greatest in the
four stages, which is about 77 times that at a slope of 10°
(Figure 7).

To sum up, according to the analysis of the same measuring
point and different dip angles of the pipeline, it is found that the
overall change of the pipeline conforms to the proposed staged
changes. When raising the slope, the pipeline strain will
increase rapidly, but because of its innate characteristics, the
pipeline may spring back. However, when the dip angle of the
landslide reaches the required dip angle, the pipeline will un-
dergo a slow and stable strain increase due to the downward
motion of the soil. In general, with the increase of the dip angle,
the rate of slow increase of pipeline strain will also increase.

3.3 | Discussion of the Changes in Stress

Like strain, the stress variations on a pipeline in a landslide are
analysed. Herein, the stress variation is investigated from the
same landslide angle, different measuring points, and the
same measuring point, but at different landslide angles.

3.3.1 | Same Dip Angle, Different Measuring Points
The pipeline is analysed using data from different measuring
points with the same dip angle; the pipeline stress measuring
points are the left-hand cross-section (measuring points 2 and
3), the central cross-section (measuring points 4 and 5), and the
right-hand cross-section (measuring points 6 and 7). Among
them, measuring points 2, 4, and 6 are those facing the direction
of motion of the landslide, and measuring points 3, 5, and 7 face
the opposite way. It can be seen from the figure that the max-
imum stress variation of the measuring points on the left-hand
cross-section increases to 0.4 kPa, that on the right is 0.35 kPa,
and that on the cross-section at the centre cross-section reaches
0.43 kPa. The stress variation of the measuring points at the
bilateral sides of the pipeline is less than that of the measuring
points on the cross-section at the centre of the pipeline. During
landslide impact hazards, the cross-section at the centre of the
pipeline is subject to the greatest impact load.

According to the analysis of the measuring points at different
positions of the pipeline in three different stages, when the
pipeline is in the slow-bending stage, similar rules are presented
by the stress changes around the cross-section position. The
stress change of the measuring point at the left-hand cross-
section position is greatest. The maximum stress increases to
0.2 kPa, followed by that at the right (0.14 kPa), and the stress
change at the measuring point at the centre cross-section
position is the smallest, the maximum stress increases to
0.13 kPa thereat. The reason for this may be that the measuring
points at the sides of the pipeline cross-section are located at the
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FIGURE 9 | The whole physical simulation test process changes of pipeline in stress.

sides of the sliding mass. More auxiliary forces are generated by
the baffles at the bilateral sides of the slideway, resulting in an
increase in the force on the measuring points at the sides of the
cross-section; when the pipeline is in the constant-speeding
bending stage, the pressure increment of all the measuring
points increases rapidly, the stress of the left-hand and right-
hand sides reaches 0.36 and 0.28 kPa, respectively. The stress on
the cross-section at the centre reaches 0.30 kPa. The pressure
increment of the measuring point at the left-hand cross-section
remains greater than that at the centre, however, the measuring
points at the sides of the cross-section experience different
degrees of rebound, in which the stress change at the measuring
point at the left-hand cross-section is the greatest. The rebound
phenomenon is the clearest and when the landslide occurs, the
maximum stress on the cross-section at the centre of the pipe-
line reaches 0.43 kPa, and the maximum stress on the left-hand
and right-hand sides of the pipeline is 0.4 and 0.35kPa,
respectively. The stress change at the measuring points at the
sides of the pipeline cross-section is less than that at the centre
of the pipeline cross-section.

Due to the irregularity of the landslide impact hazard, the stress
change at the measuring point on the left exhibits quite par-
ticular behaviour: stress spring-back occurs and a certain degree
of positive growth is presented therein. At this time, the mea-
suring point on the left side of the cross-section is subject to a
large reverse force. The reason for this phenomenon may be
that all the soil around the pipeline at the measuring point has
slipped, and the force acting on the pipe has almost disappeared.
Due to the bending deformation of the pipeline, the measuring
point on the left-hand cross-section undergoes a reverse dis-
placement. Therefore, the cross-sectional measuring point is

subject to a reversal of force, resulting in large-scale stress
spring-back.

In summary, for the same dip angle and different measuring
points, when the landslide hazard occurs, the stress on the
cross-section at the centre of the pipeline is the largest, and the
stress at the sides is lower. Due to the irregularity of the land-
slide, there is a certain degree of stress spring-back at the
measuring point of the pipeline at the boundary of the sliding
mass. If the soil around the measuring point of the pipeline
slides away, then the pipeline is not stressed by the soil.

3.3.2 | Same Measuring Point, Different Dip Angles
Under different dip angles of landslides, a similar trend is
shown in the stress at each measuring point, therefore, the
stress at the same measuring point at different dip angles is
analysed by taking measuring point 4 as the object. When the
slope angle reaches 10°, the stress on the pipeline increases at a
rate of 38.1 x 10~ °kPa/s, and the stress reaches 0.12 kPa. Then
the stress on the pipeline increases at about 2.5x 10~ °kPa/s.
With the further increase of the slope angle, the stress change of
the pipeline increases; when the dip angle of the landslide reaches
20°, the stress changes at 28.5 X 10~°kPa/s. When the slope angle
reaches 30°, the stress on the pipeline increases at
9.3x 107 °kPa/s. When the slope reaches the angle posing a
landslide hazard, the maximum rate of change of stress is about
26.9 x 10~°kPa/s. Although the rate of change of stress is not
the most rapid, a state of rapid linear increase is presented by
the stress change at the measuring point, and the maximum
stress reaches 4.3 kPa.
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FIGURE 10 | The whole physical simulation parallel test process

changes of pipeline in stress. (a) Left end pipe, (b) middle pipe, and
(c) right end pipe.

In summary, for the same measuring point, stress increases
with the increasing dip angle. When the pipeline is in the slow-
bending stage, a slow increase in stress occurs; when the pi-
peline is in the constant-speed bending stage, the stress

increases rapidly. When the pipeline is in the accelerated-
bending stage, the rate of increase of stress is accelerated, and a
linear rapid increase in stress occurs until the stress on the
pipeline reaches its maximum.

4 | Discussion

In Figure 8, two strain measuring points at 3 o'clock and 9
o'clock on the three sections of the pipeline are selected,
respectively (making a total of six points). Through the data
from these six measuring points at different landslide dip an-
gles, the pipeline dip diagram was drawn, and the bending
deformation degree of the pipeline in the dip angle can be seen
more intuitively. The lower curve is plotted using measuring
points which face away from the direction of motion of the
landslide (and are expressed as a tensile strain curve); the upper
curve is plotted from the measuring points which face the
impact direction of the landslide (and are expressed as a com-
pressive strain curve). For clarity, the strain is changed to a
positive value without changing the incremental compressive
strain. When the dip angle of the landslide is increased to 10°,
the tensile strain and compressive strain in the pipeline increase
significantly. Upon uplift to 20°, the pipeline enters the
constant-speed bending stage. Due to its bending resistance, the
bending deformation is less than that at a slope of 10°. When
the dip angle of the landslide is 30°, the bending deformation is
greater than that at 20°. When the landslide occurs, the pipeline
enters the accelerated-bending stage. The tensile strain at
the centre of the pipeline reaches 210 microstrain, and the
change in the tensile strain is greater than that in the com-
pressive strain, however, the variation of tensile strain and
compressive strain at the sides of the pipeline is lower, and the
variation of compressive strain is 52 microstrain, which is
slightly larger than the variation in the tensile strain. Therefore,
with the increase of the angle, the strain difference between the
point facing the direction of motion of the landslide and that
facing the opposite way at the centre of the pipeline is
increasing, while the difference in strain between the two points
at the two sides of the pipeline is decreasing, the strain is large
in the middle and small at the ends, and the form of bending is
parabolic. The results are compared with the form of on-site
pipeline bending: the experimental results are consistent with
those measured in situ (Figures 9-11).

5 | Conclusion

The landslide hazards with dip angles of 10°, 20°, and 30° were
investigated: six stress measuring points, nine strain measuring
points, and six displacement measuring points were monitored,
and the real-time data of the pipeline in the process of the
landslide were obtained. The conclusions are as follows:

1. The whole strain change process of the pipeline can be
divided into three stages: slow-bending stage, constant-
speed bending stage and accelerated-bending stage.

2. In the process of pipeline-landslide hazards, the stress on
the section at the centre of the pipeline is the largest for
0.43 kPa, and the maximum stress on the left cross-section
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of the pipeline is 0.4 kPa, and the maximum stress on the
right cross-section of the pipeline is 0.35 kPa. When the dip
angle of the landslide is constant, the point strain in the
centre of the pipeline is the largest for 750 microstrain.
When the pipeline is subject to a landslide, the point facing
the impact direction of the landslide is subject to tensile
strain, and vice versa. Moreover, the tensile strain in the
pipeline is much greater than the compressive strain, thus
the centre of the pipeline is the most readily damaged.

3. With the increase of the dip angle, the strain in the pipeline
increases continuously. When the slope angle reaches 38°, a
landslide occurs, and the pipeline strain reaches 692 mi-
crostrain. Then, the strain of the pipeline increases slowly,
and the rate of increase reaches 108 x 10™* microstrain
per second. When the dip angle of the landslide is 38°, the
rate of slow increase is the greatest in the four stages, which
is about 77 times that at a slope of 10°.

4. At the same point, with the increase of the dip angle,
stress is also gradually increasing. When the slope reaches
the angle posing a landslide hazard, the maximum rate of
change of stress is about 26.9 x 10~°kPa/s. Although the
rate of change of stress is not the most rapid, a state of
rapid linear increase is presented by the stress change at
the measuring point, and the maximum stress reaches
4.3kPa.

This study employs on-site measurement methods to collect
actual data for research purposes. In the future, numerical
models combined with physical models will be used together to
analyse the deformation of pipelines under geological disasters,
to obtain better and more accurate conclusions and patterns.
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