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The evolution and mechanism of ground collapse caused by underground water pipeline leakage have
become increasingly significant as more urban areas experience collapses. Based on the principle of
similarity, and considering the engineering context of road collapses in Anging City, Anhui Province,
this study designed a 3 mx2 mx2 m rupture-collapse model test device. Digital Image Correlation
(DIC) technology was employed to investigate the erosion process and collapse mechanisms caused
by underground pipeline leakage. The results indicate that groundwater seepage provides the driving
force for collapses, combined with the migration space provided by defects, collectively triggering the
collapses. When groundwater seepage is minimal, the cohesive forces between soil particles maintain
soil stability. As groundwater seepage increases, the soil particle framework is eroded, leading to soil
structure destabilization and collapse initiation. The depth of collapse significantly influences stress
evolution: stress evolution intensity beneath and above the collapse pit is positively correlated with
the distance from the collapse pit bottom, but negatively correlated with the distance from the defect.
The research provides insights for the early warning and management of ground collapse.
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In recent years, urban underground spaces have been increasingly affected by human activities such as the
construction of underground infrastructure, pipeline construction, and heavy traffic, leading to frequent subsid-
ence incidents"?. Urban ground collapse incidents are characterized by their hidden and sudden nature, mak-
ing them difficult to predict with existing monitoring systems’. Consequently, such incidents are increasingly
being reported in many cities, including those in Canada*, Indonesia®, and Iran®. With the rapid development
of urbanization in China, the high load of municipal pipelines and road traffic has led to a large number of col-
lapse accidents nationwide every year (Fig. 1)’. Wang and Xu® summarized and analyzed the collapse accidents
occurred in China and found the underground pipeline leakage’, rainfall, underground engineering and geo-
logical conditions are the main causes of urban ground collapse. Among them, underground pipeline leakage
accounts for more than 40%. When the buried pipeline leaks, the sand and water around the pipeline migrate
into the pipeline and are washed away, forming a cavity in the strata, resulting in changes in the stability of the
stratum near the pipeline. Eventually, as the cavity expands, the overlying soil becomes unstable'?, resulting in
collapse the current research mainly focuses on the influencing factors of pipeline leakage and the estimation of
seepage rate through its mechanical behavior, etc., but neglects the research of soil erosion mechanism, which is
an important process to prevent urban ground collapse. Therefore, it is of great significance to study the process
of ground collapse caused by pipeline leakage and explore the mechanism of soil-water interaction for urban
disaster prevention and safety.

At present, theoretical methods''~*’, numerical simulations and physical model tests have been adopt
for the stability analysis of ground collapse caused by pipeline leakage. Physical model tests have the advan-
tages of being realistic, intuitive, and scientific, which have been widely applied in the field of geotechnical
engineering®'** and have achieved remarkable research results in collapse. For example, Sato and Kuwano?
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Figure 1. Distribution of urban ground collapse in China (adapted from Wang and Xu®). The map was
generated using Adobe Ilustrator 2021, Ilustrator Free Download & Free Trial| Adobe Illustrator.

conducted model tests to examine the correlation between pipeline leakage and underground cavity expansion.
Zhang et al.”” used plane strain model tests to investigate the influence of shallow tunnel pipeline leakage on
foundation collapse, which showed that pipeline leakage caused the overlying soil no longer had sufficient sup-
port, resulting in collapse. Guo et al.*® and Cui et al.** analyzed the effects of defect size, groundwater, and particle
grade on seepage damage. Sato and Kuwano’, Mukunoki et al.*! and Indiketiya et al.** analyzed the pipeline
leakage in sandy soils and found that particles smaller than 0.3 mm are very easy to be eroded in 5 mm defect,
which indicates that the soil of cavities is related to the loss of soil particles and the soil accumulation density
around the defect. Ahmed Ibrahimp? investigated the effect of groundwater table, defect size, defect angle and
height of sand fill above the pipeline on erosion by means of a coupled hydrodynamic-discrete element approach.

The results of these studies indicate that physical model tests are an effective means of reproducing the process
of ground collapse caused by the pipeline leakage. The urban ground collapse caused by the pipeline leakage
mainly depends on the particle size, defect characteristics, soil height and groundwater conditions. However,
little research has been reported on the use of physical model tests to investigate the soil erosion process of col-
lapse caused by pipeline leakage and the mechanism of soil-water interaction. Tan and Lu* studied the damage
of buried pipelines, groundwater seepage from the defect takes away a large amount of soil, which leads to the
emergence of cavities, but did not have a deeper understanding of the damage process. Meanwhile, Wang et al.**
and Tan et al.* used model tests to reveal that seepage has an important role in the collapse process, and found
that vertical damage has the greatest influence on the development of cavities and ground collapse. Nevertheless,
they did not uncover the intrinsic soil-water interaction mechanism. These studies have some insights into the
resilience evaluation of urban underground pipeline leakage. It should be noted that most of such studies are
based on small-size models or two-dimensional model tests with a single direction of seepage, and it is doubtful
to what extent they are similar to the real conditions of pipeline leakage leading to collapse. And there are fewer
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studies on the soil erosion response process and mechanism of action in the collapse caused by pipeline leakage,
which leads to frequent urban collapse accidents.

Different from the previous research, this paper designs a 3 m x 2 m x 2 m pipeline leakage leading to collapse
model test device based on the similarity theorem. DIC technology and numerous high-precision pressure sen-
sors are applied to study the internal response process and mechanism of soil erosion by pipeline leakage. The
process of ground collapse caused by pipeline leakage was simulated by experiments, and the evolution law of
stress in different strata and the law of groundwater erosion were analyzed; based on the DIC technology, the
effects of soil erosion process and the morphology development characteristics of the collapse pit on the collapse
were studied. Combining these results, it was confirmed that groundwater provides the driving force for the
collapse caused by pipeline leakage, and the defective pipeline provides the transportation space for this process.
This study lays a theoretical foundation for the resilience assessment of urban underground pipelines and the
development of new technologies for monitoring and early warning of such disasters in underground spaces.

Design of model test

Engineering background

The area along the Yangtze River in Anqing City is located in the flood area of the Quaternary Yangtze River
alluvial plain, the thickness of the overburden layer is 30-60 m, the lower part is Cretaceous sandstone, the
submerged water table depth is 0.5 ~ 2.0 m, and the pressurized water table depth is 0 ~ 6 m. The riverfront area
primarily features two sand layers, with a central layer of plastic silty clay. The buried depth of the top plate first
layer is 0.7 ~ 5.7 m, the buried depth of the bottom is 3.25 ~ 18.4 m, and the thickness is 1.95 ~ 16.5 m; the buried
depth of the top plate of the second layer is 20.0 ~ 34.45 m, the buried depth of the bottom plate is 31.0 ~ 38.65 m,
and the thickness is 4.2 ~ 11.0 m. In February 2019, a collapse occurred on the central section of Changfeng
Road in Yingjiang District, Anqing City, covering an area of approximately 30 m* with a depth of nearly 1.5 m, as
shown in Fig. 2. The collapse caused the surrounding road surface to become "suspended’, exposing the roadbed
and other underlying structures, and severely tilting the sidewalk trees. The collapsed section is located within
the Yangtze River alluvial floodplain zone, with a sewage pipeline installed within it. It was observed that the

Figure 2. Location and stratigraphic information of the collapse area. The map was generated using Adobe
Mlustrator 2021, Ilustrator Free Download & Free Trial | Adobe Illustrator. The satellite imagery was generated
using Google Earth Pro7.3.6, Google Earth.

Scientific Reports |

(2024) 14:17717 | https://doi.org/10.1038/s41598-024-68824-7 nature portfolio



www.nature.com/scientificreports/

g g

sewage pipeline was placed in the bad sediment in the diffuse beach area, and the excavation depth of the sewage
pipeline at the collapsed section was about 8 m, mainly distributed in the sand layer, and covered with 1.5 m of
artificial fill in the upper part of the sand layer. According to investigations by relevant authorities, the cause of
the incident was a leak in the shallow sewage treatment pipeline, which created a pressure difference between
the inside and outside of the pipe. Groundwater carried away the fine sand beneath the road surface, resulting
in the road surface being unsupported and ultimately collapsing.

Physical model test system

In this study, an independently designed collapse simulation platform was used to carry out the simulation test
of underground pipeline leakage and collapse. The simulation test device mainly consists of four parts: model
box system, flow control system, leakage sedimentation system, and monitoring system, as shown in Fig. 3.

As described in Section "Engineering background", the buried depth of the ground collapse underground
drainage pipeline in Anqing City was about 8 m. The geometric similarity ratio of the model test is 1:10, and
considering the thickness of the pipeline, the diameter (D) and the buried depth (L) of the drainage pipeline in
the model test are 10 cm and 80 cm in the model test respectively. To account for the influence of self-weight stress
fields, the gravity similarity ratio in the model test is 1, matching the field conditions. The design of the model box
is shown in Fig. 4. The model box is made of Q235 steel plates with 6 mm thick sides and 8 mm thick bottom, and
high strength bolts are used to connect the parts. The overall dimensions of the model box are 3 mx2 mx2 m,

Figure 3. Physical model test system.
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Figure 4. Model box design information.

with observation windows made of 2 cm thick plexiglass at the front and rear to monitor internal erosion and
settlement. Water level control boxes are installed on both sides of the model box, measuring 2 mx0.2 mx2 m.
The inside of the water level control boxes are equipped with 40 permeable dividers of 10 cm in diameter to
ensure that it is difficult for the sand to pass through. Zoueshtiagh and Merlen* pointed out that the change of
the diameter of the orifice has no effect on the critical flow rate of the full fluidization of the soil damage when
the leakage loss is upward through the experiments. Inside the model box, a 10 cm diameter plexiglass pipeline
is installed, with a 20 mm circular defect located above the middle of the pipeline. The flow control system in the
test has a maximum flow rate of 42 m*/h and a head of 40 m; the leakage sedimentation system mainly separates
water and sand through a sedimentation tank; the monitoring system consists of a DIC monitoring system and
a pressure sensor system, and the working principle is shown in Fig. 5.

Test schemes and procedures

In this test, approximately 30 tons of quartz sand has been used as the test material to reduce the influence of
impurities. During the test, the collapse displacement in stratum was captured by a visual displacement analyzer
(Fig. 5) with a resolution of 1200 w. The displacement measurement accuracy can reach 0.01 mm, and three
photos can be taken per second to record the collapse process. The changes in soil pressure were tracked using
DMTY strain-type soil pressure sensors (Fig. 5), which have a measuring range of 0.05-10 MPa and a measure-
ment accuracy of <0.5% F.S. The main steps of the test were as follows:

1. Selection of similar devices. According to the similarity ratio of 1:10 in the model test, a Plexiglas drainage
pipeline with a diameter of 10 cm, a height of 79.3 cm, a depth of 80 cm from the ground, and a circular
defect with a diameter of 20 mm were selected as the defect during the test. A 10 cm diameter gold wire hose
was used to connect each system within the test.

2. Sand filling and sensor layout. The quartz sand was transported into the model box through the conveyor belt,
and then the quartz sand was compacted manually using a wooden hammer. The compaction in stratum is
shown in Table 1. During sand filling, once a certain depth is reached, corresponding pressure sensors need
to be put into it. The distribution location in stratum of the soil pressure sensor is shown in Table 2, where
X indicates the distance from the sensor to the plexiglass plate, Y indicates the distance from the sensor to
the short side of the model, and Z indicates the distance from the sensor to the bottom of the model box.
Finally, after allowing the entire system to stand still for 24 h, water is introduced until the water level reaches

Scientific Reports |  (2024) 14:17717 | https://doi.org/10.1038/s41598-024-68824-7 nature portfolio



www.nature.com/scientificreports/

L3
L
M KRGARAINANNSH

g£2g22333333333383332:23:2

Er o

Figure 5. Monitoring system.

Layer | Height before compaction/cm | Height after compaction/cm | Number of sensors
1 22.8 20.5 0
2 40.7 39.0 0
3 62.7 60.5 2
4 81.5 79.3 4
5 89.7 88.6 4
6 110.3 107.5 4
7 128.0 126.5 7
8 146.0 144.7 6
9 162.0 159.3 0

Table 1. Ground compaction information and number of sensors.

150 cm. Another 24 h static period follows to minimize the influence of pre-testing creep effects as much as
possible. Throughout the test, the water level height is maintained constant using a water table control box.
3. Pipeline leakage. A 20 mm circular defect appeared by removing the rubber plug inside the plexiglass tube.
At the beginning of the test, the flow rate of water in the pipeline was controlled to be 2m?/s. The water
did not make the pipeline full, and it also prevented the sand that had leaked from the defect location from
accumulating in the pipeline. At the end of the test it could be observed that the collapse in the model box
did not change, only water flowed out of the pipe, and no new sand particles appeared in the settling tank.
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CH3 0.06944 18 120 79.3
CH5 0.0885 18 106 79.3
CHé6 0.0901 18 134 79.3
CH7 0.05291 34 120 79.3
CHS8 0.09259 18 120 88.6
CH9 0.08 18 100 88.6
CH10 0.09091 18 140 88.6
CHI11 0.09009 38 120 88.6
CHI12 0.07813 18 120 107.5
CHI13 0.07813 18 95 107.5
CH21 0.07874 18 145 107.5
CH25 0.09524 43 120 107.5
CH26 0.06757 18 120 126.5
CH27 0.0625 18 95 126.5
CH28 0.06803 43 120 126.5
CH29 0.012107 18 80 126.5
CH30 0.01111 58 120 126.5
CH31 0.09615 18 145 126.5
CH34 0.07692 18 160 126.5
CH35 0.06667 68 120 144.7
CH36 0.01066 43 120 144.7
CH37 0.06897 18 70 144.7
CH38 0.06452 18 170 144.7
CH39 0.0641 18 120 144.7
CH40 0.0885 18 95 144.7

Table 2. Sensor parameters and position.

Model test results and discussion

Analysis and discussion of stress evolution in the vertical direction

The distribution of vertical pressure sensors is shown in Fig. 6, with distances from the pipeline defect positions
of 0 cm, 9.3 cm, 28.2 cm, 47.2 cm, and 65.4 cm, respectively. The acquisition frequency of the pressure sensor
was set to 40 times per second during the test, with data collection starting from the moment the water pump

Ground surface

160

200

Figure 6. Vertical sensors distribution.
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initiates collapse. The test lasted for 2648 s, and each soil pressure sensor obtained 105,920 data. To facilitate data
analysis, the average value of stress per second was taken. The evolution of vertical stresses in the strata during
the test is shown in Fig. 7. Based on the test results, the evolution process is divided into three stages: the first
stage where seepage failed to erode the strata, known as the initial stage; the second stage where the soil particle
skeleton of the strata was eroded, known as the erosion stage; and the third stage where collapse development
gradually stabilized, known as the stable stage.

In the initial stage, the stress evolution at positions H;, H,, H;, H,, and H; in the vertical direction is gener-
ally consistent. As shown in the left diagram of Fig. 7, the stress evolution curve is convex-shaped with relatively
small variations in stress magnitude. At the H; measurement point, the longest stress evolution time is 278 s, with
the maximum variation being 0.18 kPa. Assuming the internal particles of the soil are spherical and under the
same stress conditions, when the pipeline leakage initially occurs, the seepage force formed during the leakage
process are insufficient to cause damage to the soil skeleton, thus the soil remains stable. However, the seepage
force acting on the finer particles inside exceed their maximum restraint force, causing these finer particles to
erode along the soil skeleton under the impact of water flow. Therefore, the stress variation within the soil remains
relatively small during this initial stage. In the vertical direction during the initial stage, disturbances are greater
the closer they are to the pipeline defect, and the duration of disturbance is longer.

During the erosion stage, there is a short-term intense stress drop phenomenon. In the vertical directions H,
H,, H, H,, and Hs, stress decreases by 8.04 kPa, 14.06 kPa, 13.15 kPa, 7.13 kPa, and 3.53 kPa respectively within
2.59 s. In the later part of this stage, the stress evolution curves gradually rise and stabilize. It can be observed
that during this stage, seepage force gradually exceeds the maximum restraint force of the coarse particles con-
stituting the soil skeleton, leading to movement of soil particles. At this point, the soil skeleton is eroded, causing
structural damage to the soil, and forming cavities near the pipeline defect. The cohesion between sand particles
in the stratum is low, allowing cavities to develop rapidly. It is observed that the top cylindrical area of the cavity
suddenly sinks, briefly forming a cylindrical collapse pit. The closer the upper stratum and the pipeline defect
are during this stage, the more pronounced the collapse erosion, and the faster the stress response.

During the early stable stage from 1250 to 2000s, the curve shows slight fluctuations. The overlying soil
undergoes instability due to seepage, resulting in sand flow phenomena and the formation of regular conical
collapse pit that slowly expand. In the late stable stage, complete collapse development occurs, and collapse
stabilizes. At this point, the stresses at H;, H,, H;, H,, and H; are —9.24 kPa, — 13.67 kPa, — 11.72 kPa, —5.33 kPa,
and — 1.58 kPa respectively. It can be seen that at this stage, collapse is complete, and there is still sand covering
the pipeline defect, measuring 22.01 cm (Fig. 8). Hy, located near the defect, shows relatively minor stress vari-
ations under the overlying sand and seepage effect.

From the vertical stress evolution curve, it is observed that in the initial stage, there is minimal stress vari-
ation at each monitoring point, and the evolution curve is convex-shaped. At this point, the pipeline leakage
has just begun, and the seepage force acting on the coarse particle skeleton of the soil is insufficient to induce
particle movement; thus, the soil above the pipeline defect remains stable. During the erosion stage, a significant
stress drop occurs. By 370 s into the test, the stress distribution at points H;, H,, H;, H,, and H; has noticeably
changed, with collapse cavities appearing above the pipeline defect. During this stage, the seepage forces are suf-
ficient to mobilize coarse particles, leading to soil structural damage. In the stable stage, the stress curve shows
slight fluctuations. During this period, the stress decreases in the overlying soil above the pipeline defect, and
collapse develops laterally, accompanied by sand flow phenomena. Collapse development completes during this
stage, and there remains a 22.01 cm sand covering the pipeline defect. It is evident that the closer the location
is to the pipeline defect, the more severe the erosion, the greater the disturbance amplitude, and the longer the
disturbance duration.
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Figure 7. Stress evolution in the vertical direction.
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Figure 8. Different strata division.

Analysis and discussion of stress evolution in the horizontal direction

It has been observed from previous experiments*®*’ that most collapses caused by pipeline leakage exhibit conical
or cylindrical shapes. In order to investigate the water-soil interaction during the collapse process and the evolu-
tion of horizontal stresses, this test deployed 5 layers of soil pressure sensors arranged in a conical distribution.
According to the experimental results, the first group consists of 2 layers with 8 sensors positioned between
the pipeline defect and the bottom of the conical collapse pit, with overlying sand of 22.01 cm and 12.71 cm
respectively. The second group comprises 3 layers with 17 sensors positioned above the collapse pit, at distances
of 6.19 cm, 25.19 cm, and 43.39 cm from the bottom of the conical collapse pit, as shown in Fig. 8. Considering
that the center point sensors in each layer horizontally align with the vertical sensors, the test is still divided
into initial stage (0-370 s), erosion stage (371-1250 s), and stable stage (1251-2648 s) to analyze the horizontal
stress variations and water-soil interactions.

Analysis of horizontal stress evolution in the formation below the collapse

The sensors in the first group are positioned at heights of Z=79.3 cm and Z = 88.6 cm respectively, as shown in
Fig. 9. The distribution of sensors forms a semicircle centered at the collapse centers CH3 and CHS, with radii
of 14 cm and 20 cm respectively. The horizontal soil stress evolution at Z=79.3 cm is depicted in Fig. 10, where
it can be observed that the stress evolution at the collapse centers aligns with the curve at point H, from Section
"Analysis and discussion of stress evolution in the vertical direction”. The stress evolution trends at points L, and
L, on the circle are largely consistent, while L, shows slight differences. At L, and L,, the stress slowly changes
in the initial stage, displaying a convex curve. At 235 s, the maximum stress reaches 0.18 kPa and stabilizes at
1.41 kPa and 1.07 kPa in the second and third stages respectively. At L;, the stress remains constant at 0 kPa in

Figure 9. Distribution of horizontal sensors in the first group.
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Figure 10. Stress evolution in the Z=79.3 cm stratum.

the first stage, decreases by 0.64 kPa in the second stage, and stabilizes at —0.88 kPa in the third stage, with the
stress drop being only 9.52% of that at the center points. The sensors at Z=79.3 cm are horizontally aligned with
the pipeline defect, and considering the conical shape of the collapse pit, stress variations are primarily influenced
by the thickness of the overlying soil. Hence, the stress drop occurs at L;. Meanwhile, at L, and L,, due to their
proximity to the model boundaries, boundary effects are significant, resulting in minor stress increases under
seepage effects in the overlying strata.

The horizontal soil stress evolution at Z=288.6 cm is depicted in Fig. 11. It can be observed that in the first
stage, the evolution trends at L, Ls, and L are largely consistent with those at L, L,, and L at Z=79.3 cm. Spe-
cifically, the curve at L, remains stable, while L, and L; exhibit convex-shaped curves in the first stage, reaching
peak values of 0.08 kPa and 0.10 kPa at 237 s respectively. At the beginning of the second stage, L,, Ls, and Ly
show rapid increases followed by gradual decreases. Notably, Ly experiences the largest stress drop, reaching
—2.39 kPa, which is 13.61% of the stress drop at the center points. Despite the presence of overlying sand at both
Z=79.3 cm and Z = 88.6 cm, the soil stress variations are more pronounced at Z=88.6 cm at the same positions.
Considering the closer proximity of Z=88.6 cm to the collapse pit, it experiences greater influence from the loss
of overlying soil particles and more severe erosion. In strata between the pipeline defect and the bottom of the
conical collapse pit, closer proximity to the defect results in less pronounced effects. The strata continue to be
covered by sand despite the pipeline leakage, primarily affected by the loss and seepage of overlying soil particles
during the leakage process.

Analysis of the horizontal stress evolution in the stratum above the collapse

The sensors in the second group are positioned at heights of Z=107.5 cm, Z=126.5 cm, and Z=144.7 cm respec-
tively, as shown in Fig. 12. These sensors are located above the bottom of the collapse pit and are arranged in a
semi-circular pattern. At Z=107.5 cm, there are 4 sensors oriented around the center point CH12 of the collapse,
with a radius of 25 cm. At Z=126.5 cm, there are 7 sensors arranged in a double semi-circular pattern around
the center point CH26, with radii of 25 cm and 40 cm. At Z=144.7 cm, there are 6 sensors also arranged in a
double semi-circular pattern around the center point CH39, with radii of 25 cm and 50 cm.
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Figure 11. Stress

evolution in the Z=88.6 cm stratum.
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Figure 12. Distribution of horizontal sensors in the second group.

The horizontal soil stress evolution at Z=107.5 cm is shown in Fig. 13. It is evident that the stress evolution
trends at L, Lg, and L, are nearly identical. In the initial stage, the stress curves show minor fluctuations. Around
390 s in the erosion stage, the stress curves rise sharply, reaching a maximum increase of 0.81 kPa, followed by a
gradual decrease, which is markedly different from the rapid stress drop observed at the center point CH12. In
the third stage, the three stress curves gradually stabilize at a mean value of 6.60 kPa, with an average stress drop
of 56.31% compared to the center point. The soil pressure sensors at Z=107.5 cm are positioned just above the
bottom of the collapse pit, 6.19 cm away, where saturated sand migrates into the pipeline under erosion, leading
to significant loss of the overlying sand. Compared to the evolution of stress curves at the bottom of the collapse
pit in the first group, the upper strata above the collapse bottom experience greater disturbance.

The horizontal stress evolution at Z=126.5 cm is analyzed with radii of 25 cm and 40 cm, as shown in Fig. 14.
Compared to the horizontal stress evolution at Z=107.5 cm with a radius of 25 cm, the stress evolution within
this stratum closely resembles that at the central point. It can be observed that L, L,;, and L,, experience signifi-
cant stress drops during the erosion phase at 415 s, 599 s, and 594 s respectively, stabilizing in the stable phase at
—5.29 kPa. The average stress drop is 99.25% of the central stress drop. When R =40 cm within this stratum, L,,,
L3, and L5 show stress drops occurring later in the erosion phase, at 433 s, 598 s, and 813 s respectively. In the
stable phase, the three stress curves stabilize at — 5.29 kPa, — 3.00 kPa, and — 5.29 kPa, with an average stress drop
of 84.99% compared to the central stress drop. It is evident that within the same stratum, the collapse develops
outward from the central point. Based on the horizontal stress evolution with radii of 25 cm at Z=107.5 cm
and Z=126.5 cm, it is known that closer proximity to the surface results in a slower disturbance and less ero-
sion within the collapse pit. Additionally, comparing the horizontal stress evolution between radii of 25 cm and
40 cm at Z=126.5 cm indicates that erosion slows with increased distance from the collapse center within the
same stratum. In summary, the collapse exhibits a conical distribution from the bottom to the surface, with the
collapse progressing outward from the center to the periphery within the same stratum.

The horizontal stress evolution at Z=144.7 cm is analyzed with radii of 25 cm and 50 cm, as shown in Fig. 15.
For R=25 cm, the horizontal stress at L5 and L,, shows stress drops at 499 s and 600 s during the second stage,
respectively, and stabilizes at —0.65 kPa and —2.47 kPa in the third stage, which is 84.81% of the central stress
drop. Within this stratum, for R=50 cm, the stress curves at L g, L5, and L,, show stress drops at 921 s, 1017 s, and
1062 s, respectively, and exhibit significant fluctuations after the drop, eventually reaching —5.56 kPa, —0.12 kPa,
and 1.08 kPa, showing notable differences. The Z=144.7 cm stratum is only covered by a 14.6 cm sand, indi-
cating that erosion occurs relatively slowly compared to the lower stratum and is less intense. Considering the
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Figure 13. Stress evolution in the Z=107.5 cm stratum.
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Figure 15. Stress evolution in the Z=144.7 cm stratum.

proximity of this stratum to the surface, erosion during leakage leads to significant displacement of the stratum.
After the test, it was observed that most sensors within the R=50 c¢m radius in this stratum were displaced or
tilted, resulting in severe fluctuations in the stress evolution curves.

From the horizontal stress evolution curves of different strata mentioned above, it can be seen that during the
leakage process, the collapse develops from the central point outward, forming a regular conical distribution that
erodes the soil stratum. Observing the stress curves within the first and second groups of soil strata, it is evident
that the stress evolution trends differ entirely between the strata at the bottom of the collapse pit and those above
the pit. The soil at the bottom of the collapse pit is primarily affected by the loss of the overlying soil and seepage,
resulting in slow changes in the stress curve and a relatively small stress drop. The difference in stress evolution
compared to the central point is significant, with the average stress drop being 9.52% and 13.61% of the central
point. It can be concluded that when pipeline leakage occurs, the soil beneath the conical collapse pit is less
affected as the distance from the bottom of the collapse pit increases. The soil above the collapse pit, where the
overlying saturated sand migrates to the pipeline under erosion, experiences severe erosion. Its stress evolution
curve closely matches that of the central point, with stress drops stabilizing at above 55%, and it shows a trend of
being higher in the middle and lower on both sides. The results indicate that for the soil above the pit, the closer
they are to the surface, the slower the disturbance and the less erosion they experience; horizontally within the
same stratum, the farther from the collapse center point, the slower the erosion and the lesser the disturbance.

Analysis and discussion of the collapse process

The collapse caused by pipeline leakage typically occurs underground at considerable depths, making it difficult
to observe soil particle displacement with the naked eye, especially in the initial stages of leakage. To address
this, DIC technology were employed. By capturing grayscale digital images of the side surface of the sandy soil
and comparing and analyzing the changes in these images over time, the deformation and displacement of soil
particles were monitored, and the results are shown in Fig. 16. In Fig. 16, the orange background represents the
calculation area, and the white lines represent the interface where particle movement occurs, with darker colors
indicating greater displacement. It can be seen that before the initial stage of leakage (370 s), the seepage force is
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Figure 16. Transportation of soil particles during collapse.

insufficient to cause the soil particle skeleton to break, resulting in the loss of fine particles with little observable
displacement. As the seepage force gradually exceeds the maximum restraint force of the soil skeleton, the coarse
particle skeleton is lost, the soil structure is damaged, and cavities form inside the pipeline, quickly developing
upwards until the top subsides (Fig. 16b-f).

As the loss of sandy soil at the top occurs, the pipeline leakage enters the collapse pit development stage, as
shown in Fig. 17. In Fig. 17, the red lines represent the shape of the collapse pit development. During this stage,
the soil coarse particle skeleton continues to be destroyed, the internal cavity of the formation gradually expands
to the surface, and a cylindrical subsidence suddenly forms in the cylindrical area at the surface. In Fig. 17b,
an irregular concave collapse initially appears at the top. As leakage worsens, the collapse pit’s shoulder col-
lapses (Fig. 17c—e). As the overlying stratum is eroded and damaged, sandy soil is lost from both sides, and the
shape of the collapse pit gradually develops into a regular cone, exhibiting significant progressive characteristics
(Fig. 17f-h). It is evident that the shape of the collapse pit changes rapidly in the early stages of development.
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Figure 17. Collapse development.
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With the appearance of flow sand phenomena at the shoulders, the collapse pit development completes, and the
expansion speed slows down.

The experimental results indicate that the seepage effect of groundwater plays a crucial role in ground col-
lapse caused by pipeline leakage. When the seepage force is relatively small, it is insufficient to damage the coarse
particle skeleton, and the soil remains stable. However, as the seepage force increases and exceeds the maximum
restraint force of the coarse particle skeleton, erosion occurs, and the soil structure is compromised. With con-
tinued increase in seepage force, the overlying soil layer becomes unstable due to erosion, leading to collapse.
In the process of ground collapse induced by erosion from pipeline leakage, groundwater seepage provides the
driving force for the collapse of the soil. This seepage, along with the transport space created by the defect, jointly
promotes the occurrence of ground collapse.

Conclusions

This study investigates the mechanism of soil collapse due to pipeline leakage through physical model test. It
provides a detailed report on the stress evolution and collapse characteristics of soil stratum in different direc-
tions under leakage conditions and analyzes the internal soil erosion process within the strata. Additionally, the
study combines sensor measurements and DIC technology to discuss the soil-water interaction mechanisms
within the soil layers. The results indicate:

1. Groundwater seepage during pipeline leakage provides the driving force for the collapse of geotechnical
bodies. When the seepage force is small, it is insufficient to cause damage to the coarse particle skeleton,
and the soil remains stable. However, when the seepage force increases beyond the maximum constraint of
the coarse particle skeleton, the skeleton is eroded, leading to the destruction of the soil structure. It can be
observed that groundwater seepage acts as the driving force for the collapse and, together with the migration
space provided by the defect, leads to ground collapse.

2. 'The stress evolution of soil during pipeline leakage is closely related to the height of the conical collapse pit.
Below the collapse pit, the soil primarily experience slow stress changes due to the loss of the overlying sand
and seepage effects, resulting in minimal erosion. Above the collapse pit, saturated sand migrates into the
pipeline under erosive forces, leading to rapid stress changes and significant erosion.

3. In the vertical direction, the stress drop decreases as the distance from the bottom of the conical collapse
increases. At stratum heights of 79.3 cm, 88.6 cm, 107.5 cm, 126.5 cm, and 144.7 cm, the stress drops at the
center points above the defect opening are —9.24 kPa, —13.67 kPa, —11.72 kPa, —5.33 kPa, and — 1.58 kPa,
respectively.

4. In the horizontal direction, as the distance from the collapse center increases, the erosion rate decreases.
The average stress drops within the same layer are 9.52%, 13.61%, 56.31%, 99.25%, and 84.81% of the central
stress drop, respectively.

5. During the initial stage of collapse development, the internal cavity changes rapidly. As the phenomenon of
sand flow from the shoulder occurs, the collapse development completes, the expansion speed slows down,
and the collapse ultimately takes on a regular conical shape.

Currently, the impact of collapse pit height on subsidence due to buried pipeline leakage and soil erosion has
not been thoroughly studied. However, experimental results indicate that the stress evolution in soil above and
below the collapse pit bottom is significantly different, potentially offering insights for predicting subsidence
caused by buried pipeline leakage. Future research will focus on the factors influencing collapse pits and their
correlation with erosion.

Data availability
The datasets generated and/or analysed during the current study are not publicly available due to the need for
follow-up studies but are available from the corresponding author on reasonable request.
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