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Abstract: The rapid pace of urbanization has led to an increasing frequency of road collapses, posing a
significant threat to urban traffic safety. Underground pipeline leakage stands out as the primary cause
of such collapses. This paper presents a macroscopic analysis of the subgrade seepage erosion process
caused by pipeline leakage. Model tests were conducted to investigate the formation mechanism
and explore the influence of water level, water flow rate, and soil type. The study revealed that the
subgrade seepage erosion caused by pipeline leakage undergoes four distinct stages: infiltration, slow
erosion, rapid erosion, and erosion convergence. Soil erosion shares similarities with sand erosion in
its developmental process. The water level plays a pivotal role in determining the shape and size of
the eroded area caused by sand seepage erosion. The size of the erosion cavities formed during the
soil seepage erosion increased along with the increase in the water flow rate. The size of the erosion
cavity increased by up to 55.7% when the flow rate was increased by three times. In addition, clay
soils do not undergo significant erosional damage but do produce significant settlement. The soil
erosion process caused by underground leakages in pipelines was investigated using model tests
in this study, which provided valuable information for researchers performing an in-depth analysis
of the mechanism of roadbed cavities generated by urban underground pipeline leakage, which is
critical for safeguarding people’s travel safety and decreasing social and economic losses.
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1. Introduction

The continuous development of urbanization has led to an increasing population
density in cities, resulting in increased demand for urban resource development. To
fulfill operational demands, underground engineering construction, recurrent building of
underground pipeline networks, and subsurface water extraction operations have increased
significantly [1-4]. Unfortunately, the frequency of urban road collapse accidents has
increased, posing a severe threat to urban traffic safety. These accidents have resulted in
major car accidents and significant loss of life in several circumstances [5-11].

According to research, underground pipeline leakage is the primary cause of urban
road collapse accidents [12-17]. Groundwater seeps into the soil near the leaking pipeline,
gradually eroding it and creating underground caves. If the soil above the caves is un-
able to support the weight above it, a sudden collapse occurs, resulting in road collapse
accidents [18,19]. To investigate the damage pattern of soil seepage erosion, He et al. [20]
proposed two modes, namely, the “cylindrical collapse mode” and the “funnel-shaped
collapse mode”, to explain the destructive modes of seepage erosion in underground cavity
development. Liu et al. [21-23] investigated ground subsidence in water-rich sand layers
caused by buried pipeline damage. The study identified three distinct modes of soil seepage
erosion caused by pipeline damage: the first mode involves sudden water breakthrough
without subsequent settlement; the second mode entails the formation of soil arches lead-
ing to settlement; and the third mode involves sand collapse accompanied by settlement.
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Wang et al. [24] conducted model tests and identified two distinct failure patterns in sandy
soil. The first pattern involves the development of hidden underground cavities with mul-
tiple arch formations during cavity evolution, while the second pattern involves surface
cracking that results in the growth of an inverted triangle-shaped collapsed area.

Furthermore, numerous studies have been conducted to investigate the process of
seepage erosion and the formation of underground cavities, as well as the various factors
that influence them. These studies have employed model experiments to investigate issues
such as soil loss, the progression of eroded cavities, and ground subsidence under varying
conditions. Several researchers [25-28] discovered that the particle size distribution of
the soil has a significant impact on seepage erosion, with smaller particles being more
susceptible. Using a laboratory model test, Saton et al. [29] looked at how buried buildings
affected internal erosion brought on by sewage breaches. The findings indicated that
seepage erosion changes its path when a new pipeline is built close to the previous erosion
channel. Karoui et al. [30] utilized laboratory modeling tests and revealed that the direction
of groundwater flow, the hydraulic gradient around the seepage point, and the strength
of the ground’s support are the main factors that dominate the mechanism of ground
subsidence. These factors can significantly affect ground deformation, the direction of
cavity expansion, the rate of settlement development, and the rate of collapse. Kwak
et al. [31] investigated the impact of different rainfall intensities and hydraulic gradients
on groundwater infiltration and soil erosion. The results showed that rainfall intensity
had a significant effect on surface deformation, whereas an increase in hydraulic gradient
increased cavity size. Haibat et al. [32] identified soil type as the primary contributor
to ground subsidence and proposed a regression model to forecast and manage ground
subsidence risk. Basim et al. [33] conducted experiments to quantify soil erosion under a
variety of conditions, including varying pipeline damage sizes, variations in soil particle
gradations, varying water levels in the sand, and the number of water flow cycles. Based
on the results, the researchers developed a dimensionless model that can predict the rate of
localized soil erosion caused by pipeline leakage.

In conclusion, current research on road collapse caused by underground pipeline
leakage has yielded significant findings; however, several critical issues require further
investigation. The current understanding of the mechanism underlying subgrade collapse
caused by underground pipeline leakage is inadequate, and the precise triggering mecha-
nism remains ambiguous. As a result, this study conducted model tests to comprehensively
analyze the soil erosion process caused by underground pipeline leakage. It investigated
the effects of three factors on roadbed seepage erosion: water level, water flow rate, and
soil type. The study offers valuable information for researchers performing an in-depth
analysis of the mechanism of roadbed cavities generated by urban underground pipeline
leaking, which is critical for safeguarding people’s travel safety and decreasing social and
economic losses.

2. Test Methods
2.1. Test Apparatus

The model test setup is shown in Figure 1. This experimental setup consists of three
major components: (1) A model box with a transparent plexiglass inner layer and an outer
layer supported by a steel frame to ensure adequate rigidity. The inner layer has dimensions
of 600 mm x 200 mm x 700 mm. The seepage pipeline is inserted through two holes on
each side of the model box. It also has an adjustable-sized seepage hole on the bottom plate
to aid in sand drainage. (2) The water supply system consists of a water tank and a seepage
pipeline. The seepage pipeline, which has an internal diameter of 40 mm, is located on the
model box’s side panel, and includes a breakage port to simulate pipeline breakage within
the subgrade. A water level control is installed in the water tank to maintain a constant
water level, and a water stop valve is installed at the water outlet to regulate the water flow.
(3) Data acquisition system: comprised of a camera and a sand collection box. The camera
is mounted in front of the model box to record the entire sequence of pipeline leakage,
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Water tank

seepage erosion, cavity formation, and soil collapse. The sand collection box is located in
the model box’s lower section to collect lost soil, which will then be dried and sieved to
determine the dry mass.
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Figure 1. Model test apparatus. (a) Schematic diagram of the test setup. (b) Model box. (c) Water tank.

2.2. Test Materials

Several preliminary tests were performed before conducting formal seepage erosion
tests. These tests included relative density, sieving, and normal head infiltration mea-
surements. The sieving test was designed to determine the percentage of sand mass for
different particle sizes. Following that, a particle gradation distribution curve was plotted
and presented in Figure 2. Additionally, the sand’s minimum and maximum porosity were
measured using the measuring cylinder method and the vibratory hammer method, respec-
tively. The test results revealed inhomogeneity and curvature coefficients of 4.36 and 1.32,
along with maximum and minimum void ratios of 0.552 and 0.882, respectively. More-
over, the normal head permeability test was conducted, and it revealed the permeability
coefficient of the sand to be 8.9 x 1072 cm/s.

2.3. Test Conditions

Road collapses in urban areas caused by underground pipeline leakage are complex
issues influenced by a variety of factors. When the groundwater level rises, for example,
more water permeates the soil. As a result, the soil around the damaged or leaking pipeline
loosens, making it more vulnerable to the effects of pipeline leakage. Furthermore, the
flow rate of water within the pipeline can accelerate soil erosion, increasing the risk of
road collapses. Different subgrade soils have distinct physical characteristics and stability
properties. Certain subgrade soils, particularly those with loose structures, are highly
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susceptible to erosion caused by water seepage, increasing the risk of road failure. Therefore,
this experiment considers three influencing factors: water level, water flow rate, and soil
type. A total of 6 test groups were designed to investigate the effects of these factors on road
collapses caused by underground pipeline leakage, following the principles of controlling
variables. The test conditions are presented in Table 1.
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Figure 2. Sand particle size distribution.

Table 1. Test conditions.

Test Water Level H (mm) Water Flow Rate Q (mL/s) Soil Type
1 60 51 sand
2 140 51 sand
3 220 51 sand
4 60 34 sand
5 60 17 sand
6 60 51 clay soil

2.4. Test Procedure

Figure 3 illustrates the experimental flow. Before initiating the test, it is crucial to dry
the sand, eliminate impurities, and thoroughly mix it to achieve homogeneity. Subsequently,
the pipeline should be installed, the seepage hole below the model box should be blocked,

and petroleum jelly should be applied to the inner wall surface of the model box to mitigate
the frictional effect.

. Seepage erosion
development

4 Seepage erosion
starting

Recording of erosion

recording the erosion development loose and erosion areas area data

Figure 3. Test Flowchart.

The sand was layered and compacted for uniform distribution within the model box,
ensuring proper compaction. Following that, the pipeline was inserted through the holes,
and the layered compaction was resumed until the desired soil height was attained. To
begin the test, open the water tank valve following the required water flow rate. The entire
test was recorded to document the sand seepage erosion process. The sand that eroded into
the sand collection box was dried after the test to determine the dry mass of the eroded
soil. The sand inside the model box was then excavated systematically, and the box itself
was thoroughly rinsed and dried in preparation for the next set of tests. Moreover, particle
image velocimetry (PIV) was used to determine the velocity field distribution of sand
particles in the test area.
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3. Results and Discussion
3.1. The Sand Erosion around Defective Pipeline

Figure 4 illustrates the progression of seepage erosion resulting from pipeline defects
observed in test 1, with other tests exhibiting comparable characteristics. As shown in
Figure 5, the study used PIV analysis to determine the motion velocity of the sand particles
in the 12 cm zones on each side of the model center to understand the behavior of particle
movement. The cloud map indicates the direction and velocity of sand particles during the
seepage erosion process.

Loosing area

(b)

Loosing area

()

(h)

Figure 4. Erosion development in test 1. (a) t =0s. (b) t =48 s. (c) ¢t =2380s. (d) t =2472 s.
(e) t=2556s. (f) t = 2580 s. (g) t = 2640 s. (h) t = 2688 s. (i) t = 2736 s.

As the experiment began, a region of local infiltration was observed in the soil adjacent
to the pipeline rupture, as illustrated in Figure 4b. The local wetted area consistently
expanded as the seepage volume increased. The wetted region assumed an arched configu-
ration, gradually ascending due to the impact of seepage flow force and ascending further
through capillary action upon surpassing the height of the pipeline seepage opening. The
infiltration boundary eventually reached stability after 1382 s. The matrix suction among
the particles gradually decreased as the sand saturated, resulting in a significant decrease in
the shear strength of the sandy soil within the saturated area. The flowing water transports
fine particles that seep out and induce gradual relaxation of the sand. Consequently, the
sand adjacent to the seepage hole is the first to experience loss, leading to the formation of
an elliptical area of loosening close to the hole at 2380 s (Figure 4c).
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Figure 5. Velocity and contour of sand movement in Test 1 (velocity unit: mm/s): (a) t = 2380 s;
(b)t=2472s; (c) t =2556s; (d) t =2580 s; (e) t =2640 s; (f) t = 2712 s.

As time progressed, the sand above this region gradually descended due to diminished
support from the underlying sand, resulting in an elliptical loosening area expanding in an
upward vertical direction (Figure 4d,e). At 2580 s, a small hidden cavity formed beneath
the seepage hole due to sand loss (Figure 4f). The cavity formation reduced the seepage
path length, increasing both the fluid and sand flow rates (Figure 4g,h). As a result of the
combined forces of gravity and seepage, the erosion cavity rapidly expanded downward,
eventually leading to the formation of a stable cavity at 2736 s (Figure 4i). The erosion
cavity’s critical damage area was determined to be close to the cylindrical damage, with a
maximum width of 101 mm horizontally and 276 mm vertically.

Figure 6 illustrates the temporal evolution of the dry mass of eroded soil. Three
inflection points can be observed in the figure. As a result, soil erosion can be divided into
four stages: infiltration, slow erosion, rapid erosion, and erosion convergence.

In the infiltration stage, the localized infiltration area expanded while the water level
increased. The flow rate was low during this stage, leading to a gradual rise in total seepage
volume. The localized infiltration area gradually expanded outward from the breakage port,
and it required a significant duration for the soil to attain a “fluidized state”, signifying the
formation of the loosening area. The first inflection point, observed at t = 2380 s, indicates
the start of the slow erosion stage. The loosening area formed and gradually spread upward.
The soil near the seepage hole underwent minor loss, while the soil above continually
replenished and migrated downward due to the combined effects of gravity and seepage
forces. Eventually, a small cavity developed at t = 2580 s. Following the formation of the
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cavity, there was an increase in the seepage flow rate and seepage force, while the seepage
path shortened. This signifies the initiation of the rapid erosion stage, characterized by the
rapid expansion of the cavity and substantial soil loss accompanied by the water flow. The
erosion convergence stage began with the third inflection point at ¢ = 2710 s. The dry mass
of eroded soil reached a stabilization point, indicating that soil erosion development had
stopped and a stable erosion cavity had formed.
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Figure 6. The development pattern of dry mass of eroded soil with time.

3.2. The Effect of Water Level

The higher the water level, the later the seepage hole was opened. The process of
sand erosion changed as the water level rose. Figure 7 depicts the sand erosion process in
test 3, while test 2 demonstrates comparable characteristics. Similar to Section 3.1, a PIV
analysis was performed for a region 12 cm on either side of the model’s center. The results
were acquired and are shown in Figure 8 as the sand particles’ velocity of movement. The
direction and speed of sand particles during the seepage erosion process are shown on the
cloud map.

Test 3 exhibits a larger ellipsoidal loose area during the development of seepage
erosion due to the higher water level. At ¢t =780 s, seepage erosion started to occur in the
sand. With the development of seepage erosion, the loosening area gradually expanded and
the sand movement velocity increased. At t = 812 s, a smaller cavity forming an inverted
triangle formed beneath the leakage port. Following that, the speed of sand movement
increased further, and the sand within the loosening area traveled rapidly outward toward
the seepage hole, eventually forming a large erosion cavity. As the water level rose, the
water content inside the model box increased, allowing the water flow to fill the whole
cavity. As a result, the resulting cavity was larger.

A comparison and analysis of erosion states under different water level conditions,
depicted in Figure 9, reveals two distinct differences. To begin, the size of the sand
infiltration surface varied. As the water level rose, so did the critical infiltration line height
and the area of the infiltration surface. The infiltration line height extended to the top
surface of the sand at a water level of 220 mm, fully wetting the entire sand surface. Second,
the final erosion cavity’s size varied. A higher water level resulted in greater erosion width
and height, resulting in a larger erosion cavity.

The destructive morphology underwent corresponding changes. At a water level
of 60 mm, the final destructive morphology took on an approximately cylindrical shape,
exhibiting a rectangular shape on the surface of the model box wall. However, at water
levels of 140 mm and 220 mm, the final destructive morphology of the soil in the water
manifested as an inverted cone shape. This is because a higher water level causes more
water dispersion in the soil, which causes more soil disturbance. The soil begins to flow,
causing the saturated area of the sand to expand. As a result, the loosened area expands.
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Furthermore, a higher water level puts more pressure on the seepage, causing more sand to
enter the erosion outlet. As a result, as the water level rises, so does the size of the resulting

erosion cavity.
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Figure 7. Erosion development in test 3: (a) t =780's; (b) t =794 s; (¢) t =800s; (d) t =812 s; (e) t = 826 s;
(f)t=836s;(g) t =886s; (h)t=910s; (i) t =944 s.
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Figure 8. Velocity and contour of sand movement in Test 3 (velocity unit: mm/s): (a) f = 780 s;
(b) t=794s;(c)t=800s; (d) t=810s; (e) t =822s; (f) t =910 s.

According to the data in Table 2, as the water level rose to 60 mm, 140 mm, and
220 mm, the formation time of the infiltration line decreased to 23 min, 18 min, and 12 min,
respectively, while the total slumping time decreased to 46 min, 28 min, and 16 min. These
findings show that, as water levels rose, the erosion rate of sand increased. The rate of
seepage erosion increased with the increase in water level. The duration of seepage erosion
decreased from 46 min to 16 min when the water level was raised from 60 mm to 180 mm,
a change of 65%. Furthermore, higher water levels cause more sand erosion. As the water
level rose to 60 mm, 140 mm, and 220 mm, the dry mass of eroded soil increased from
2.93 kg to 13.59 kg, an increase of 364%; the erosion cavity cross-sectional area increased
from 19,822.7 mm? to 69,038.1 mm?, an increase of 248%; and the maximum width of the
cavity increased from 109 mm to 351 mm, an increase of 222%. This is due to increased
water dispersal in the soil as the water level rose. The greater infiltration force generated
by the increased water level caused more soil disturbance, resulting in an expansion of the
infiltration range and, as a result, increased sand erosion.

Table 2. Erosion area in different water level.

Results H =60 mm H =140 mm H =220 mm

1 Infiltration surface formation time/min 23 18 12

2 Infiltration line height/mm 409 415 422.5

3 Seepage erosion time/min 46 29 16

4 Dry mass of eroded soil/kg 2.93 10.02 13.59

5 Erosion cavity cross-sectional area/ mm? 19,822.7 54,853.6 69,038.1

6 Maximum width of cavity/mm 109 275 351

7 Vertical depth of cavity/mm 268 298 332

3.3. The Effect of Water Flow Rate

The model experiments conducted have shown a consistent erosion development
process of sandy soil under different water flow rates, resulting in final failure modes
approximating an elliptical shape (Figure 10). This suggests that variations in water flow
rate do not significantly impact the process of soil erosion caused by pipeline leakage or the
final damage pattern. However, when the water flow rate increased, so did the size of the
erosion cavities generated during soil seepage erosion. At a flow rate of Q = 17 mL/s, the
breadth of the erosion cavity was 70 mm, whereas the biggest erosion cavity was 109 mm
at a flow rate of 51 mL/s. When the flow rate was increased three times, the size of the
erosion cavity increased by up to 55.7%.
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Table 3 illustrates the results of soil seepage erosion in various water flow rate cir-
cumstances. The creation of the infiltrated surface took 21 min, 24 min, and 23 min for
water flow rates of 17 mL/s, 34 min, and 51 min, respectively; whereas, the period from the
start of the experiment to the formation of the final latent cavity was 45 min, 47 min, and
46 min. These observations indicate that variations in the water flow rate have a negligible
impact on the erosion rate. However, the damage area created by the soil during seepage
erosion increased with the increase in water flow rate. When the water flow rate increased
from 17 mL/s to 51 mL/s, the dry mass of eroded soil increased from 2.41 kg to 2.93 kg,
an increase of 22%; the erosion cavity cross-sectional area increased from 14,141.7 mm? to
19,822.7 mm?, an increase of 40%; and the maximum width of the cavity increased from
70 mm to 109 mm, an increase of 55.7%. With an increase in water flow rate, there was an
expansion in the extent of the erosion area. This can be attributed to the higher volume of
water seeping through the leakage point, leading to an expansion of the saturated area in
the sand and resulting in a larger erosion area.

Table 3. Erosion area in different water flow rate.

Results Q=17 ml/s Q=34ml/s Q=51mL/s

1 Infiltration surface formation time/min 21 24 23

2 Infiltration line height/mm 402 412 409

3 Seepage erosion time/min 45 47 46

4 Dry mass of eroded soil/kg 2.41 2.59 2.93

5 Erosion cavity cross-sectional area/ mm? 14,141.7 16,961.4 19,822.7

6 Maximum width of cavity/mm 70 84 109

7 Vertical depth of cavity/mm 271 264 268

3.4. The Effect of Soil Type

Figure 11 illustrates the particle size distribution of the clay used in the tests. Figure 12
presents the results of the changes in the clay when the clay layer encountered a leakage
from a buried pipeline. The water content of the clay near the pipeline crack grew sig-
nificantly during the early part of the test, and the clay in this location began to settle.
The water content of the clay layer below the pipeline steadily grew as the water seepage
from the pipeline increased, the range in which the soil settled gradually expanded, and
finally the surface of the soil layer settled. The clay layer’s surface eventually experienced
substantial settlement, with a maximum settlement value of 41 mm and the creation of
visible fissures.
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Figure 11. Particle size distribution of clay soil.
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Figure 12. Final erosion state of clay soil: (a) surface settlement; (b) surface cracks; (c) surface of

model box.

The test findings demonstrated that when the clay layer encountered pipeline leakage,
there would be no evident soil seepage erosion or erosion zones in the soil layer, but
rather obvious settlement on the soil layer’s surface. Clay particles” inherent viscosity and
plasticity allow them to deform rapidly during seepage erosion, resulting in soil subsidence
and effective void filling.

4. Conclusions

This article addresses the issue of road collapse resulting from underground pipeline
leakage. A self-designed indoor model test apparatus was employed to comprehensively
analyze the macroscopic process of subgrade soil seepage erosion, exploring the effects
of water level, water flow rate, and soil type on soil erosion. The primary findings are
summarized as follows:

(1) The seepage erosion process can be divided into four stages based on the progression
of sand erosion: infiltration, slow erosion, rapid erosion, and erosion convergence.

(2) The water level plays a vital role in determining the shape and size of the eroded
area resulting from sand seepage erosion. With increasing water levels, the shape of
the eroded area underwent a gradual transition from a rectangle to an inverted cone,
accompanied by an expansion in its extent.

(38) As the water flow rate increased, the size of the erosion cavities generated during soil
seepage erosion increased. When the flow rate was increased three times, the size of
the erosion cavity increased by up to 55.7%.

(4) In the case of a pipeline breach in a clay layer, the soil layer’s surface will experience
significant settlement, but there won’t be any significant seepage erosion.

5. Recommendations for Future Studies

In this study, the effects of water level, water flow rate, and soil type on soil seepage
erosion were investigated through laboratory model tests. The factors influencing soil
seepage erosion of subgrade caused by buried pipeline leakage are various, and the research
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on soil seepage erosion caused by pipeline leakage still needs to be further supplemented
and improved. The main contents are as follows:

Subgrade soils are subjected to the load effects of the vehicles traveling above and
the disturbance of the surrounding construction in real-life situations. Therefore, the
development process of soil seepage erosion under the combined effects of pipeline seepage
and loads can be investigated in the future.

On actual roads, when soil seepage erosion develops further, it can cause disasters
such as roadway collapse. Future research could focus on the effects of soil seepage erosion
on road collapse and travel safety.

The formation of hidden cavities in the subgrade seriously affects the safety of roads.
The formation of hidden voids in the roadbed seriously affects the safety of road use. The
prevention and control measures needed to delay the development of subgrade cavities
and prevent road collapse will be the focus of the next phase of research.
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