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Artificial water pumping and rainfall will induce groundwater level fluctuations, leading to large-scale karst collapse. Therefore,
the combination of physical model test and FLAC3D numerical simulation is adopted to simulate the soil cave collapse caused
by three different initial water level fluctuations in this paper. The influence of various initial water level heights on the
variation of water-gas pressure, soil pressure of the overlying soil layer, and deformation in the existing soil cave during the
fluctuation was analyzed. The relationship between initial water level height, deformation and collapse of the cave, and water-
gas pressure was established, and the action law of water level fluctuations on the collapse of soil cave was introduced. The
results show the following: (1) The change of water-gas pressure positively correlates with the initial water level height, directly
affecting the overlying soil layer deformation. (2) The change of soil pressure of overlying soil positively correlates with the
change of water-gas pressure under different initial water level fluctuations. (3) The deformation and collapse difficulty of the
soil cave negatively correlates with the initial water level. The higher the initial water level, the stronger the negative pressure
absorption and positive pressure gas explosion effect on the overburden on the soil cave and the collapse will occur with fewer
water level fluctuations. (4) The numerical simulation results are consistent with the laboratory model test. These laws
elucidate the change of water-gas pressure in different initial water level fluctuations and reveal the collapse mechanism of
water level fluctuations. It will provide essential theoretical support for further research on the action law of hydrodynamic
factors on karst collapse and a scientific and reasonable basis for urban groundwater pumping control, karst and roadbed
collapse prevention and prediction.

1. Introduction

Hydrodynamic conditions, particularly groundwater-level
change, are key factors leading to karst collapse. In recent
years, the fluctuation of groundwater levels caused by artifi-
cial pumping and rainfall exacerbated subsurface erosion,
negative pressure absorption, and positive pressure gas
explosion [1–3]. It accelerated the collapse of karst soil caves,
attracting researchers to study the collapse mechanism
caused by groundwater fluctuations. Establishing mechani-
cal and mathematical models can reveal the evolution of soil
caves’ underwater level change. Wang et al. improved the
mechanical model of soil cave collapse based on the ultimate
balance theory and accurately divided the evolution stages of
soil caves [4–6]; Guo et al. established a ground subsidence

mechanical model of covered karst soil caves considering
the cave’s shape and size under the condition of groundwa-
ter slump to reveal the internal relationship between the ini-
tial groundwater level, the shape and size of the cave, and the
negative pressure of the soil cave cavity and clarified the
influence of the negative pressure change caused by the
water level drop on the stability of the soil cave evolution
stage [7, 8]; Xue et al. conducted acoustic emission tests to
measure the effect of CO2 adsorption force on the mechani-
cal properties of deep coal seams and established an elastic
damage constitutive model of nonlinear stress-strain rela-
tionship and proposed the deformation and failure mecha-
nism of deep coal seam due to the strength of gas
adsorption force [9]. To the greatest extent, the field test
can reflect the collapse process of karst soil caves under
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hydrodynamic conditions [10]. Chen et al. carried out field
pumping tests and clarified that the water level change
caused by pumping is the main factor of collapse [11]; Jiang
et al. and Jia et al. conducted long-term monitorization and
analysis of the groundwater level change on site and revealed
the formation mechanism of the soil cave collapse and the
response of the deformation to the water level change [12,
13]. However, field test stress and boundary conditions are
difficult to control and carry out. Many scholars study the
effect of groundwater level changes on soil cave collapse by
carrying out physical model tests [14–20]; Xiao et al. per-
formed model tests to investigate the relationship between
the relative strength degree and deformation of negative
pressure suction and the effects of latent corrosion caused
by water level changes. It reveals that the combined action
of subsurface erosion and negative pressure absorption
causes the mechanism of soil cave collapse [21, 22]; Zhang
et al. and Hong et al. carried out water level fluctuation
experiments to study the response of soil cave deformation
to water level fluctuations and the characteristics of soil cave
evolution at each stage [23, 24]. With the wide application of
computers, numerical simulation was used to show the var-
iation law of stress and displacement of the overlying soil
during the change of water level [25–28]. Through numeri-
cal simulation showing the dynamic evolution process of soil
caves under different water level drops, Xiong et al. deter-
mined the critical water level difference of collapse and pro-
vided a basis for karst prediction [29]. In addition, through
the combination of mathematical mechanics model and
model test, the law of water level change on soil cave collapse
under the movement of various factors is comprehensively
considered [30, 31].

Numerous researchers concluded the effect of water
level changes on the impact of latent corrosion, negative
pressure suction, and positive pressure gas explosion on
soil caves from field and model tests. They expounded
on the mechanical mechanism of soil cave collapse caused
by water level change on numerical simulation, which is
crucial theoretical support for studying hydrodynamic col-
lapse. However, the current studies primarily employ a
single model test or numerical simulation method, which
cannot correspond well to the test results with the numer-
ical simulation of stress and displacement distribution.
Hence, it cannot comprehensively describe the effect of
hydrodynamic conditions on soil cave collapse from the
internal mechanical mechanism to the macroscopic phe-
nomenon. In addition, most of the studies establish the
relationship between hydrodynamic factors and soil cave
collapse by controlling the rate and amplitude of water
level change. However, there are deficiencies in the effect
of different initial water level fluctuations on the collapse
of karst soil caves and the dynamic response of water-
gas pressure and further research is needed. Taking the
karst collapse-prone areas in Lingui District, Guilin City
as the research object, by collecting geological data, this
paper constructs a generalized geological model to conduct
physical model experiments and combined FLAC3D
numerical simulation to simulate the evolution process of
karst soil caves under different initial water level fluctua-

tion conditions, while the water-gas pressure and temper-
atures in the existing soil cave and the deformation of
the covering layer are monitored and compared with the
numerical simulation results of stress, displacement, and
plastic zone to propose a law to the effect of various initial
water level fluctuations on soil cave collapse.

2. Environmental Geological Background of the
Study Area

The studied area is located in Lingui District, Guilin City; it
is at the southern end of the Xianggui Corridor with an aver-
age elevation of 150 meters above sea level from 109°36′ to
111°29′ east longitude and 24°15′ to 26°23′ north latitude.
Meteorological survey shows that the total annual precipita-
tion is 1266.0-1986.0mm, the preflood season (April-June)
is 627.0-1253.0mm, and the postflood season (July-Septem-
ber) is 128.0-305.0mm. Heavy rain mainly occurs from May
to June with frequent anthropogenic water pumping and
drastic changes in water level. The study area is a “∞” type
karst basin with two basic structures: folds and faults, prod-
ucts of multistage tectonic movements, and most tectonic
traces are NE and NW. The well-connected groundwater is
classified into pore water and karst water; pore water is
chiefly distributed in the gravel and silty clay layers in the
alluvial-proluvial layer Q3

al-pl and the eluvial layer Q3
dl-el.

As shown in Figure 1, the studied area are mainly composed
of the Upper Pleistocene alluvial-pluvial layer (Q3

al-pl), the
Upper Pleistocene eluvial layer (Q3

dl-el), and the Upper
Devonian Rongxian Formation (D3r).

The lithological characteristics of each stratum are
described as follows:

(1) Upper Pleistocene alluvial-pluvial layer (Q3
al-pl): yel-

low, silty clay, composed of gravel, clay and a small
amount of fine sand and pebbles, 2~14m thick.
The silty clay formed by the Q3

al-pl alluvial-
proluvial layer has low clay content, correspondingly
low consolidation degree and shear strength, and
poor collapse resistance

(2) Upper Pleistocene eluvial layer (Q3
dl-el): brick red,

light yellow clay, sandy clay, containing a small
number of quartz particles, 0.1~10m thick

(3) Upper Devonian Rongxian Formation (D3r): gray-
white, slightly weathered, medium to thick layered, rel-
atively complete rock mass. The mainmineral is calcite,
which is developed and tightly cemented. The karst fis-
sures of bedrock surface are relatively developed

3. Geological Model Generalization and
Test Scheme

3.1. Geological Model Generalization. Considering the com-
plex geological conditions of the studied area, the generaliza-
tion of the geological model is required. After collecting
geological drilling data in Lingui District, Guilin City, it
can be known that the overlying soil layer can be mainly
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divided into the single-layer structure or double-layer struc-
ture (as shown in Figure 2).

In this paper, the single-layer structure (silty clay struc-
ture layer) is mainly used for simulation. The basic physical
and mechanical property parameters of silty clay were mea-
sured by laboratory geotechnical tests (see Table 1 for
details).

3.2. Physical Model Device Design. By investigating and col-
lecting geological data in the study area and referring to
the similarity theory [32] to determine the model similarity
ratio as 1 : 10, a physical model device was independently
designed (shown in Figure 3).

The frame of the device is made of hard aluminum alloy
with high strength, and the side wall is inlaid with 5mm

410.0 420.0

410.0 420.0

2790.0

2800.0 2800.0

2790.0

0 1 2 km

Rongxian group of
the upper devonian

Upper pleistocene 
alluvial diluvium

River

45

Rock dip and angle Real prediction of
geological boundaries

Real presumed
fault line

Tension fracture
and occurrence

Regional groundwater 
watershed

Upper pleistocene
residual slope deposit

Q3
al-pl

Q3
al-pl

Q3
al-pl

Q3
al-pl

Q3
al-pl

Q3
dl-el

Q3
dl-el

Q3
dl-el

Q3
al-pl

D3
r

Sinkhole

D3r

D3r

C1y

Study area

LinguiQiutangyu

Bridge

Shuikou 23°

31°

15°

38°

269 30

Miaotou
Dongfeng

Figure 1: Engineering geological map.

Unitary structure Thick upper and thin lower 
ternary structure

Soil of clay Stony soil Gravel soil Limestone Karst cave

Thin upper and thick lower 
binary structure

Figure 2: Structure types of overlying soil layers.

3Geofluids



thick tempered glass. The karst channel is set in a semicircle,
and the karst channel mouth is set in a semicircle located at
the front side’s midpoint. There is a 1/4 sphere soil cave
above the channel opening, and it is formed by preburied
special ice cubes. The whole physical model test device con-
sists of three parts: the main model, the water supply and
drainage system, and the test system.

The size of the main model is 1200mm in longitude,
700mm in width, and 900mm in height. The main model
consists of upper and lower parts; the upper part is a soil
box with a thickness of 600mm, which is used to simulate
the overlying soil layer; the lower part is a water tank with
a height of 300mm, which is used to simulate the karst cav-
ity and water storage in the bedrock, and is connected to the
upper soil box through a karst channel.

The soil box and the karst cavity have independent water
supply and drainage systems, which can be adjusted accord-
ing to the hydrodynamic conditions to reproduce the pro-
cess of soil cave collapse at different initial water levels.

The soil box’s water supply and drainage system comprises
the sink on the left and right sides and the drainage orifices
on the bottom and side walls. When the water rises, the left
and right sinks can control the water level in the upper soil
layer to ensure a stable water head in the soil layer. When
the water falls, water can be drained.

The water supply system of the karst cavity effectively sup-
plies water to the water tank through the control switch of the
external water pipe of the water tank. The water is stored in the
tank, set to a closed state with a drainage orifice (diameter
100mm) and a drain pipe on the side wall. When the drain
pipe turns on, the water level drop (water pumping or ground-
water runoff) in the karst cavity is simulated. The test system
includes three functions: one is to record the water-air pres-
sure and the temperature in the soil cavity in real-time
through the Solinst water level automatic monitorization.
The Solinst water level automatic monitor can reach an accu-
racy of ±0.05%, and the minimum sampling frequency is
0.125 s, which can realize high-frequency real-time data

Table 1: Basic physical and mechanical parameters of soil.

Overlay
type

Density (g/
cm3)

Porosity
Shear modulus

(kPa)
Bulk modulus

(kPa)
Internal friction

angle (°)
Cohesion
(kPa)

Permeability coefficient
(cm/s)

Silty clay 1.72 0.47 1:354 × 106 4:22 × 106 8.8 25.3 3:22 × 10−4

1-Sprinkler

2-The side sink

3-The surface of the scale

4-Soil cave

5-Water tank

6-Water tank inlet

7-Water tank drain

8-Tank drainage monitoring water meter

9-Video
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Figure 3: Physical model device and monitoring equipment.
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reading. In the test, the water level monitoring sensor was
inserted into the fixed slot of the desktop reader connecting
to the computer. The software was started to acquire data with
the sampling frequency of every 1 s by setting water level, air
pressure, temperature unit, and other parameters. The water
level was automatically monitored when the water injection
started. In this way, when the ice in the prefabricated soil cave
melted, the water pressure and the temperatures in the soil
cave during the rise and fall of water were monitored real-
time.

The second is to monitor the overlying soil pressure
through dynamic and static resistance strain instruments
and soil pressure sensors. It adopts a 24-bit high-resolution
conversion chip to realize the full-bridge measurement con-
version of data, which connected the soil sensors to a short-
circuited one. The soil pressure sensor was first connected to
the resistance strain instruments in the test. The data trans-
mission interface was connected to the computer to transmit
the measured data to the computer-side data acquisition
software employing electrical signals. The same interval
between the water and air pressure acquisition data is stable
and reliable. The soil pressure sensor measured the soil pres-
sure within 30 kPa, with a maximum error within the rate of
0.5%, meeting the model test conditions. The force-bearing
surface of the soil pressure sensor was placed in contact with
the top of the soil cave (at a depth of 5 cm of the soil layer)
and buried and compacted to fix it. Meanwhile, the other
end connected the dynamic and static resistance strain
instruments. The data acquisition can realize the real-time
earth pressure monitoring of the overlying soil in the rise
and fall of water.

The third is to record the whole process of deformation
and damage of the overlying soil layer in the side wall in
real-time through the camera.

3.3. Model Test and Numerical Simulation Scheme. The nat-
ural moisture content of the soil layer was tested to range
from 19.1% to 22.6%, Combined with the actual properties

of the soil and the average moisture content of soil layers
at different depths measured by multiple pretests of 20%,
the moisture content of the overlying soil in this model test
was finally determined to be 20%. After multiple repeated
vibration compmovement, the average compmovement dry
density of the remodeled soil was determined to be 1.4 g/
cm3. The thickness of the overlying soil layer is 0.5~4.5m,
and the diameter of the bedrock surface opening is about
1m. According to the geometrically similar proportion, the
thickness of the silty clay covering layer in the simulation
test was set to 10 cm, and the diameter of the soil cave was
set to 10 cm, which is prefabricated and melted with ice
cubes. We weigh the soil samples required for each experi-
ment according to the size of the model device and the
requirements of the experimental scheme and determine
the stratification-thickness of the soil samples for each
experiment and vibrate them with a small hand-held vibra-
tor and load them into the model device in layers, and
finally, the average compacted dry density of soil samples
after filling is 1.4 g/cm3, the average density is close to 85%,
and the average moisture content is close to 20%.

Three initial water levels were set, taking the bedrock
surface as the 0 reference level, which was located on the sur-
face of the overburden, in the middle of the soil cave, and on
the bedrock surface, which corresponded to the initial water
level height of 100mm, 25mm, and 0mm, respectively.
Every time the water level falls, it went through a karst cavity
from the initial water level and keep the same rates of water
level rising and falling in the three experiments. The model
test scheme is shown in Table 2.

The operation procedures of the three groups of experi-
ments are the same. Taking the initial water level on the sur-
face of the soil layer as an example, the experimental steps
can be briefly described as follows:

(1) Turn on the water supply switch, adjust and control
the rising speed of the water level through the valve
of the water supply pipe until the initial water level
just reaches the soil surface

(2) Turn off the water supply switch to make the water
level drop from the soil surface to the karst cavity,
which is a water level dropping process, and the
water level dropping speed is adjusted and controlled
by the drain valve

(3) After the water level drop process is over, repeat step
(1) and (2) until the soil layer collapses. The water
level should be ensured to rise and fall at the same
speed each time

Numerical simulation adopts a 1 : 1 method with the
physical model test. A karst model was established in the
3D modeling software (Rhino) (as shown in Figure 4), and
the calculation grid was correctly divided and imported into
FLAC3D, and the following steps were carried out:

(1) Establish three karst models with different initial
water levels, assign the Mohr-Coulomb constitutive

Table 2: Model test scheme.

Scheme
Initial water level

position
Initial water level height

(mm)

1 Soil surface 100

2 Middle of the cave 25

3 Bedrock face 0

Figure 4: Karst model.
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model to the soil, and assign the corresponding con-
stitutive model parameters

(2) The mechanical boundary conditions of the model
were set as the left and right boundaries constraining
the horizontal displacement, the bottom boundary
was set to constrain the horizontal and vertical dis-
placement at the same time, and the upper boundary
was free

(3) Set the gravity field and the initial stress ratio to gen-
erate the initial stress field

(4) Select single seepage mode. Turn on the fluid mode,
assign the fluid isotropy constitutive model, and set
the fluid parameters for the constitutive model

(5) Set the fluid boundary conditions and set the front,
back, left, right, and bottom as 0 flow boundaries
and the top surface as the free surface, which used
to simulate to hydrodynamic conditions

(6) Set the calculation yield criterion, obtain the result
cloud map, and finally carry out the result analysis

4. Model Test Result Analysis

4.1. The Variation and Dynamic Response of Water-Gas
Pressure with Water Level Fluctuation. The constant change
of water level in the karst cavity caused by the fluctuation of
water level indirectly changes the water-gas pressure in the
existing soil cave, thereby affecting the deformation of the
soil cave and the overburden [33].

Figure 5: Variation of water-gas pressure with time.

Table 3: The amplitude of increase and decrease of water-gas pressure during the next water level rise and fall with different initial water
level heights.

Initial water level height (mm)

100

Water-gas pressure increase amplitude (kPa)

1.26 1.364 1.003

Water level rises 25 1.345 1.402 1.220

0 0.441 0.616 0.529

100

Water-gas pressure drop amplitude (kPa)

3.723 3.932 1.101

Water level drops 25 1.889 2.086 1.755

0 0.450 0.819 0.799
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Figure 5 shows the variation of water-gas pressure dur-
ing the collapse of karst soil caves caused by three groups
of different initial water level fluctuations; it is analyzed that
the initial water level height has different degrees of influ-
ence on the changes of water-gas pressure in the soil and
the response of soil deformation:

(1) Under different conditions of initial water level, the
change of water-gas pressures in the soil caused by the
rise and fall of the water level, and the soil deformation

effects are different. The maximum water-gas pressure
regions were concentrated at 101.5~102.5kPa,
101~101.75kPa, and 99.75~100.25kPa, and the mini-
mum value areas were concentrated at 98.5~99kPa,
98.75~99.75kPa, and 99.13~99.35kPa, indicating the
higher the initial water level, the greater the fluctuation
range of the water-air pressure and the stronger the
water shock blasting effect on the roof of the existing
soil cave during the rise of the water level. Thus, the
increase of the water-gas pressure peak was aggravated
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Figure 6: Relationship between water-gas pressure and temperature during water level rise and fall when collapse. (a) Water level rise. (b)
Water level drop.
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due to the compression of the soil cave space, leading to
the overlying soil peeling off faster. Correspondingly,
when the water level fell, the negative pressure absorp-
tion effect on the existing soil cavity was stronger, and
the soil exfoliation was accelerated. The soil cavity was
partially connected to the atmosphere, and the water-
gas pressure dropped rapidly. The fluctuation of the
water level caused the overlying soil to slump continu-
ously; when the entire existing soil cave was connected
to the atmosphere, the soil cave expanded to the surface
of the overlying soil layer to form the collapse

(2) With the rise and fall of the water level, the most
prominent feature of the water-gas pressure change
in the existing soil cave is sudden and transient.
Under the three initial water level conditions, the

water-gas pressure changes slowly in the initial stage;
as the water level rose in the existing soil cave, it sud-
denly reached the maximum value, and the mini-
mum value occurred at the moment when the
water level drops

(3) The change response of water-gas pressure in the
existing soil cave is positively proportional to the ini-
tial water level. Under three different initial water
levels, the water-gas pressure changed significantly,
which lasted for 955 s, 975 s, and 990 s, respectively,
and with the increase of the number of water level
fluctuations, the response time difference increased
gradually
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Table 3 shows the increase and decrease of the water-gas
pressure with large fluctuations and obvious changes during
the rising and falling of different initial water levels. The
analysis reveals that in the same process of water level fluc-
tuation, the influence of the water level dropping on soil cave
evolution is more significant than that of the water level ris-
ing. Compared with the rise of the water level, the water-gas
pressure in the existing soil cave responds more quickly to
the decline of the water level, and the decline rate is larger,
which will accelerate the evolution of the soil cave. When
the initial water level height is 100mm, the dropping of
the water level caused the maximum decrease in the water-
gas pressure to reach 3.93 kPa; at this time, the negative pres-
sure in the soil cave was the largest, and the overlying soil
was subjected to strong negative pressure absorption, which
enhanced the impact on the overlying soil of peeling.

Figure 6 explains the relationship between the water-gas
pressure and the temperature of the existing soil cave during
the rise and fall of the water level when it collapse (when the
initial water level is 0mm, the soil cave does not collapse).
The analysis shows that the water-gas pressure positively
correlates with the temperature in the existing soil cave.
Water-gas pressure will rise and fall with the temperature
variation in the soil cave. The temperature variation
changes the water-gas pressure, which in turn affects the
deformation of the overlying soil: the greater the tempera-
ture change, the greater the fluctuation amplitude of the
water-gas pressure and the more pronounced the deforma-
tion effect on the soil.

4.2. Variation of Soil Pressure in Overburden during Water
Level Fluctuation and Its Relationship with Water-Gas
Pressure in Soil Cave. Under the condition of three different
initial water level heights, the variation law of soil pressure in

overburden with time is consistent in the cave-induced karst
process caused by water level fluctuation. The condition of
the initial water level, which was100mm, on the surface of
the soil layer was taken as an example, and the variation
law of the soil pressure and water-gas pressure during the
collapse of the karst soil cave was discussed and analyzed
based on the experimental data of the laboratory model.

Figure 7 shows the soil pressure change with time during
the water level fluctuation. Compared with Figure 5, it can
be seen that the water level fluctuation has different effects
on the changes of soil pressure in the overburden and
water-gas pressure in the soil cave. The increase and
decrease of the soil pressure in the overburden are smaller
than that of the water-gas pressure in the soil cave because
the water-gas pressure in the soil cave does not fully act on
the overlying soil. Although the soil and water-gas pressure
increase synchronously when the groundwater level rises,
the increased speed differs. When the water level rises in
the soil cave, the soil pressure and air pressure increase rap-
idly, and the water pressure increase value is mainly related
to the water level height. When the groundwater level drops,
the soil and air pressure decrease sharply. The change is
associated with the falling speed of the water level, while
the change in water pressure is relatively gentle and only
relates to the height of the groundwater.

Figure 8 reflects the relationship between the soil pres-
sure and the water-gas pressure during water level rising
and falling. The analysis shows that the change of soil pres-
sure in the overburden positively correlates with the shift in
water-gas pressure in the soil cave. The water-air pressure
generated by the rise of the water level increases the soil
pressure of the overlying soil. Correspondingly, the soil pres-
sure decreases when the water level drops, and the reduced
amplitude is larger.
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4.3. Influence of Initial Water Level and Number of Water
Level Fluctuations on the Deformation Overlying Soil. Water
level fluctuations often cause existing soil caves to collapse.
The timeliness and scale of collapse are related to the initial
groundwater level and the number of water level
fluctuations.

Figure 9 can be analyzed as follows:

(1) The time response of soil exfoliation to the initial
water level is different. The time response speed is pos-
itively correlated with the initial water level height.
The higher the initial water level, the more soil exfoli-
ation can occur when the frequency of water level fluc-
tuation is less, and the faster the slump at the cave’s
roof is accumulated. When the initial water level
height is 100mm, there are two times water level fluc-
tuations, and local slumps occur in the overlying soil
body of the existing soil cave. When the initial water
level height is 0mm, only a tiny amount of soil col-
lapses after five times water level fluctuations. The
response time and slump amount are not as good as
the higher initial water level

(2) The difficulty of soil cave collapse negatively corre-
lates with the initial water level. When the initial
water level height is 100mm and 25mm, the soil
cave collapses during the water level fluctuation 7
and 18 times, respectively, but it does not collapse
when it is 100mm. The height of the initial water
level directly affects the airtightness of the overbur-
den layer and thus changes the hydrodynamic condi-
tions. The higher the initial water level, the stronger
the water sealing effect and the better the internal
airtightness of the soil body, which enhances the
water hammer gas explosion and negative pressure
absorption effect on the overlying soil layer. It accel-
erates the soil exfoliation and makes the soil cave
more likely to collapse

(3) The number of water level fluctuations affects the
amount of exfoliation of the overlying soil in the
existing soil cave. The cumulative amount of slump
on the roof of the cave increased most obviously at
the moment of collapse. With the increase in the
number of water level fluctuations, the cumulative
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Figure 10: The number of water level fluctuations and the semiaxis length of the collapsed pit.

10 Geofluids



7 
cm

7 cm

(a)

9.4 cm 7 cm

(b)

9.7 cm

7.6 cm

(c)

15.1 cm 12
.2

 cm

(d)

Figure 11: Dimensional measurement of collapse opening in model test. (a–d) The measured diagram of the long and short half-axis length
during the collapse, one-time water level fluctuation, two times water level fluctuation, and three times water level fluctuation.
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Figure 12: Continued.
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amount of slump continued to increase, but the
increased amplitude in the amount of slump
decreased accordingly

The length of the collapsed pit and the length of the
semiaxis directly reflect the collapse degree of the soil cave.
Figure 10 shows the effect of continuous water level fluctua-
tion on the length of the collapsed pit under three different
initial water levels after the collapse. It takes the initial water
level height at 100mm as an example and displays the mea-
sured size of the change in the semiaxis length of the col-
lapsed pit (Figure 11). As the water level continues to
fluctuate, the sidewall and the scale of the collapse pit were
mainly subjected to the effects of latent corrosion and con-
tinuously peeled off:

(1) The length of the long and short semiaxes of the col-
lapse pit gradually increases with the increase of the
number of water level fluctuations and then tends to
be stable

(2) The height of the initial water level directly affects
the degree of the length of the collapse pit semiaxis
change under the water level fluctuations. The higher
the initial water level is, the more obvious the change
in the semiaxis length of the collapse pit is. When the

initial water level height is 100mm, during the first
three water level fluctuations, the change in the semi-
axis length of the collapse pit is more obvious than
when the initial water level was located in the middle
of the soil cave, resulting in the bigger collapse

(3) The initial water level was uncompressed; the water-
gas pressure generated by the water level fluctuation
was insufficient to cause the karst soil cave to
collapse

5. Numerical Simulation Results and Analysis

5.1. Vertical Displacement Results and Analysis. According to
the model test results, the water level dropping has a stron-
ger impact on the stability of the soil cave, so the process
of the water level dropping under different initial water
levels was simulated, and the stress, displacement, and plas-
tic zone development of soil cave and overlying soil were dis-
played. In the process of water level dropping, the existing
soil cave sidewalls and overlying soil were peeled off due to
the movement of latent corrosion and negative pressure
absorption, the vertical displacement of the roof of the cave
was constantly changed, the lateral displacement was carried
out along the direction of the toe of the cave, and the scale of
the collapse gradually expanded.
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Figure 12: Deformation of overlying soil during water level droping. (a) Variation of cave roof displacement with time steps during the
dropping of different initial water levels. (b) Variation of cave roof displacement under different initial water levels dropping. (c) When
the initial water level height is 100mm, the displacement of the roof of cave and the displacement of the overlying soil variation with
time steps.

13Geofluids



Figure 12(a) shows from left to right the distribution of
vertical displacement in the process of water level drop with
initial water level heights of 0mm, 25mm, and 100mm,
respectively. After analyzing Figures 12(a) and 12(b), it can
be seen that the maximum displacement occurred at the roof
of the soil cave during the three initial water level dropping
processes. The height of the initial water level affects the
magnitude of the displacement. The higher the initial water
level, the greater the vertical displacement of the roof of
the cave. When the initial water level height is 0mm, this
vertical displacement was only 1:96 × 10−5m; however,
when the initial water level height is 100mm, it reached
1:05 × 10−4m, an increase of an order of magnitude, mainly
due to the high initial water level and the strong airtightness
of the soil, increasing the water-gas pressure during the rise
of the water level, which has a stronger spalling effect on the
soil above the soil cave, and is basically consistent with the
physical model test results.

According to Figure 12(c), the analysis shows that in
the process of water level dropping, the displacement of
the roof of the cave and the displacement of the overlying
soil surface was synchronous, and there was a “hysteresis”
between them. This is because the slump of the soil cave
expanded continuously from bottom to top, and the above
soil fell off until it penetrated to the surface, which exists a
time effect. Compared with the soil surface displacement,
change range, growth rate, and magnitude of the cave roof
displacement were higher; this is because the bottom of
the cave roof is a free surface, and the soil at the roof of
the cave will be directly affected by the combined
movement of latent erosion and negative pressure absorp-
tion in the process of water level dropping. From the
numerical simulation displacement cloud map, the chang-
ing law of vertical displacement with water level is basi-
cally consistent with the conclusion obtained from the
physical model test.
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Figure 14: Variation of plastic zone development during the dropping process with initial water level heights of 0mm, 25mm, and 100mm,
respectively.
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Figure 13: Variation of maximum shear stress during the dropping process with initial water level heights of 0mm, 25mm, and 100mm,
respectively.
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5.2. Shear Stress Results and Analysis. In the process of water
level dropping, seepage force and negative pressure absorp-
tion force act together on the soil, causing the seepage field
and force field to change continuously, and the stress of
the entire overlying soil layer is redistributed, and stress con-
centration occurs at the roof of the cave. When the collapse-
inducing force exceeds the shear strength of the entire over-
lying soil layer, the soil starts to collapse.

As shown in Figure 13, the maximum shear stress pre-
sented at the toe of the soil cave in three different initial
water level dropping processes. The negative pressure
absorption caused by the drop in water level caused the
stress redistribution of the overlying soil layer. The stress
concentration occurred at the roof of the cave and was trans-
mitted to the toe. When the toe reached the maximum shear
stress, the soil began to peel off, and the “soil arch effect”
showed at the roof of the cave, resulting in regional damage
at the bottom of the soil cave, forming a low value of shear
stress area until collapse was formed [34]. The initial water
level height is positively proportional to the maximum shear
stress change. When the initial water level was on the soil
surface, the maximum shear stress was 1:27 × 103 Pa, which
accelerated the shear failure of the soil, and the maximum
shear stress expanded from the toe to the surrounding soil,
which accelerated the collapse. From the cloud map of the
numerical simulation of shear stress changes, the stress dis-
tribution state and its deformation effect corresponds well
to the physical model test phenomena and results.

5.3. Changes and Analysis of Plastic Zone Development. The
soil cave is affected by various collapse-inducing forces when
the water level drops. When the ultimate shear strength of
the soil layer is reached, the soil will enter a state of plastic
yield and be destroyed. By simulating the water level drop-
ping under different initial conditions, the development of
the plastic zone of the soil cavity was observed, and the sta-
bility of the overlying soil layer was judged.

Figure 14 shows that the stability of the soil cave is neg-
atively proportional to the initial water level. The higher the
initial water level, the easier the soil cave is to collapse. When
the initial water level height is 100mm, compared with the
lower initial water level, the plastic zone of the soil cave
develops faster and penetrates to the entire soil surface, result-
ing in the unstable state of the overlying soil and collapsing
occurs. From the cloud map of the numerical simulation of
plastic zone development, the plastic zone distribution corre-
sponds well to the physical model test phenomena and results.

6. Conclusion

The collapse of the soil cave results from the joint action of the s
effect of latent corrosion, the negative pressure absorption
effect, and the positive pressure gas explosion during water level
fluctuation. The change of water-gas pressure directly affects the
mechanism of soil cave collapse. The height of the initial water
level, the soil pressure in the overlying soil layer, and the tem-
perature in the existing soil cave will influence the change of
the water-gas pressure to various degrees, thereby affecting the
deformation and collapse effect of the soil cave.

(1) The initial water level has a significant impact on the
water-gas pressure in the soil cave and the collapse
speed of the soil cave. The response of water-gas
pressure is positively proportional to the initial water
level height, and the response time difference
increases gradually with water level fluctuations.
The change of water-gas pressure in the existing soil
cave and the difficulty degree of soil cave collapse are
positively proportional to the initial water level
height. The higher the initial water level is, the
greater the variation of the water-gas pressure is.
The stronger the water shock explosion and negative
pressure absorption effect on the existing soil cave,
the easier it was to form a collapse

(2) The temperature and the overlying soil pressure are
related to the changes in the water-gas pressure in
the cave. The water-gas pressure is positively corre-
lated with the temperature in the existing soil cave.
The greater the temperature change, the greater the
fluctuation amplitude of the water-gas pressure and
the more pronounced the deformation effect on the
soil. The change of soil pressure in the overlying is
positively correlated with the change of water-gas
pressure in the soil cave

(3) The number of water level fluctuations has a very obvi-
ous influence on the amount of soil exfoliation in the
soil cave.With the increase in the number of water level
fluctuations, the cumulative amount of slump will con-
tinue to increase, but the increased amplitude in the
amount of slump will decrease accordingly

(4) The soil cave collapse is caused by comprehensive
influencing factors. The height of the initial water
level directly affects the degree of the length of the
collapse pit and the length of the semiaxis under
the frequency of water level fluctuations. Under the
same frequency of water level fluctuation, the higher
the initial water level, the higher the degree of
recollapse

(5) Numerical simulation can better reflect the change of
soil cave collapse. The numerical simulation results
show that the variation law of stress, displacement,
and plastic zone in the soil cave’s sidewall and the
overlying soil’s interior during the water level drop
of the three initial water levels are in good agreement
with the physical model test results

(6) The paper has some limitations in applying similar-
ity theory, experimental operation, and the simula-
tion of hydrodynamic conditions. The simulation
of the soil layer in the physical model only considers
the geometric similarity ratio; the boundary condi-
tions’ setting cannot fully reflect the complex bound-
ary conditions of the study area. Humans control the
water level fluctuation conditions so that the water
level flow direction cannot entirely reflect the actual
flow state of the groundwater level, which requires
further improvement and research
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