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Abstract
Changes in air pressure and groundwater level in a karst cave can direct impact on the stability of the surface cover above the
cave. The karst collapse often occurs suddenly, leading to extensive damage and loss of life, especially in urban areas. The
causes of cavity collapses normally include changes in the underlying limestone geology, or because of human activities,
such as mining or sewer leaks. In this study, laboratory experiments were conducted and a physical model was developed
to understand the effects of groundwater level fluctuation on deformations in the ground covering a karst cave. The study
explored the changes in pressure in air-filled cavities as the cave’s groundwater level rose or declined and the resulting variations in the stability of the surface cover. The study showed that the internal air pressure is vacuum state and the vacuum
degree increases as the water level decreases. The vacuum value regularly rises as the water level decreases at a slow rate;
the pressure fluctuates more when the water level drops more rapidly. Internal air pressure fluctuations disturb the surface
cover structure, rapidly reducing cover stability. The degree of cover deformation is proportional to the rate of the decrease
in water level. The deformation increases rapidly after a specific rate of decrease in the water level. The study also found
that the internal air pressure in the cavity was positive when the water level increased. A faster increase in the water level
could create or be caused the instability of the surface cover. Finally, there is a maximum internal air pressure level that,
when associated with specific water level changes, triggers a rapid displacement of the cover. When these factors combine,
the structure of surface cover is disturbed, and collapse occurs. These results can be used to predict karst collapse.
Keywords Karst cavity · Groundwater level changes · Deformational behavior · Vacuum · Positive pressure · Sinkhole

Introduction
Literature review
Sinkholes are often created by non-natural factors. For
example, in limestone areas, groundwater level changes
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caused by urban construction or mining can lead to collapsed land formations (Bell 1988; Tharp 1999; Kannan
1999). Unstable cavities may also form in mining areas or in
areas where there are leaks from piping system (Brady and
Brown 1993). Collapses are major geological hazards and,
as such, have been widely studied by scholars. Many studies
have examined the geological environment in sinkhole-prone
areas and the factors influencing karst collapses. Other studies have qualitatively proposed the mechanisms underlying
karst collapses (He et al. 2001; Ezersky et al. 2009; Parise
and Lollion 2011). Some researchers have proposed models
to evaluate surface cover stability (Yang and Drumm 2002)
and measures for avoiding and preventing disasters.
It is necessary to understand the mechanisms driving
karst collapses before they can be effectively prevented.
As such, model testing has become a major research area.
For example, researchers at the University of Florida conducted qualitative modeling of the cover-collapse process,
to observe and study the mechanisms by which dissolved
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voids in limestone propagate upward to cause sinkholes.
That study used a parallel plate model, where natural sediments were layered in a tank with open holes in the bottom.
Although they are qualitative and preliminary, the modeling
studies have effectively shown that vertical normal faults are
the most common subsidence response mechanism when
subjacent dissolution occurs (Chen and Beck 1989).
Physical model tests and analytical approaches have been
used to methodically study the underground erosion processes involved in the collapse of non-cohesive soil (Craig
1990; Abdulla and Goodings 1996; Tharp 1999). Craig
(1990) used physical models to simulate the structure of clay
blankets above clay–sand layer caves. This addressed the
gravitational field comparability of the physical model and
prototype karst collapse tests. The study resulted in a valuable dimensionless safety factor, as the physical modeling
concluded that the collapse is related to the soil strength,
soil thickness, overlying load, and the cave’s opening diameter. Using his dimensionless ratio allows the propagation
of other tests, including the simulation of voids in surface
cover stability and the development of a simple analytical
model to predict formation mechanisms associated with
karst collapses.
Based on Craig’s findings, Abdulla and Goodings (1996)
used a centrifugal model to study the formation mechanisms
and the critical composition conditions driving karst collapse. They studied the relationship between the depression
collapse of the overlying sand layer and the size of the cave
opening, the strength of surface cover, the decrease in the
consolidation of the sand layer and thickness, the thickness
of overlying sand layer, and the surface load. In 1993, China
constructed a laboratory at the Institute of Karst Geology to
conduct modeling experiments related to karst collapses (Lei
et al. 1994). This includes a model of a karst collapse that
is 2 m long and wide and 3 m high. The system includes a
water and pressure monitor system, which measures the flux,
pressure, and velocity in the cave opening, and the stress
and deformation of the bottom soil of the cover. Tests using
the model have confirmed that the dropdown of karst water
creates seepage deformations that cause cover soil failure
(Lei et al. 2002).
There has been an increased emphasis on analytical
approaches to explore these issues. Brady and Brown (1993)
used limit equilibrium analysis to determine the probability
of caves opening during mining. Augarde et al. (2003) proposed both stability and instability solutions to manage cave
collapses, using limit analysis. There are, however, shortcomings in limit equilibrium techniques. For example, they
do not address the plastic flow rule of soil, and the enforced
equilibrium is global in nature, rather than specific to points
in the soil (Yu et al. 1998). Tharp (1999) used another analytical approach to study sinkhole formation. This approach
considered isotropic and linear elasticity, the stress field in
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the soil around the cave, the expansion and extension of
cracks, and soil runoff into the cave. That fact that collapses
develop as a result of groundwater flow in the cavity has
been reaffirmed through years of study (Davis et al. 1980;
Leca and Dormieux 1990). To study the mechanical aspects
of groundwater flow in the collapse of karst pillars, Bai et al.
(2013) established a mechanical model to describe water
flow characteristics. However, these studies explored collapsed caves once they were submerged; as such, they bear
little relationship to this work.
Previous work examining the collapse process and the
associated critical conditions has been empirical in nature
and is often associated with specific locations. Further, most
previous studies have been descriptive rather than analytic
(Wilson 1995; Sowers 1996). Researchers have investigated
how groundwater fluctuations in karst caves cause collapse;
however, studies rarely consider pressure grade changes,
barometric pressure, or associated saltation in the karst
cave, which may lead to cover instability as the water level
changes. Several studies have used qualitative assessments
or semi-quantitative methods (Gongyu and Wanfang 1999;
Salvati and Sasowsky 2002; Galve et al. 2008, 2009). These
have outlined critical conditions driving karst collapse when
activities are proposed; however, there have been insufficient
studies examining the amplitude and velocity of water level
changes, and air pressure fluctuations. These factors may
impact changes in stability or even the ultimate failure of
the surface cover.

This work
This study established a conceptual model to describe
sinkholes that form from an underground cavity when the
groundwater level changes (Fig. 1). A laboratory-scale
physical model was developed to study the evolution of the
internal air pressure as the groundwater level changes in a
karst cave. The model simulated the process of sinkhole formation, and then simulated and monitored the deformation
and evolution of the cover above the karst cave. As water
levels changed in the cavity, a multipoint displacement
meter was used to monitor real-time changes in internal air
pressure and the associated deformation of the cover. The
study then examined variations in cover deformation based
on variations in internal air pressure and proposed general
rules driving karst cave collapses as water levels change in
the cave. This study provides a foundation for further study
of the processes and mechanism associated with karst collapses. This may provide technical support to help the effective avoidance of karst geologic hazards. This paper studies
how collapses form in relation to groundwater level fluctuation rates and how gradation or saltation characteristics
associated with the air pressure inside the karst cavity may
lead to the instability of the surface cover.
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(a)
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(c)

Fig. 1  A sinkhole forming from an underground cavity as a result of
groundwater level fluctuations: a long-term groundwater in a cavity;
b groundwater level drops as the water level decreases; c groundwater

level rises as the water level increases. (Reproduced with permission
from Augarde et al. 2003)

Materials and method

Equivalent material and boundary conditions
of physical tests

Experimental installation
The model consists of a simulation box, a mechanism to
supply and decrease the water level, and a monitoring
system. The model is surrounded by 2-cm-thick plexiglass
material. The model is 1 m long, 0.5 m wide, and 0.9 m
tall. It includes four parts: (1) a soil box that is 0.4 m tall
in the upper part of the model to simulate the cover; (2)
a horizontal glass sheet in the middle of the model, with
a 10-cm-diameter circular hole in the center of the sheet
to simulate the opening; (3) a cavum that is 1 m long,
0.5 m in width, and 0.5 m high, used to simulating the
underlying karst cave; and (4) a water tank at the bottom (Fig. 2a). The groundwater level in the water tank is
changed using a constant head overflow device. The water
level is increased or decreased in the model, by changing
the height of the constant head overflow device. Overflow
from the constant head device is recirculated (Fig. 2b).
To capture the real-time gradation or saltation character of the air pressure in the cave, five U-piezometer tubes
were uniformly spaced in a line along the side frame of
the model. The water head (Δh) between the two piezometric levels reflects the cavity’s internal air pressure.
The U-piezometer tubes is filled with distilled water (density: 𝜌 = 1 g/ml, without the temperature factor). When
the internal air pressure equals atmospheric pressure, the
two piezometric levels will have the same head. When
the internal air pressure changes, its value is expressed
as p = 𝜌gΔh , where g is the acceleration of gravity. A
multipoint laser displacement meter is used to monitor
deformation behavior; this allows the study of the evolution of the cover. The vertical direction accuracy of the
multipoint laser displacement meter is ± 0.01% of 60 mm.

The physical model was built on the basis of similarity
theory (Fumagalli 1968). The overlying is monolayer, and
the groundwater level changes only in the cavity. This type
of karst collapse is similar to the prototype in some of the
karst area. In the laboratory, some of physical and mechanical properties and hydrological properties of the overlying
were mainly considered, such as cohesion, internal friction
angle, permeability, effective porosity of the cover medium.
Systematic equivalent material tests were conducted; Table 1
shows the mainly parameters value of the overlying.
Some of assumptive boundary conditions were proposed
of the physical and mathematical models. For example:
1. The cover soil is monolayer, and the geotechnical
medium is isotropy. There is no gravity water in the soil,
unsaturated sediment. The cover is surrounded by 2-cmthick plexiglass material.
2. Although the cover is relative impermeability, air movement through the overlying is still existent because of
the air permeability of the unsaturated soil. Due to the
slowly air movement through the cover, the changing
rate of water level can lead to positive pressure or vacuum in the cavity.
3. The simulation of underlying karst cave was considered
as a relatively closed one, and it was only joined with
the outfall at the bottom of the model and joined the two
sides of the model which can increase or decrease water
level. The lowest water level in the cavity is H1; H1 is
higher than bottom of the cavity simulation box. H2 is
the highest water level, but it is lower than the baseplate
of the overlying. Range of change in the water level is
ΔH , where ΔH = H2 − H1 (Fig. 3).
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Fig. 2  Illustrations of the physical model: a air pressure monitoring
setting on the side of the model; b system supplying and decreasing the water level; c process for acquiring deformation monitoring
data; d a structural representation of the tests. To reflect the realtime gradation of air pressure in the cavity, a U-piezometer tube is
installed on the side wall. The water head of the U-piezometer reflects
the internal air pressure; the constant head overflow device can control the rate of the decrease or increase in the water level by lifting

the system. A multipoint laser displacement meter is used to monitor cover deformation. The constant head overflow device (Fig. 2b)
is fixed on two sides of the model using perpendicular screwed steel
welded onto the model; the water level in the cavity changes when the
screwed steel is rotated. The rate of decrease or increase in the water
level is controlled by the speed of screwed steel rotation. Groundwater level changes are related to internal air pressure changes, leading
to changes in the surface cover formation

4. In the following trial tests, changing rate of the increase
or decrease in water level of the cavity can be regard as
two stages. Refer to the hydraulics theory of pumping

or recharging well in unconfined aquifer (Bear 1979),
When the water level dropping, the process is water level
from H2 to H1, the 1st stage is reversed water funnel

13

Page 5 of 11 64

Environmental Earth Sciences (2018) 77:64
Table 1  Parameters value by equivalent material tests
Parameter

Cohesion C
Internal
friction angle (kPa)
φ (°)

Permeability Effective
K (cm/s)
porosity ne

Value

31.4

0.0125

9.55

0.07834

formed, and influence radius was expanding, when the
influence radius expanded to the center of the cavity.
In this stage, changing rate of decrease in water level
( 𝜕H∕ 𝜕t , where H is the water
level, t is the time) is
/
gradually reduced, so 𝜕 2 H 𝜕t2 < 0; the 2nd stage is the
reversed water funnel disappear gradually because of the
limited blank of the cavity, and there have not /any more
supply of groundwater in the cavity; then, 𝜕 2 H 𝜕t2 > 0,
and the water level approached H1. Similarly, when the
water level rising, the process is water level from H1
to H2 , the 1st stage is depression cone formed, and
influence radius was expanding, when the radius equal
to half of the length of cavity. In this stage, changing
rate /of increase in water level is gradually reduced, so
𝜕 2 H 𝜕t2 < 0; in the 2nd stage, the depression cone disappears gradually because of the limited blank
/ 2of the
2
cavity and the enough water supply; then 𝜕 H 𝜕t > 0,
and the water level approached H2.

water content of the soil was matched to typical levels in
limestone areas.
Before the experimental tests started, the difference
between the two piezometric water level heights was zero.
This indicated that the internal air pressure of the cavity
equaled atmospheric pressure. When the constant head
overflow device was depressed, the water level dropped.
When one piezometric water level differed from the other,
it meant the internal air pressure changed into a vacuum.
This led to cover deformation; when the constant head
overflow device was lifted, the water level and internal air
pressure were affected in the opposite way. As such, the
changing rate of the increase or decrease in water level
revealed the relationship between the water level and the
internal air pressure, and the associated effect on cover
stability.
The specific experimental conditions were as follows:

Experimental method

1. For Tests 1–5, the water level in the cavity was decreased
at the following rates: 1.4 × 10−4, 2.8 × 10−4, 3.2 × 10−4,
4.0 × 10−4, and 5.0 × 10−4 m/s (corresponding to Tests
1, 2, 3, 4, and 5, respectively). These different rates
allowed the assessment of variations in cover soil deformation and changes in internal air pressure over time.
2. Tests 6–10 were conducted in a fresh reset model, and
the entire soil layer structure reconstructed after Tests
1–5 was completed, but the with same condition as Tests
1–5.

The cover was represented in the model by a 5 cm soil horizon, with a wet density of 1.5 g/cm3. The size grading was
as follows: 12.72% sand (grain size greater than 0.02 mm),
68.94% silt (grain size between 0.002 and 0.02 mm), and
18.34% clay (grain size less than 0.002 mm). The natural

Besides the terms of water level changes, the water
level in the cavity was increased at the following rates:
1.3 × 10 −4 , 2.2 × 10 −4 , 3.2 × 10 −4 , 4.0 × 10 −4 , and
5.0 × 10−4 m/s (corresponding to Tests 6, 7, 8, 9, and 10,
respectively). These different rates allowed the assessment

2r
D

Cover

air

Block of the cover

H2

Water level
fluctuation zone

H1

limestone

f

Gsoil

f

f is the lateral
friction
force
p
air

Karst pipe

Fig. 3  Conceptual model of the karst cavity collapse and the mechanical analysis. The model consists of a surface cover, cavity, and limestone. The groundwater level can fluctuate between H1 and H2, and

changes in internal air pressure can be induced inside the cavity.
These changes affect cover layer stability
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of variations in cover soil deformation and changes in
internal air pressure over time.

Analytical model

(1)
In this expression, D is the thickness of the surface cover
soil; 𝜌 is the soil density; and g is the acceleration of gravity.
The term dA represents the active area:

dGsoil = 𝜌gDdA

dA = 2𝜋rdr
(2)
In this expression, r is the radius of the karst cave. The
rainfall and the seepage into the surface cover soil were not
assessed in this study.
The Coulomb theory can be applied when selecting
a unit surface cover soil column with depth z. Using the
Mohr–Coulomb criterion and plastic equilibrium theory, the
shear stress is expressed as:
𝜏 = 𝜎 tan 𝜑 + c
(3)
This allows the calculation of the lateral friction force f:
(4)

In this expression, dz is a unit of soil height.
If the cavity’s water level drops, the internal air pressure
(P) will exceed the atmospheric pressure (Pa). In contrast,
if the cavity’s water level rises, the internal air pressure (P)
will be less than the atmospheric pressure (Pa). Assuming
a little air movement through the soil, the change rate of P
can be expressed as:
(5)
In this expression, Δh is the water head difference of the
U-piezometer; 𝜌′ is the water density; and dP is the change
in cavity pressure relative to atmospheric pressure—if there
is a few air movement through the overlying, unsaturated
sediment.
Assume that the cavity’s sidewall is vertical, and the shear
plane is erect, then:

dP = pdA = 𝜌� gΔhdA

(6)
Here, K0 is the lateral compressive coefficient of the soil
(He et al. 2001), and f can be expressed as:

𝜎 = 𝜎3 = 𝜎1 ⋅ K0 = K0 𝜌gz

f =

∫0

D

2𝜋r(K0 𝜌gz tan 𝜑 + c)dz
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∫ r(K0 𝜌gz tan 𝜑 + c)dz
f
= 0
K=
|
|P ± G| |∫r 𝜌� gΔhrdr ± ∫r 𝜌gDrdr||
D

As the water levels were decreased or increased to test karst
collapse, internal air pressure changes led to cover instability. As such, the analytical model was constructed to express
the velocities of the decrease and increase in water level, and
their impact on surface cover deformation (Fig. 3).
Assume that the opening of the karst cavity is in the shape
of a column. The unit weight of the overlying soil column is:

df
= 2𝜋r(𝜎 tan 𝜑 + c)
dz

Equation (7) is also referenced in the literature (He et al.
2004). According to Eq. (1), (5), (7), the safety coefficient
of the cover can be defined as:

(7)

(8)

When K > 1, the surface cover soil column is stable;
when K = 1, the surface cover soil column is in a state of
balance; and when K < 1, collapse occurs.

Results
Deformation behavior during a decrease
in the water level
The constant head overflow device was brought down from
H2 to H1 using different rate velocities. The water head of
the U-piezometer was monitored to assess pressure; Fig. 4
shows the changes in the water head of the internal air pressure in the cavity.
Table 2 shows that the water level depression process
conducted in Tests 1–3 resulted in a negative pressure. The
cavity’s internal air pressure increased as the water level
decreased more rapidly. Maximum pressure values resulting from Tests 1, 2, and 3 were 2.54, 3.96, and 4.06 kPa.
The vacuum value increased as time elapsed; the slower the
decrease in water level, the more time was needed to maximize the vacuum value. At the end, the vacuum value was
constant.
Tests 4 and 5 illustrated that the vacuum value rose rapidly in the cave as the drop in water level was more rapid. A
wave motion then appeared as the vacuum in the cavity varied under the water level depression process. Across all the
tests, the vacuum value fluctuated significance, but vacuum
disappeared at the end of the testing.
There was a relationship between the rapidity of the water
level decrease and the vacuum value in the cavity for Tests
1–3 (Fig. 4b). The vacuum value increased, and it appeared
there was a maximum pressure level that corresponded with
a specific rate of decrease in water level. The maximum and
final pressure values were consistent with the rate of water
level decrease for Tests 1–3. In contrast, the maximum
pressure value was higher and more significant for Tests
4–5. These tests were designed to introduce more rapid
decreases in the cavity’s water level. These rapid changes
induced internal air pressure changes in the cave. In Tests
4–5, the rapid rate of the decrease in water level led to a
greater vacuum degree, leading to changes in the surface
cover structure. This led to the disappearance of vacuum,
resulting in a vacuum value of zero (Fig. 4a).
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Figure 5 shows the time variation in the deformation of
the surface cover soil as the water level decreased. These
tests started after 5 min. As the figure shows, the maximum
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displacement of the surface cover was greater as the water
level increased more rapidly. The rate of displacement
changes became smaller as the decrease in water level
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Fig. 4  Vacuum value changes as the water level decreases: a vacuum
value time variations with different rates of decreases in the water
level; b relationship between rate of decrease in water level and vac-

uum value, and the maximum value matched against a specific rate of
decrease in water level

Table 2  Vacuum variations in the cavity and the elapsed time for Tests 1–10
Test condition

Test number

Rate of change in water
level (m/s)

Cumulative time of
fluctuation (s)

Maximum vacuum
values (kPa)

Final
vacuum
value (kPa)

Decrease in water level

1
2
3
4
5
6
7
8
9
10

1.34 × 10−4
2.78 × 10−4
3.22 × 10−4
4.0 × 10−4
5.0 × 10−4
1.33 × 10−4
2.17 × 10−4
3.17 × 10−4
6.67 × 10−4
10.0 × 10−4

70
48
24
100
70
22
74
70
32
34

2.54
3.96
4.06
5.82
3.96
0.82
1.60
2.12
4.14
7.28

2.54
3.96
4.06
0
0
0.82
1.60
2.12
4.14
0

Increase in water level

In each experiment for Tests 1–3, the maximum vacuum value is set to be equal to the final vacuum. Vacuum values fluctuated for Tests 4–5;
more time was needed to reach steady-state conditions. Maximum pressure values were set as equal to the final value for Tests 6–9; the final
value is zero in Test 10
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Fig. 5  Deformation of surface cover as the water level decreases (the monitoring point is in the center of the surface cover). a There is a minor
change in the rate of water level decrease for Tests 1–3; b there is a higher rate of the water level decrease for Tests 4–5
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slowed, and more time was required. This indicates that the
deformation of the surface cover above the cavity was proportional to the speed at which the water level decreased
(Fig. 5). When the rate of decrease in the water level was
5.0 × 10−4 m/s, the cover layer was rapidly displaced in the
least amount of time. After reaching the maximum value, it
then gradually dampened. When the decrease in water level
changed at a rate of 4.0 × 10−4 and 5.0 × 10−4 m/s rate, the
surface cover of the cavity was no longer stable. As a result,
collapses occurred at 320 and 350 s after the two Tests 4
and 5 started. The internal air pressure (p) became equal
to atmospheric pressure (pa) and the vacuum degree in the
cavity disappeared. As such, it appears that collapse occurs
when the rate of water level decrease is 4.0 × 10−4 m/s
(Fig. 6).

Deformation behavior during an increase
in the water level
As the water level in the cavity was raised from H1 to H2
at different velocities, the water head of the U-piezometer
recorded the internal air pressure of the cave, as shown in
Fig. 7a. Table 2 shows that as the water level was increased
in Tests 6–10, a positive pressure appeared. As the rise in
water level became more rapid, the higher the internal air
pressure of the cavity increased. The maximum pressure values were 0.82, 1.6, 2.12, 4.14, and 7.28 kPa for Tests 6, 7,

8, 9, and 10. The positive pressure value increased as time
elapsed. It took more time to achieve the maximum pressure
value in Tests 7 and 8, at 74 and 70 s, respectively (Table 1)
compared to the other tests. The positive pressure in the cave
was at a constant final value for Tests 6–9, but disappeared
at the end of Test 10.
As the increase in water level was more rapid, the maximum pressure value increased. The maximum pressure
value was associated with the fastest increase in water
level (Fig. 7b); as the increase in water level became more
rapid, the maximum positive pressure value also increased
(Table 1).
Figure 8 shows the surface cover deformation as time
elapsed and as the increase in water level became more
rapid. Increases in the water level started after 5 min. As the
curves show, the maximum displacement was greater as the
increase in water level was faster. The rate of displacement
change decreased as the water level increased more slowly.
In addition, at the slower rates of water level increase,
more time was required for displacement. The deformation
of the surface cover above the cavity and the rate of the
increase in the water level were proportional in Tests 6–9
(Fig. 8). For Test 10, when the water level increased at a
rate of 10.0 × 10−4 m/s, the surface cover was displaced the
most in the least time, at the value of 8.369 mm (Fig. 8b). It
became greater afterward. The cover layer above the cavity
was unstable, and collapse occurred 48 s after the tests were

Surface cover

t=290s

2cm

t=320s

Ruler
Unit: cm

Collapse occurred

t=350s

Fig. 6  Evolution of a sinkhole in Test 4
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Fig. 7  Pressure changes against different rates of increases in the water level: a positive pressure with different rates; b relationship between rate
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Fig. 8  Deformation of the surface cover during different rates of increases in the water level: a displacement with a minor rate of increase in the
water level in Tests 6–9; b displacement with a higher rate of increase in the water level in Test 10

started. At that point, internal air pressure (P) was equal to
atmospheric pressure (Pa). As such, it appears that collapse
occurs at a water level increase rate of 10.0 × 10−4 m/s.

Discussion
The conceptual model expressed the velocity of the decrease
and increase in water levels. This caused internal air pressure
changes and surface cover deformation. Equations (1)–(7)
calculate the force analysis of the surface cover of the cavity. This is transformed into an expression of surface cover
stability, captured in Eq. (8). If the internal air pressure (P)
is less than atmospheric pressure (Pa), the safety coefficient
of the cover is calculated as:

K=

D2 K0 𝜌g tan 𝜑 + 2Dc
f
=
G+P
gr(𝜌D + 𝜌� Δh)

(9)

In contrast, if the internal air pressure (P) is greater than
atmospheric pressure (Pa), the safety coefficient of the cover
is calculated as:

⎧
⎪
K=⎨
⎪
⎩

f
G−P
f
P−G

=
=

D2 K0 𝜌g tan 𝜑+2Dc
;
gr(𝜌D−𝜌� Δh)
D2 K0 𝜌g tan 𝜑+2Dc
;
gr(𝜌� Δh−𝜌D)

G≥P
G≤P

(10)

As Eqs. (9) and (10) show, Δh is a only variable that
induced a change in K if other variables remain constant.
Then, K = f ∕(𝜌� gΔhA + G) as the water level decreased, and
K = f ∕(G − 𝜌� gΔhA) as the water level increased. If G ≥ P ,
K = f ∕(𝜌� gΔhA − G) if G ≤ P . Figure 9 shows the safety
coefficient of the cover as K changes with pressure.
As Fig. 8 shows, the safety coefficient of the cover (K) is
related to internal air pressure (P). As the groundwater level
decreases in the cavity, when P is zero, K = f/G > 1, and
the surface cover is stable. When P is equal to f − G, K = 1,
and the surface cover column is in a state of balance. If P is
greater than f − G, K < 1, and the surface cover is unstable
(Fig. 9a). The safety coefficient of the cover is decreasing
throughout the time when the groundwater level is decreasing in the cavity. There is a maximum P value at which the
safety of the surface cover is ensured; its value is f − G.
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Fig. 9  Safety coefficient of
the surface cover with: a a
decrease in water levels; and b
an increase in water levels. Δh
indicates the water head of the
U-piezometer. The higher Δh,
the greater internal air pressure.
Pressure (P) can be calculated
by: P = pA = 𝜌� gΔhA (𝜌′, A, g
are fixed values in this study;
when Δh changes, pressure
changes)

We can also confirm the process that occurs when the
groundwater level increases in the cavity. When P = 0 or
P = 2G, K = f/G > 1, the surface cover is stable; when P
is equal to f + G, K = 1, the surface cover column is in a
state of balance; and when P is greater than f + G, K < 1,
the surface cover is unstable (Fig. 9b). This means that K
initially increases and then decreases later. When contrasting (Fig. 9a, b), we see that less time elapses between the
point of cover safety and the point of cover collapse when
the water level decreases, compared to when the water level
increases.
Tests 1–5 show that the internal air pressure (P < Pa) of
the cavity increases with time. The pressure increased more
slowly when the water level decreased (Tests 1–3), and fluctuated at a higher rate when the decrease in the water level
was faster (> 4.0 × 10−4 m/s). The fluctuation in P indicates
the structural disturbance of the surface cover as its stability
is rapidly reduced.
The maximum value of the internal air pressure (P = pA
= 5.82 kPa × 3.14 × 25 cm2 = 45.7 N) aligns with a specific
rate of the decrease in the water level (4.0 × 10−4 m/s). These
joint rates disturb the structure of the surface cover and made
the cover unstable. The deformation behavior shows that displacement rapidly increases at a specific rate of the decrease
in the water level in Tests 4–5. The angle of contingence in
the accelerate deformation stage is close to 90°, and its displacement value is shown in Fig. 5. Figure 8 shows the internal air pressure changes; the maximum value of the internal
air pressure is equal to f − G (G = 𝜌g𝜋r2 D = 5.89 N); the
lateral friction force is f = 51.59 N.
Tests 6–10 showed that internal air pressure (P > Pa) in
the cavity rose regularly, in alignment with rate of increase in
water level. There is a maximum value of P that aligns with a
specific rate of increase in water level. This rapidly increased
the displacement of the cavity cover; when the critical rate of
increase in water level is higher (10.0 × 10−4 m/s), then the
internal air pressure P = pA = 7.28 kPa × 3.14 × 25 cm2 =
57.20 N. The deformation behavior shows that the displacement rapidly increased at a specific rate of the increase in
water level in Test 10. Its displacement value was 8.369 mm;

13

then, the structure of surface cover was disturbed, and collapse occurred. When P is close to f + G, then the surface
cover column is not in a state of balance, and collapses.
Generally, test results were consistent with the conceptual
model; there may be some errors in this study’s tests.
The physical model tests are in the light of monolayer overlying, unsaturated sediment one, and groundwater changes only in the cavity. According to Tests
1–5, if rate of decrease in water level is equal or greater
than 4.0 × 10 −4 m/s, collapse occurs. In Tests 6–10,
if rate of increase in water level is equal or greater than
10.0 × 10−4 m/s, collapse occurs. This shows that greater
rate of changing in water level was needed when water level
is increasing in the cavity, and this result can be used to
give some prediction criterion reference of this type of karst
collapse.
The physical models and mathematical models were
designed exactly similar. Groundwater level only changes
in the cavity, the highest water table is lower than the base
plate of the overlying, the progressive dissolution is almost
nonexistent, and circulating water in the cavity is incorruptible and no scaling. Owning to the non-contacted of the
water and the overlying, and because the tests pay only less
times, the change in moisture content of cave clay deposits
is negligible.

Conclusions
This study developed a laboratory-scale physical model to
simulate the surface cover deformational behavior of a karst
cavity. The goal was to investigate how the internal air pressure changes in real time as the groundwater level fluctuated in the cavity. The physical model approach was useful,
because it intuitively simulated water level changes in the
cavity, while also allowing the monitoring of cavity pressure changes, and associated surface cover deformation. This
allowed the clear demonstration that surface cover deformation is directly related to changes in internal air pressure.
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The vacuum value in the cavity rose over time as the
water level dropped. The vacuum regularly increased as the
water level decreased, and fluctuated more as the rates of
water level change increased. Fluctuations in internal air
pressure led to disturbances in the structure of surface cover,
rapidly reducing the stability of the cover. The surface cover
deformation is proportional to the rapidity of the decrease in
the water level. The displacement of the cover rapidly rose in
tandem with the rate of decrease in the water level in Tests
4–5; the angle of contingence in the accelerated deformation stage was close to 90°. The internal air pressure of the
cavity changed over time as the water level changed. There
was a maximum pressure, associated with a specific increase
in water level, which induced a rapid increase in the deformation of the cover. Internal air pressure rapidly rose at a
higher rate with the decrease in water level; the displacement
became large enough to disturb the surface cover structure
and facilitate collapse.
Both the physical model tests and the conceptual model
were successful in expressing the velocities of the increase
and decrease in water levels. These changes caused internal
air pressure changes and surface cover deformation. This
is the first study to propose a physical model to describe
karst cover deformation behavior. It provides a foundation
for studying other factors associated with collapse, including
rainfall, seepage in the soil overlying the cave, and variability in thickness and density of the surface cover.
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