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Abstract—In China’s Pearl River Delta, numerous sinkholes caused by excessive groundwater pumping from
a karst aquifer have opened. These sinkholes can cause wells and springs to dry up, dwellings to be damaged,
and can facilitate the entry of pollutants into the aquifer. Controlling drawdown and pumpage to prevent
sinkhole collapse is important for the aquifer’s protection and sustainability. This paper uses two approaches
to obtain the critical drawdown and pumpage values to prevent sinkholes from opening: a field pumping
experiment and hydraulic gradient tests. The results show that: (1) to prevent sinkhole collapse, the pumpage
must be less than the allowable value determined by the seepage deformation method. (2) Water level decline
is an important parameter that has to be considered to prevent sinkhole collapses. (3) Adjusting the intensity
and mode of aquifer exploitation can increase allowable groundwater pumpage while preventing sinkhole
development.
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INTRODUCTION
In China, more than 70% of the sinkholes have

been caused by groundwater exploitation [11]. This
proportion has even reached more than 90% in some
areas [13]. Solving this problem is an urgent matter for
groundwater managers and scientists. They must
determine how to regulate groundwater exploitation in
ways that will allow the agricultural and other water
needs to be met without causing sinkhole collapse and
other environmental problems.

Sinkhole collapse caused by groundwater pumping
has been widely studied. Erosion has been recognized
in academic circles as one of the most important
genetic mechanisms for sinkholes development [2]. It
is believed that erosion changes the mechanical prop-
erties of the soil layers and this leads to deformation,
failure, and finally to collapse [3]. The critical hydrau-
lic gradient is commonly used as a criterion for sink-
hole collapse by many scholars. The gradient can be
determined by pinhole test in the laboratory, field
monitoring, and other methods [10] and laboratory
tests are widely used although their results are not
always consistent with the results of tests conducted in

the field [8]. Turning to the relationship between
groundwater f luctuations and sinkhole collapse, vari-
ations in water level appear to be the main factor [1]
but other factors including f luctuation frequency [9],
f low velocity [12], and groundwater chemistry [5] can
also be important.

In the Pearl River Delta region in China, sinkholes
can be divided into four types according to the factors
that trigger the collapse. These factors are pumping
water from aquifers, underground engineering excava-
tions, limestone mining, and constructing pile foun-
dations [6]. Sinkholes induced by pumping from aqui-
fers are mainly concentrated in six areas in the Guan-
ghua basin, namely the Jiangcun, Xinhua, Lianglong,
Chini, Tanbu, and Xiaogang areas. Since the 1970s,
more than 230 sinkholes have opened because of
groundwater pumping [4].

For this paper, typical sinkholes in the Jiangcun
region are used as examples to demonstrate how to
prevent sinkhole collapse by determining allowable
groundwater withdrawals.
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Fig. 1. Two photographs showing typical collapse sinkholes caused by groundwater pumping in the Guanghua basin.
MATERIALS AND METHODS
Geological Background

Jiangcun is located in the Guanghua basin, an allu-
vial plain underlain by karst with a shallow cover. The
water is Quaternary pore and confined water in an
upper aquifer and underlying carbonate karst cave and
fissure water. Karst water is mainly stored in Hutian
Formation (C2+3ht) and Shidengzi Formation (C1ds)
limestone caves and fissures. The natural water level is
1–5 m below the ground surface. The upper and lower
aquifers are close to each other and they are hydrauli-
cally connected. The natural annual variation in
groundwater level is around 1–5 m.

Since 1966, more than 150 sinkholes opened in the
Jiangcun water supply region. The sinkholes are clus-
tered within 1 km of the pumping wells and their col-
lapse pits are oval or circular in plan view (Fig. 1)
and shaped like vertical cylinders or funnels. They are
3–8 m in diameter, 0.3–4 m deep, and their f loors are
covered with collapsed loose soil or, commonly, water.

Pumping Test Drill-Holes Layout
The layout of the drill holes from which the data for

this study were collected is shown in Fig. 2. The
pumping holes are two large diameter boreholes 5.5 m
apart each with a diameter of 0.8 m. The center obser-
vation hole, Zk0, is between those two holes and the
other observation holes are distributed on four radial
observation lines. Water from the limestone and Qua-
ternary aquifers are observed simultaneously.

Critical Hydraulic Gradient
Thirty-one undisturbed soil samples from different

depths in the test area were selected for critical hydrau-
lic gradient tests. The critical hydraulic gradient is cal-
culated from the equation for geological exploration
criterion provided by the Institute of Water Conser-
vancy and Hydropower Engineering [7]:
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(1)

where icr—critical hydraulic gradient of soil, Gs—spe-
cific gravity of soil grain, n—porosity of soil, d5, d20—
corresponding particle size when the soil particle con-
tent less than a certain particle size is 5 and 20% (mm).

The curve for withdrawal (Q) versus drawdown (S)
can be calculated from a three-stage pumping test.
From this curve, water yield can be obtained based on
the drawdown:

(2)

where q—withdrawal, S—drawdown.

RESULTS
Pumping Test

The pumping test was carried out with a 400-type
deep well electric pump for 17 days and 21 h. The aqui-
fer in the pumping hole was 80.81 m thick and the
interval pumped for the test was 77.26 m long. The
pumping was divided into three stages. In the first
stage, the static water level depth was 2.74 m, the max-
imum water level drop was 4.62 m, and the maximum
flow was 72.21 L/s. In the second test, the static water
level depth was 3.06 m, the maximum drop was
9.09 m, and the maximum flow was 131.52 L/s. The
static water level depth in the third test was 3.34 m, the
maximum drop was 13.05 m, and the maximum flow
was 182.44 L/s. The water level recovery time was
11 days 18 h (Figs. 3 and 4).

Some sinkholes collapsed around the pumping well
when the water level in the well reached a depth of
12.986 m. These collapses were dish-shaped with
diameters of 1–9 m. Other pumping wells in the study
area were similar to Zk0 in that sinkholes collapsed
around the well. Sinkholes opened when the water
level reached 11.314 m in one well and when the water
reached 13.168 m in another. The natural groundwater
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Fig. 2. Geologic map of the study area showing the layout of the test drill holes.
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hydraulic gradient in the study area is generally less
than 0.02%. Because of the prolonged precipitation
during the pumping test, the natural state of the
groundwater was altered, and the groundwater condi-
tions changed. This resulted in deformation and fail-
ure of the soil and soil collapse. The pumping results
from Zk0 showed that the hydraulic gradient reached
4.5% within 100 m of the pumping well and 0.016%
within 1000 m. The distal sinkhole collapses occurred
450 to 712 m from the well.

Critical Hydraulic Gradient 
and Allowable Drawdown

To collect the data necessary to solve Eq. (1) for the
soil’s critical hydraulic gradient, work on the 31 soil
samples (Fig. 5) was carried out in four stages. (1) The
31 soil samples were accurately described, and their
density, water content, and specific gravity measured.
(2) The samples’ porosity index was calculated.
(3) Soil particle size distributions were determined for
each sample. These tests were carried out by sieving
and the hydrometer method. For particles >0.075 mm
in diameter, the sieving method was used; the
hydrometer method was used for particles <0.075 mm.
(4) A combined liquid-plastic limit test was also con-
ducted on the soil samples in order to further under-
stand their physical and mechanical properties. The
values determined by these tests were used to calculate
the critical hydraulic gradients for the 31 samples.

In the group of 31 samples, the minimum critical
hydraulic gradient was 2%, the maximum was 164%,
and the average was 56% (Fig. 6). A value of 2% was
selected as the pumping test critical hydraulic gradient
for safety. The sinkhole collapse that was closest to the
pumping well was 450 m away, so the allowable
groundwater withdrawal that will avoid sinkhole col-
lapse is 9.0 m.

Allowable Groundwater Withdrawal

Figure 7 shows a plot of the data from the pumping
test. The graph of groundwater withdrawals versus
drawdowns shows a linear relationship and the cor-
relation coefficient for the curve through those points
is 0.99. The equation for that curve is:

(3)12.963 12.766.Q S= +
WATER RESOURCES  Vol. 47  No. 4  2020
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Fig. 3. Map showing water level contours before and during the pumping test.
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When S (the allowable drawdown) is 9.0 m, Q (with-
drawal) is 129.433 L/s and thus the allowable ground-
water withdrawal is approximately 130 L/s.

DISCUSSION
The result from the lab test is basically consistent

with the actual water levels in the sinkholes in the
field. When the sinkholes in the study area were
opened, the water level was 11.314 m.

For most of the soil samples, the calculations
returned values for the critical hydraulic gradients that
were greater than 2%. The maximum value was 164%.
These results show that different allowable groundwa-
ter withdrawals should be expected in different
regions. Enough groundwater can be obtained accord-
ing to the pumping influence radius of a well and a
map of critical hydraulic gradients.

Field pumping tests are idea for determining the
critical indices for sinkhole collapse and safe ground-
water withdrawal, but they are not commonly used
because of geological conditions and economic fac-
tors. The critical hydraulic gradient is important in
WATER RESOURCES  Vol. 47  No. 4  2020
terms of predicting the locations where sinkholes
might occur, and the gradient can be obtained from
field tests. The results from these tests are better and
more useful than laboratory tests and can provide a
new method for monitoring and forecasting sinkhole
collapse. A field study to produce a contour map of
hydraulic gradients will be our next endeavor.

Pumpage is closely related to water level decline,
pumping time, and flow velocity. Therefore, adjusting
the intensity and mode of aquifer exploitation can
increase allowable groundwater pumpage without
causing sinkhole collapse. The required production
can be achieved by prolonging the pumping time and
reducing the pumping speed. If conditions permit,
surface storage facilities can be built to achieve the
desired volume of water supply at the appropriate
times.

Because the processes that lead to a sinkhole col-
lapse are very complex, a disaster plan should be in
place during pumping to control any sudden unantici-
pated events. In addition, the existing real-time
groundwater monitoring programs should be
improved. These programs can be used to control
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Fig. 4. Cross section A–B (Fig. 2) showing the monitoring wells and the pumping test water levels.
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Fig. 5. Critical hydraulic gradient test.
dynamic groundwater changes, give warnings of
extreme rainfall, and record the influence of blasting
vibration and other disruptive events. Once an excep-
tion to normal conditions takes place, pumping should
immediately stop, and the situation should be ana-
lyzed and action taken until the problem is resolved.

Field monitoring and laboratory test show that for
the Jiangcun water source, the safest groundwater
drawdown to prevent sinkhole collapse is less than
9.0 m and groundwater withdrawal should be less than
about 130 L/s. This study shows that using the critical
hydraulic gradient test to determine allowable ground-
water withdrawal is effective and practical and
this method can be used in other areas with similar
hydrology.
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Fig. 6. Calculated critical hydraulic gradients for soil samples.
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