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Abstract: An independently developed discrete element code, MatDEM, was used to simulate buried hill-controlled earth fissures. An initial cubic discrete element method (DEM) model was obtained by considering the gravity accumulation of particles. A
2D stratigraphic model can be constructed by importing an elevation table of different strata into a cubic model. A simplified
fluid-structure interaction method was then introduced to this. The model was simulated by gradually lowering the water level and
then calculating the compression deformation of strata. By comparing the calculated settlement to the monitoring data, the validity
and accuracy of the MatDEM model were verified. The area prone to earth fissures was predicted based on the analysis of the
particle connections and horizontal displacement. The formation mechanism of the buried hill-controlled earth fissures was also
explained. Thus, MatDEM is a good numerical simulation method for studying discontinuous problems, such as rock and soil
cracking, and can be a new tool with which to study earth fissures.
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1 Introduction
An earth fissure is a type of geological disaster
associated with rapid economic growth and has
caused considerable financial losses in past decades
(Wang et al., 2016). The evolution of earth fissures
has various causes including seismic activity, active
faults, mining, and groundwater extraction (Peng et
‡
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al., 2018; Howard and Zhou, 2019). In southern
Jiangsu, China, the earth fissures were mainly caused
by excessive groundwater extraction (Zhang et al.,
2016; Zhang Y et al., 2018). In-depth research was
conducted on the causes and characteristics of earth
fissures that develop in this area via on-site exploration and numerical simulation (Wang et al., 2016;
Mohseni et al., 2017). Based on the analysis of the
engineering geological conditions and investigation
of earth fissures in the Su-Xi-Chang area, China, Wu
et al. (2010) found that uneven settlement caused by
the excessive drainage of groundwater was the leading factor causing earth fissures. Before this, the same
conclusion was drawn based on an analysis of the
geodetic data of earth fissures in Hetang and
Changjing in the Su-Xi-Chang area (Wang et al.,
2009). Gong et al. (2018) conducted a laboratory
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model test on the process of the evolution of earth
fissures caused by water extraction.
Numerical simulation is also an important
method used to research earth fissures. Ye et al. (2018)
proposed a model suitable for use with the finite element method (FEM) and verified the evolution of
earth fissures by comparing the results of this method
to site investigations at Guangming village in Wuxi,
China. Budhu (2011) interpreted the causes of earth
fissures using the Mohr–Coulomb criterion. Panda et
al. (2015) used a 2D FEM to perform the coupling
modeling of seepage, stress, strain, etc. The simulation results were applied to predict earth fissures in
the Phoenix flood control facilities. Burbey (2010)
investigated a region prone to earth fissures by studying the changes in tensile and shear stresses caused
by the excessive exploitation of groundwater near an
existing fault.
However, FEM is not an ideal method for simulating discontinuous geological bodies such as earth
fissures and cracks (Adiyaman, 2012; Yuan and
Zhong, 2017). The main advantage of the discrete
element method (DEM) over FEM is that, for the
former, there is no need to mesh the model (Li et al.,
2017; Zhang Y et al., 2018; Zhang ZH et al., 2018).
DEM allows large deformations and fractures based
on the movements of particles. Therefore, it is more
suitable for simulating discontinuous problems.
Therefore, it is advisable to apply DEMs to analyze
the cause of and predict areas prone to earth fissures.

2 Principle of MatDEM
Cundall and Strack (1979) first proposed the idea
of the DEM to study the relationship between particles. The dynamic motion process of particle stacks
can be simulated using the time step method. The
motion between the particles can be approximated as
linear in a short time step. By calculating the force,
displacement, velocity, and acceleration of the particles in this time step, a numerical simulation of the
moving process of all granules is completed using
iterative calculations (Mora and Place, 1994; Li et al.,
2017).
Based on the above basic principles of discrete
elements, researchers at Nanjing University independently developed the large-scale distinct element

795

numerical simulation code MatDEM3D. This code
uses a graphics processing unit (GPU) matrix operation that is several times faster than central processing
unit (CPU) based commercial DEM codes.
This study established a DEM model using
MatDEM. The model consists of a series of particles
that conform to Newtonian equations of motion. A
breakable elastic spring connects the particles, and
this spring acts only on the contact points between
adjacent particles (Liu et al., 2013).
The interaction between particles through a
normal spring force (Fn) is expressed as follows:
Fn=Kn·Xn,

(1)

where Kn is the normal stiffness, and Xn is the relative
normal displacement (Fig. 1b).
When the particles are connected, initially, there
is a spring force between them (Eq. (1)). The normal
spring force is positive. When the relative normal
displacement between two particles Xn exceeds the
breaking displacement Xb, the connection between the
particles breaks and tension disappears. The maximum normal force between particles under intact
bond conditions is expressed as
Fnmax=Kn·Xb.

(2)

If the connection breaks in the opening mode and
the tensile force between the particles ceases to exist,
the normal spring force is zero. However, the repulsive force still exists between two particles when they
return to a state of compressive contact (Eq. (3)). The
normal spring force here is negative (Liu et al., 2015).
Fn=Kn·Xn, Xn<0.

(3)

Fig. 1c shows two particles joined in the tangential direction using a rupturable spring to simulate
the shear deformation and the shear forces. The shear
force (Fs) is expressed as follows:
Fs=Ks·Xs,

(4)

where Ks is the shear stiffness and Xs is the tangential
relative displacement between two particles. In numerical simulations, shear force is accumulated by
calculating each time step (Cundall and Strack, 1979).
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For a complete connection, the maximum shear force
of the intact bond Fsmax is determined using the
Coulomb friction:
Fsmax=Fs0−μpFn,

(5)

where Fs0 is the inter-particle shear resistance, μp is
the inter-particle coefficient of friction, and Fn is the
normal force (compressive force is negative). When
the external force exceeds Fsmax, the intact connection
between two particles breaks. The magnitude of the
shear force (Fs) is limited to less than or equal to Fsmax.
The shear force of the broken bond Fsmax′ is expressed
as follows:
Fsmax′=−μpFn.

(6)

When the inter-particle shear force exceeds the
maximum shear force Fsmax′, the inter-particle connection breaks and the particles undergo relative displacement. The sliding friction between particles is
Fsmax′.

Fig. 1 Schematic diagram of DEM
(a) A close-packed DEM of breakable elastic spring bonds;
(b) Two elements bonded by a breakable elastic spring,
which interact through a spring force; (c) Two elements
bonded by a spring along the tangential direction to simulate
the shear force (Fs)

3 Model and parameters
3.1 Geological prototype
The Shitangwan earth fissure in Wuxi, in the
Su-Xi-Chang area, was selected as the research object; it is one of the three major earth fissure regions in
China. The depth of the central crack is approxi-

mately 500 mm (Wang et al., 2009). The Geological
Survey of Jiangsu Province drilled five vertical holes
perpendicular to the main crack. Fig. 2 shows stratigraphic cross section based on drilling data and field
investigation. The strike of the buried hill is
north-east-east, and the buried depth of the ridge is
approximately 50 m. The spacing between boreholes
Wf1 and Wf2 is about 460 m. A main confined aquifer exists in the north side of the buried hill, and the
buried depth is approximately 90–120 m. The stratum
above the confined aquifer is mainly composed of
silty clay. A phenomenon of silty clay and silt interbed
can be found at a depth of 20–40 m. There are several
sand lenses of thickness less than 5 m under 40 m
below the ground surface (Wang et al., 2017). According to the field survey, there is an earth fissure
zone between S02 and S03 that is approximately 60 m
wide; two main fissures are developed there.
3.2 2D DEM model with particle accumulation
To simplify the modeling, sand lenses between
depths of 40 m and 60 m were omitted. At the same
time, the established model box in the modeling
process was made slightly larger than the study area
to minimize the influence of the boundary effects on
the numerical simulation. The model box is 800 m×
200 m, and is composed of 19 070 balls with an average diameter of 1.5 m.
A close-packed DEM model was initially obtained by the accumulation of particles in the model
box due to gravity. According to the data on the
boreholes, an elevation table indicating the interfaces
of the strata was constructed, based on which a custom cutting function was built. A 2D layered DEM
model was established for simulation by importing
the cutting function into the initial model. Different
parameters were then set for each stratum.
3.3 Parameters and model balance
3.3.1 Macroscopic parameter for MatDEM
In MatDEM, the macroscopic parameters mainly
include density (ρ), Young’s modulus (E), Poisson’s
ratio (), tensile strength (Tu), compressive strength
(Cu), and internal friction coefficient (μp). These
physical and mechanical parameters are usually determined by conducting specific experiments or back
analysis based on field monitoring. The macroscopic
parameters are listed in Table 1.

Liu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2019 20(10):794-803

3.3.2 Inter-particle parameter for MatDEM
The relationship between particles in MatDEM
mainly depends on six inter-particle parameters:
normal and shear stiffness, breaking displacement,
shear resistance, coefficient of friction, and unit mass.
Liu et al. (2013) verified the conversion formula
between the macro- and microscopic parameters
through experiments. Considering normal stiffness as
an example, Eq. (7) shows the relationship between
the normal stiffness, Young’s modulus, and Poisson’s
ratio, which is suitable for the tightly regular stacking
model of equal spherical elements.

After that, gravity was applied to the whole model
until a balanced state was achieved again.
DEM also needs to simulate the energy dissipation process in the real world to avoid the accumulation of mechanical energy in the model. The damping
in DEM was usually used to indicate the dissipation
of mechanical energy. Therefore, the balanced state of
the entire model can be determined according to the
damping force between particles. Fig. 3 shows the
damping force in the Z-direction of the model after
achieving a balanced state. It can be seen that the
force between the model particles is almost zero.
Overall, the model is in equilibrium.
Fv=−η·x,

2 Ed
Kn 
,
4(1  2 )

797

(8)

(7)

where d is the element diameter.
The inter-particle parameters of different layers
in the MatDEM model were set according to Table 2.

where Fv is the global damping representing a simple
definition of the damping force, η represents the
damping coefficient, and x represents the velocity.
The optimal damping of the model can be obtained
using the empirical formula (Liu et al., 2017).

Fig. 2 Stratigraphic cross section
Table 1 Macroscopic parameters of clay and sand
Parameter
Density, ρ (g/cm3)
Young’s modulus, E (Pa)
Poisson’s ratio, 
Tensile strength, Tu (Pa)
Compressive strength, Cu (Pa)
Coefficient of friction, μp

Value
Clay

Sand

2.05

2.00

2.00107
0.16

1.60108
0.16

2.04103

1.00104

4

1.00105
1.0

2.7010
0.8

Table 2 Inter-particle parameters of clay and sand for
MatDEM
Value
Clay
Sand
7
Normal stiffness, Kn (Pa)
7.736810 2.1015108
Shear stiffness, Ks (Pa)
2.4692107 3.6233107
Fracture displacement, Xb (m) 1.034810−4 2.048510−5
Initial shear force, Fs0 (N)
3.5869104 1.9365104
Coefficient of friction, μp
0.2547
0.1453
Unit mass, m (kg)
5.9070103 5.5378103
Parameter
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4 Simulation results and analysis
4.1 Model verification

Z (m)

Damping force (×10−6 N)

According to the monitoring data from the Geological Survey of Jiangsu Province, China, the water
table dropped 80 m before the groundwater extraction
was completely banned in this area (Wang et al.,
2010a), as shown in Fig. 4. To study the development
process of earth fissures during the groundwater extraction, the water level was decreased by 10 m/step
with the initial water level of 10 m below the ground.

X (m)

Fig. 3 Damping force in Z-direction

3.4
Simplified algorithm for fluid-structure
interaction
The lattice Boltzmann method was used for the
fluid-structure interaction problem in DEM (Han
and Cundall, 2013; Redaelli et al., 2017). A few
commercial software programs did not run efficiently because there was a large amount of calculation involved (Scaringi et al., 2018). To simulate
large geological bodies, too few particles can make
the simulation results deviate significantly from the
actual situation. Hence, to simplify the problem of
excessive calculations of fluid-structure interaction
during simulations of earth fissures, a quasi-fluid
structure interaction method was adopted (Dai et al.,
2017; Scaringi et al., 2018; Demir et al., 2019).
The vertical force of particles Fv below the water
level can be expressed as
Fv=Ff+G+Fn,v+Fs,v,

(9)

where Ff is the buoyancy of the particle, which depends on the volume of the particle, G is the gravity of
the particle, Fn,v is the vertical vector of the particle
normal force, and Fs,v is the vertical vector of the
particle shear force. When the water level was lowered, the upward buoyancy Ff disappeared for all the
particles above the water level. The calculation was
conducted until a balanced state was achieved. The
strata deformation due to the effect of water level
reduction was obtained.

Fig. 4 Groundwater drawdown in Su-Xi-Chang area,
China (unit: m)

A point at the location of 150 m (x=150 m, z=
143 m) in the model (at the foot of the mountain rock)
was selected as the reference point. The calculated
settlements of the reference point indicating the lowering process of the water level are shown in Fig. 5.
The average settlement of the study area was between
800 mm and 1000 mm since 1979. According to the
geological survey, the groundwater drawdown
reached 40 m in 1985 and 80 m in 2000 (Wang et al.,
2010b). The calculated settlements were basically
consistent with the monitoring data of the Su-XiChang area, thereby verifying the reliability of the
DEM model in this study.
4.2 Displacements in Z-direction
Considering the groundwater drawdown of 40 m
as an example, Fig. 6a shows the Z-direction displacement. It can be seen that the displacement at the
foot of both sides of the buried hill is more and that at
the ridge is less. The maximum Z-direction
displacement was 0.63 m. Fig. 6b shows the
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displacement in the Z-direction when the groundwater
drawdown was 80 m, and the distribution of the displacement is similar to that of the drawdown at 40 m.
However, the maximum displacement of the drawdown at 80 m was 0.94 m.

-0.2

Simulated data
Monitoring data

Settlement (m)

-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9
-1.0

0

10

20 30 40 50 60 70
Groundwater drawdown (m)

80

90

Fig. 5 Comparison between simulated and monitored
settlements

differential settlement above the ridge is larger, the
smaller distance between the recorded points was
adopted. The recorded settlements were calculated
based on the average displacement of particles in a
certain area.
Fig. 7 shows the settlements of the ground surface. With the increase in the water level drawdown,
the amount of sedimentation decreases gradually
along the horizontal distance. By comparing the
ground settlements during the lowering process of the
water level, the total settlement on the north side of
the ridge was observed to be slightly larger than those
on the south side because the deposit on the north side
of the ridge was thicker. The settlement at the ridge is
the smallest, as shown in Fig. 7, at the range of
(450±10) m along the horizontal distance because of
the thin deposit. The difference between the ridge and
foot of the buried hill increased during the water level
drawdown. Therefore, the sediments near the ground
surface were bent because of the water level
drawdown.
-0.1

X (m)

(a)

Vertical displacement (m)

Z (m)

Displacement (m)

-0.2
-0.3
-0.4

Water drawdown
10 m
20 m
30 m
40 m
50 m
60 m
70 m
80 m

-0.5
-0.6
-0.7
-0.8
-0.9
-1.0
100

200

300 400 500 600
Horizontal distance (m)

700

800

Z (m)

Displacement (m)

Fig. 7 Different water level depths

X (m)

(b)

Fig. 6 Displacement in the Z-direction due to groundwater drawdown at 40 m (a) and at 80 m (b)

The ground settlements on both sides of the ridge
were recorded at a distance of every 50 m. As the

4.3 Unit connection of DEM model
DEM has the most advantages, compared to
FEM and finite difference method (FDM), in terms of
simulating discontinuities; thus, it can be regarded as
a model consisting of abundant particles connected by
a “spring.” This “spring” can be broken when the
connection between the particles exceeds the fracture
displacement (Neveu et al., 2016; Liu et al., 2017). It
is easy to visualize the cracking process and prone
area of earth fissures. Fig. 8a shows the overall unit
connection of the DEM model; Fig. 8b is a magnified
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Fig. 10 shows the location and strike direction of
earth fissures determined by the field investigation
and the positional relationship with the borehole. The
earth fissure zone was located between boreholes S02
and S03, which is consistent with simulation results
from MatDEM.

Z (m)

view of the unit connection. It can be seen that there is
an apparent regional breakage of the unit connection
above the ridge, which indicates that inter-particle
displacement was larger than the fracture. In the
model, there were dislocations and large displacements between particles, which shows that the geological body was prone to disconnection and cracks.
Therefore, earth fissures are more likely to occur in
the area where the region of unit disconnection is
observed.

Displacement (m)

800

X (m)

Z (m)

Displacement (m)

(a)

X (m)

Fig. 8 Comparison of unit connection before and after
water extraction
(a) Before simulation; (b) Simulation results

(b)

4.4 X-direction displacement

Fig. 9 Displacement in the X-direction due to groundwater drawdown at 40 m (a) and at 80 m (b)

The studies of earth fissures caused by excessive
water extraction indicate that horizontal displacement
of formations may play an important role in the development process (Rothenburg et al., 1995; Yoo and
Perrings, 2017). Figs. 9a and 9b show the displacement in the X-direction at 40 m and 80 m, respectively. Apparently, the directions of the displacement
on both sides of the buried hill ridge are different. The
displacement of particles is negative on the north side,
and positive on the south side because the sediments
near the ground surface are in a bending state during
the water level drawdown. Therefore, the breakage of
the unit connection above the ridge was mainly controlled by the X-direction displacement.

Fig. 10 Location of earth fissures according to the geological survey
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5 Conclusions
MatDEM, a code of DEM, was used to predict
the prone area of earth fissures in the Su-Xi-Chang
area, China. The simulation results were compared to
the on-site settlement monitoring data and the geological survey. The feasibility of the DEM model in
the numerical simulation of earth fissures is verified.
Main conclusions are given as follows:
1. The Z-direction displacement above the ridge
was smaller than that on both sides of the buried hill,
resulting in a bending effect on the soil near the
ground surface. It can be inferred that bending due to
an uneven settlement during the groundwater drawdown is the main mechanism of the buried
hill-controlled earth fissures. The mechanism can also
be verified by the X-direction displacement near the
ground surface, which is opposite around the ridge of
buried hill, and the breakage of the unit connections
of particles above the ridge. Therefore, the displacement and unit connections of particles can be
considered indicators for the development of earth
fissures.
2. MatDEM is a reliable and intuitive numerical
simulation method to solve the discontinuous problems, such as earth fissures, that is simplified by
considering the interaction between particles. The
method can be used to predict the prone area of buried
hill-controlled earth fissures and study the evolution
process of earth fissures.
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中文概要
题 目：基于离散元法的基岩潜山型地裂缝易发区预测
目 的：采用离散元法揭示抽水引起的基岩潜山型地裂缝
的发育过程，实现对地裂缝易发区的准确预测，
为地裂缝灾害的早期预测和防治提供依据。
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创新点：1. 提出采用离散元法模拟抽水引起的地裂缝问
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题。2. 提出依据颗粒连接和水平位移等预测地裂
缝的易发区。

渐降低过程中的地裂缝发展。6. 通过与现场地调
数据进行对比，验证离散元法在地裂缝模拟中的
可靠性。

方 法：1. 建立一个紧密堆积的二维模型。2. 通过地调得

结 论：1. 随着地下水位的下降，由于不均匀沉降而产生

到的高程切割模型，构建二维地层模型。
3. 对不同地层进行材料参数赋值，随后施加重
力，并对模型进行平衡。4. 模型达到平衡后，采
用简化的流固耦合计算方法以及通过调整单元
颗粒的浮力来模拟降水过程。5. 通过每次运算降
低 10 m 地下水位的循环算法模拟在地下水逐

的土体弯曲作用是控制地裂缝发育的主要机制。
2. MatDEM 是一种更可靠、直观的数值模拟方法，
可以用于不连续地质体（如基岩潜山型）地裂缝
的易发区预测，以及地裂缝的演化过程研究。
关键词：离散元法；MatDEM；基岩潜山型地裂缝；易
发区

