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Abstract: Coal is one of the important energy sources for industry. When it is mined, it will cause
the destruction of bedrock and surface. However, it is more severe in mining shallow-buried multi
coal seams (SBMCS). To better reveal the characteristics of the bedrock and surface damage, we have
carried out a theoretical analysis, as well as used numerical simulations and field monitoring methods
to study the surface and bedrock damage caused by the mining of SBMCS. The characteristics of
bedrock and surface failure structure, settlement, and stress distribution were studied and analyzed.
The findings show that the collapsed block, formed by the rupture of the overlying stratum, interacts
with the surrounding rock to form large cavities and gaps, and the stress concentration occurs
between them. The maximum downward vertical concentration stress is about 9.79 MPa. The mining
of the lower coal seam can lead to repeated failure of the upper bedrock and goaf. The settlement of
bedrock presents gradient change, and the settlement of upper bedrock is large, about 8.0 m, and
the maximum settlement is 8.183 m, while that of lower bedrock is small and about 3.5-4.0 m. The
weak rock stratum in the bedrock is crushed by the change stress of repeated mining, and formed a
broken rock stratum. The cracks in the bedrock develop directly to the ground. On the ground, tensile
cracks, compression uplift, stepped cracks, and even collapse pits are easy to cause in mining SBMCS.
Affected by repeated mining, the variation of surface vertical stress is complex and disorderly in
the middle of the basin, and the variation of horizontal stress is mainly concentrated on the edge of
the basin. The maximum stress reaches 100 KPa, and the minimum stress is about 78 KPa. Through
theoretical analysis and discussion, the size of the key blocks is directly related to the thickness and
strength of the rock stratum.

Keywords: coal mining; multi coal seam; CDEM; numerical simulation; bedrock failure; surface
damage

1. Introduction

Coal is a non-renewable fuel energy, which is gradually replaced by renewable energy.
However, in today’s world, it is still one of the most important industrial energy sources.
Coal resource exploitation still plays a vital role in the energy planning and management
of all countries in the world. The safe and efficient mining of coal is related to the national
industrial and economic development. After coal mining, the bedrock layer and surface are
damaged, affecting and threatening the safety of working face and surface. Coal fields are
widely distributed in China, and the occurrence conditions of coal seams are different [1,2].
Qinshui coalfield, in Shanxi Province, is the basin coalfield with the most abundant coal
in North China. It belongs to the coal-bearing strata of the Benxi Formation, Taiyuan
Formation, and Shanxi formation developed in the late Paleozoic [3,4]. It is a typical
geological condition for the occurrence of multiple coal seams. The mining thickness
of coal seams in Qinshui coalfield varies greatly. According to [1], coal seam in Benxi

Energies 2022, 15, 3446. https:/ /doi.org/10.3390/en15093446

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15093446
https://doi.org/10.3390/en15093446
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-1649-8387
https://doi.org/10.3390/en15093446
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15093446?type=check_update&version=2

Energies 2022, 15, 3446

20f18

Formation is thick in the Northeast and West, and thin in the central and South; coal
seam in Taiyuan formation is thick in the East and thin in the West; coal seam in Shanxi
formation is the thickest coal bearing group, which is thick in the North, thin in the
South, thick in the East, and thin in the West. The geological conditions of shallow burial
multi coal seams (SBMCS) refer to the geological conditions in which the coal seams are
buried in a shallow depth, the composition and structure of the bedrock are relatively
simple, and there are three or more coal seam occurrence geological conditions. The
mining of SBMCS is affected by factors such as coal seam depth, coal seam thickness,
bedrock and interlayer lithology, geological structure, and fault [5]. Many scholars have
conducted in-depth research on multi coal seam (MCS) mining, under different geological
mining conditions, from the perspectives of bedrock failure structure characteristics, roof
structure characteristics, rock movement law and stability, and fracture development
characteristics, and they achieved fruitful research results. Zhang [6], Lin [7] and others
studied the characteristics of overburden movement and fracture development, affected by
repeated mining in MCS, by using a similar simulation method, and they determined the
relationship between fracture development height, overburden lithology, and thickness.
The fracture development, rock fracture, and water loss of MCS mining are studied. The
stress field distribution of bedrock and surface needs to be further discussed. Qin [8],
Dong [9], Yang [10], and others used a combination of various methods to study the
structural characteristics of mining MCS and analyzed roof instability and working face
pressure, the calculation method of coal mine support resistance and the breaking impact
effect of roof structure, and obtained the laws of MCS bedrock failure and roof structure
characteristics. Based on the study of coal seam group, the stability and rock failure
mechanical characteristics are analyzed. The bedrock and surface damage caused by
SBMCS mining need to be further studied. Chen [11], Yan [12], Dong [13], and others
studied the surface movement and deformation characteristics, surface dynamic prediction,
bedrock damage, and migration law of SBMCS mining by means of numerical simulation,
similarity test, and field monitoring. They found the relationship between the surface
movement, bedrock damage, and bedrock fracture development of SBMCS and the bedrock
buried depth and lithology. Their research on SBMCS is more comprehensive, through
on-site monitoring, numerical simulation and theoretical analysis. However, they are
aimed at the geological conditions with thick loose layers, and most of the research areas
are located in the desert area of Northwest China. According to the geological conditions of
Qinshui coalfield, further research is needed. Xie [14] et al. studied the basic roof structure
characteristics, movement, and deformation law of MCS mining, providing the basis for
the mechanical calculation of bedrock movement and deformation. The equivalent basic
roof structure and activity law of overburden between MCS are studied. The mechanical
analysis of surface failure and the fracture structure of bedrock in MCS are not studied
in detail. Zhao [15] and others used the discrete element UDEC numerical simulation
software and mining subsidence prediction software to simulate and study the surface
residual settlement after mining, which provided a theoretical feasibility demonstration
for coal mining under a high-speed railway. Wu [16] et al. Used FLAC3D to simulate the
conditions of different bedrock heights and determined the impact of repeated mining on
the height of “two zones”. UDEC is a discrete element method, which can better simulate
the characteristics of an overburden collapse zone caused by mining, and it has certain
limitations on the simulation of initial stress before mining and the interaction between
broken rock and soil. FLAC belongs to the finite element method and adopts the algorithm
based on the Lagrange continuity equation. It also has certain limitations in the simulation
of collapse and cracking. The above research shows that the mining of SBMCS is a complex
problem related to geological conditions. The bedrock and surface failure characteristics
and stress distribution law of SBMCS mining, under the geological conditions of Qinshui
coalfield, need to be studied further. In numerical simulation, the discreteness of bedrock
failure and the continuity of initial stress after mining cannot be well treated by using the
finite element or discrete element method, respectively. Discrete element and finite element
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methods are widely used in geotechnical engineering and underground engineering. Then,
before mining, the rock stratum is a continuous medium, and it becomes a discrete block
structure after mining. Therefore, a new method of coupling a finite element and discrete
element, which is Continuous Discontinuous Element Method (CDEM), can solve this
problem [17,18].

This paper attempts to use the CDEM and Generalized Digital Emulation Manu-
facturer(GDEM) software numerical simulation platform to study the bedrock failure char-
acteristics, structural form, and bedrock stress distribution characteristics of SBMCS [19].
We take Majiazhuang coal mine in the southeast of Qinshui coalfield as the engineering
background. It provides a numerical analysis basis for SBMCS mining in the southeast of
Qinshui coalfield, and it provides a theoretical basis for safe mining and green mining of
mines with MCS geological conditions. The remainder of this manuscript is organized as
follows. In Section 2, Methodology, we mainly expound the mechanical analysis of key
blocks and CDEM algorithm. In Section 3, Materials and Methods, we mainly describe
the engineering background of the engineering research area, modeling, and simulation
process. In Section 4, Results, we analyzed the failure characteristics of bedrock, surface
stress distribution, and settlement, according to the results of numerical simulation and
field monitoring. In Section 5, Discussion, we obtain bedrock failure characteristics and
processes, and we discuss the impact of water on mining and the CDEM numerical simula-
tion method. In Section 6, Conclusions, we describe the research results for the research
content, as well as the conclusions obtained.

2. Methodology
2.1. The Calculation of Key Stratum Failure

After the coal seam is mined, the key layer in the rock stratum can support the
overlying rock. However, the key layer will collapse when it reaches the ultimate bearing
capacity [20]. The key block structure is formed after collapse, which interacts with the rock
stratum and floor to form a stable structure. According to relevant literature research [21],
it is found that, after the coal seam is mined, the key block plays a very important role. It
forms a relatively stable structure to support the rock mass on it. We need to establish a
mechanical model to deeply study and discuss the process.

Mechanical analysis shall be carried out from the initial stage of key block collapse.
With the continuous advancement of the working face, the direct roof of the upper coal
seam reaches the limit span, resulting in separation and collapse [22]. The key stratum
bears the upper bedrock load. When the key stratum reaches the ultimate bearing capacity,
cracking and disconnection will occur at both ends, as well as midspan of the rock beam, in
the key stratum [23]. Under the action of friction and extrusion force between key blocks,
the blocks produce rotary motion and finally reach a static equilibrium state, as shown in
Figure 1.

Figure 1. Force analysis of the basic structure of the key stratum failure.
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After bedrock collapse, the key blocks interact with the coal seam floor and sur-
rounding rock to form a relatively stable structure. According to the “masonry beam”
theory [24,25], there is a height difference between the horizontal thrusts T4 and Tp on
both sides, and the compressive stress passes through the overhanging fault block to form
the rear arch. The compression force T¢ in the fault block increases with the increase in
the overhanging area of the block, where the two blocks are squeezed and broken, and the
friction force of the block decreases. When the friction force between the two blocks is less
than the shear force on the contact surface, the broken block slides down and sinks along
the contact surface, resulting in rotational deformation and instability. The key stratum
fractured for the first time, and the formed key block constituted an asymmetric three-hinge
arch structure [26,27].

As for the geometry in Figure 1, assuming that the rotation angle of the key block is 3,
the subsidence amount is w, the length of the key block is equal to L, the upper part of the
block is uniformly distributed with load g, and the generated horizontal thrusts are T4 and
T, it functions with points A and B. The thickness of the block is /,,, point A is subjected to
frictional force R4, and point B is subjected to a supporting force g of upward distance d.
Point C is the hinge point of the fractured block, which transmits the internal force T¢ between
the two block systems. It is a force per unit length (1 m).

According to the overall equilibrium state of the two key block structures, the equilib-
rium equation can be obtained:

)

YF=0
TM=0

where F is the force in different directions, N;

M is the moment generated by each force, N-m;

According to the force analysis of the key blocks, as shown in Figure 1 and Formula (1),
T¢ can be calculated that:

T — qL(L cos B+ hy, sin B)
CT 2(hy cos B —w)

where T is the internal force between the two blocks, N/m,;
g is the load above the block, MPa;
B is the tilting rotation angle of the block, °;
hy, is the height of the block rock beam, m;
W is the subsidence caused by block rotation, m.
According to the geometric relationship, as shown in Figure 1, we can be known that

@

sinf =%
{ Pt ®
L

cos B =

Substituting Formula (3) into Formula (2), the relationship between thrust T¢ and
settlement w can be calculated:

T gL VL% —w? + gy
c=5
2 M\ /T2 02 —w

In the initial stage of key stratum failure, when periodic failure occurs, the rotation
angle f§ is usually small, and the ratio of rock layer thickness to failure distance (h,,,/L) is
usually small and can be ignored in the calculation process. We can get:

VL2 —w?2 ~ L
b (L~ L
L 50 ™ 20

4)

©)
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Therefore, Formula (4) can be approximately simplified to

gL L
Tc ="~
¢ 2 hy —w

(6)

According to the relevant knowledge of mechanics, rock beam collapse is usually caused
by tensile failure in the middle, so the relationship between the initial collapse distance L;,;
and the tensile strength of rock stratum omax can be calculated as follows [11,24].

(%
Lini = hmw n[;ax (7)

where L;,; is the initial collapse distance of bedrock, m;

q is the load applied on the collapse block, Mpa;

Omax is the maximum tensile strength of broken block, Mpa.

From the above analysis, it can be concluded that the size of the key blocks is directly
related to the thickness and strength of the rock stratum, as well as the load on the bedrock.

The failure of key stratum has a direct relationship with the properties of the rock
formation, and the failure distance to reach the initial failure can be calculated, as shown in
Formula (7). Therefore, the horizontal thrust T can be expressed by the tensile strength of
the rock stratum omay, and the relationship between h,,;, and L can be obtained.

g
hy —w

Tc = % Omax 8

The large tensile strength and thickness of bedrock make the thrust T¢ between blocks
larger. Therefore, the friction between collapses is large, and it is not easy to slip. When
the horizontal thrust reaches the limit, the indirect contact surface of the blocks is broken,
resulting in slip and collapse. This also shows that the length and thickness of the collapsed
block, as well as the tensile strength of the block itself, affect the size of the space under it
and even the duration of the cavity.

2.2. CDEM Algorithm

Before coal mining, each rock mass layer and coal seam are considered to be rock layers
with continuous properties. When the coal seam is mined, it first causes the separation and
collapse of the direct roof, and then, with the advance of the working face, the basic roof
separation and collapse form a discrete block structure. After the coal seam is mined out, the
bedrock fractures are developed, which shows the discreteness of cracking. The collapsed
blocks fall into the goaf to form a discrete block structure. Therefore, the CDEM, based on the
Lagrange equation, should be selected as the numerical simulation method of coal mining.
This method can not only calculate the deformation state of coal and rock mass but also
simulate the plasticity, damage, and the fracture process of coal and rock mass after applying
the Mohr Coulomb criterion of brittle fracture on the virtual contact surface.

CDEM algorithm is an algorithm for solving the explicit solution of the dynamic
equation of fractured elements, according to the theory of the generalized Lagrange
system [17,18]. The algorithm is based on the strict generalized Lagrange equation, as
shown in Formula (9), combined with the global dynamic relaxation algorithm, to iteratively
solve the explicit solution of the equation.

d oL oL
%(E>+<T%>:Qi )

where x;, y; are generalized coordinates;
L is the energy of the Lagrangian system;
Q; is the work done by non-conservative force.
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The basic structure of the CDEM algorithm is composed of two parts: blocks and
interface. The block element is usually composed of quadrangles. It has only elastic de-
formation and no plastic deformation. The plastic deformation is concentrated on the
virtual crack. For the direction of crack development and actual cracking, the theoretical
direction is perpendicular to the direction of the maximum principal stress of the sur-
rounding element, while the actual direction is the closest element boundary or along a
diagonal direction [23]. Interface element is a constitutive model describing the relationship
between adjacent blocks in the block discrete element, also known as contact surface. Three
attributes, connecting two block elements and the normal vector of the contact surface, are
used to represent the force between block elements. CDEM algorithm is the same grid
shared by the Lagrangian element algorithm and the discrete element algorithm.

The core calculation formula of CDEM is shown in Formula (10) [28]:

M{u()} +C{u(t) } + K{u()} = {Q(H)} (10)

where M is quality matrix;

{ii(t)} is acceleration matrix;

C is damping matrix;

{u(t)} is velocity matrix;

K is stiffness matrix;

{u(t)} is displacement matrix;

When the cell is not embedded before the medium cracks, the node only contains
unbalanced force (only elastic force and external force); when the medium is cracked or
embedded, the node force changes, and the corresponding parameters of node velocity
and acceleration motion state are generated. CDEM algorithm couples continuous and
discontinuous media algorithms, and it realizes the perfect unity of the finite element, block
discrete element, and particle discrete element [29]. GDEM numerical simulation platform,
developed based on CDEM algorithm, is independently developed by the Institute of
mechanics, Chinese Academy of Sciences. It is a constitutive model based on CDEM
method. By means of CPU/GPU and behavior acceleration, it can not only simulate the
elastic, plastic, damage, and fracture processes of geological bodies and artificial materials
under multi field coupling but also develop unit constitutive and contact constitutive by
using C++ or JavaScript, according to actual needs. The platform software contains 14 built-
in block constitutive models and 12 built-in interface constitutive models [19]. In this study,
the elastic damage fracture constitutive model is adopted, and the mechanical parameters
of rock stratum include density, elastic modulus, Poisson’s ratio, tensile strength, and
internal friction angle. The brittle damage fracture constitutive model is applied on the
virtual interface, and the mechanical parameters of the interface include normal stiffness,
tangential stiffness, cohesion, internal friction angle, and tensile strength [30].

3. Materials and Methods
3.1. Geological and Mining Conditions

The study area is located in the southeast of Qinshui coalfield and the east of Jincheng
mining area, belonging to the edge of Qinshui Basin. Qinshui coalfield has simple geological
structure conditions, a flat coal seam dip angle, multi coal seam occurrence, and strong
regularity, and most of the hydrogeological conditions are not complex. The geological
conditions of the mine are the most superior mining conditions in China. Geographical
location of the study area is shown in Figure 2.
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Figure 2. Geographical location of the study area.

The coal bearing strata of coal mines in this area are the Permian Shanxi Formation and
Carboniferous Taiyuan formation, with a total of 13-15 layers of coal, with a total thickness
of nearly 13 m. According to the analysis of the geological data of Majiazhuang coal mine,
the stratigraphic structure is mainly sandstone and mudstone, including limestone and
siltstone. There are three stable minable coal seams, of which the buried depth of 3# coal
seam is 31.4 m, and the average coal thickness is 2.9 m; the buried depth of 9# coal seam is
84.6 m, and the average coal thickness is 1.0 m; the burial depth of 15# coal seam is 120.4 m,
and the average coal thickness is 4.3 m. Other coal seams are unstable coal seams or coal
lines, which are not minable or are partially minable. The coal seam dip angle of the mine
is less than 3°, which is a nearly horizontal coal seam, belonging to the typical SBMCS
occurrence condition on the southeast boundary of Qinshui coalfield, as shown in Figure 3.
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Figure 3. Comprehensive geological histogram of Majiazhuang mine.

3.2. Model and Mechanical Parameters

This simulation takes the geological conditions in the southeast of Qinshui coalfield
as the background, and it establishes a 1:1 numerical simulation model. A 2D model of
35 coal and rock strata is designed, including seven groups of rock strata with different
properties and three coal seams. The design dimension of the model is 127.5 m high
and 600 m wide. The mining length of the simulated working face is 300 m. The mining
thickness is designed according to the actual average mining thickness of each layer of
coal. According to the boundary conditions of the model, the left and right boundaries are
fixed by means of zero velocity in the X-axis direction; in the Y-axis direction, the bottom
boundary is completely fixed, and the upper boundary is free, as shown in Figure 4.
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Figure 4. Schematic of model size and boundary conditions.

The initial in-situ stress of this simulation is calculated by using the linear elastic
constitutive model, and the unbalance rate is set to 1 x 10~°. The mechanical parameters
required for calculation are shown in Table 1.

Table 1. Calculation parameters of rock mechanics.

LITHOLOGY p (kg/m®) E (/GPa) u ¢ (/MPa) ot (/MPa) @ (°)
Loess and Sand Gravel 1900 0.015 0.30 0.02 0.60 17.0
Mudstone 2200 1.31 0.24 2.16 3.73 25.0
Sandstone and Mudstone 2440 2.23 0.25 3.80 4.25 30.0
Sandstone 2640 3.54 0.25 5.50 4.78 35.0
Limestone 2800 2.66 0.23 6.20 7.98 35.0

Sandy Mudstone 2613 0.90 0.26 5.50 4.78 30.0
Siltstone 2540 3.16 0.35 2.65 1.36 31.0

Coal 1400 1.00 0.29 1.25 1.60 25.0

3.3. Simulation Scheme and Steps

This time simulates the mining process of three stable and minable coal layers in the
southeast of Qinshui coalfield, studies the characteristics of bedrock failure and surface
movement, and analyzes the characteristics of bedrock stress distribution. The numerical
calculation is divided into two stages and three times of coal seam excavation. In the initial
geostress calculation stage, the virtual mass calculation method is adopted. During the
simulation, the coal and rock strata are discretized as a whole. The strength and stiffness
of the contact surface are inherited from the cell strength, and the strength of the contact
surface is set as 10% of the cell strength to obtain the initial geostress state under the action
of gravity. The initial strain of coal is converted into the constitutive model of brittle rock
after the initial strain of the coal-softening element is converted into the constitutive model
of brittle rock. In the stage of the coal seam excavation solution, in order to better simulate
the bedrock breaking process, the displacement and change gradient within the calculation
range are zeroed. Then, calculate the coal seam excavation stage, excavate in three times,
and set it as “None” model, according to the designed coordinate range of coal seam goaf,
to realize coal seam excavation. After each coal seam excavation, the solution time step is
set to 10,000. In order to master the variation law of surface settlement, monitoring points
with an interval of 10 m are set on the surface. When simulating the excavation of different
coal seams, the characteristics of bedrock fracture and surface failure are recorded.

The numerical model is corrected and adjusted by using surface monitoring data. Dur-
ing 3# coal mining, surface safety monitoring was conducted, and monitoring points were
arranged along the advancing direction of the working face to monitor surface settlement.
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4. Results
4.1. Analysis of Bedrock Failure Characteristics

This simulation adopts a 2D plane model. After the excavation calculation of three
layers of coal, the failure characteristics of bedrock are obtained, as shown in Figure 5.
Figure 5a shows that, when mining the upper coal seam, the coal seam floor near the
coal pillar at the edge of the goaf is uplifted, and the floor is cracked and damaged. The
key bedrock layer above the edge of the goaf breaks down to form a key block structure.
The inclined broken block contacts the coal seam floor and the upper rock mass to form
a triangular suspended space. The key blocks in the middle of the goaf are unstable and
broken, and the “masonry beam” structure is formed by stacking in the goaf [19]. Affected
by the failure of bedrock, there are the tensile zone, compression zone, and compressive
uplift zone on the surface.

With the mining of the middle coal seam, the floor uplift of the upper coal seam
gradually disappears. The mining thickness of the middle coal seam is small, and the
change of bedrock failure characteristics is not obvious. Figure 5 shows the bedrock failure
characteristics after mining of the lower coal seam. When the lower coal seam is mined, the
coal seam floor is broken and lifted. The failure of the lower direct roof rock layer develops
upward and affects the goaf and bedrock of the middle and upper coal seams, resulting in
its instability and fracture again, and the floor rock layer of the middle coal seam breaks
down, which makes the key rock layer above the middle coal seam unstable and collapse.
A key block structure is formed at the edge of the goaf to support the overlying strata. The
rock stratum breaks and collapses, and the cracks of the bedrock develop directly to the
surface, resulting in great damage to the surface, forming huge staggered platforms, cracks,
or collapse pits, with large widths and depths of damage. The development of fissures
connects the goaf and the surface of the three layers of coal, resulting in the discharge of
harmful gases. At the same time, it also forms a water diversion channel, and the water and
sediment are fed into the working face and goaf. This not only pollutes the air and water
near the mining area but also threatens the safety of the working face and surface water.

Stretching

Compress

Extrusion

Floor upheaval

(@)

Figure 5. Cont.
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Figure 5. Characteristics of bedrock and surface damage. (a) Bedrock failure in upper coal seam
mining; (b) Bedrock failure of all coal mining; (c) Cloud map of stress distribution of bedrock;

(d) Cloud map of bedrock settlement (left is vertical, right is horizontal).

According to the analysis of Figure 5c, the stress change of bedrock has obvious
characteristics, and the failure of rock stratum starts from the surface of rock stratum. The
bedrock above the edge of the goaf is mainly broken, cracked, and with tensile damage,
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while the middle part is mainly compressive and shear damage. The weak rock stratum in
the bedrock is damaged by shear and tension, and the broken rock stratum belt is formed
under the action of repeated mining. The damage boundary in bedrock decreases suddenly
with the increase in mining depth. The damage boundary line presents a parabola shape
and is symmetrically distributed on both sides of the goaf. The content shown in Figure 5d
is the cloud map of bedrock settlement, and the bedrock settlement shows three gradients
with the change of depth. The settlement of the lower bedrock is only affected by the
mining of 15# coal seam, and the settlement is small, about 3.5-4.0 m; the subsidence of
the middle bedrock is larger than that of the lower bedrock. Affected by the mining of the
middle and lower coal seams, the subsidence caused by the bedrock has a superposition
effect, and the subsidence is about 4.88-5.5 m; the upper bedrock has the largest settlement,
which is affected by the mining of all coal seams, and the cumulative effect is more obvious.
The maximum settlement is 8.183 m. From the gradient settlement caused by bedrock
failure, the bedrock settlement caused by MCS mining is related to the mining thickness
of the coal seam, and the influence is cumulative. The mining of the lower coal seam will
lead to the repeated destruction of the rock mass of the upper bedrock and goaf, and the
subsidence of the bedrock and surface bedrock, caused by the mining of the lower coal
seam, is the most severe.

4.2. Bedrock Failure Stress Analysis

The stress balance of bedrock is broken during coal mining, resulting in bedrock
instability, fracture, and fragmentation. After all the coal is mined, the stress distribution
nephogram of bedrock failure shows left-right symmetry. The horizontal stress and vertical
stress are selected for comparative analysis. It can be seen from Figure 6 that the left part is
the cloud diagram of vertical stress distribution, and the right part is the cloud diagram of
horizontal stress distribution. Before the instability and collapse of the key bedrock layer, it
exists in the form of “cantilever beam” and suddenly breaks after reaching the ultimate
bearing capacity. The key block is subjected to the pressure of the upper rock mass, and the
vertical stress concentration occurs in the rock stratum above the coal pillar. The maximum
downward vertical stress is about 9.79 MPa, and the maximum upward vertical stress is
about 2.73 MPa. At the same time, the coal pillar is also affected by vertical stress, resulting
in bending deformation and even coal explosion and rock explosion accidents. Before the
bedrock is broken, it is stretched and bent, and there is a horizontal stress concentration area
in the upper part of each rock stratum. After the rock stratum is broken, the stress on the
upper and lower sides of the key block changes: the upper part is subjected to compressive
stress, the lower part is subjected to tensile stress, and then, there is a horizontal stress
concentration area. In the broken rock stratum, the interaction between rock blocks also
produces stress concentration points. After the bedrock is broken, the maximum horizontal
stress value is 4.9-6.1 MPa, which is symmetrically distributed left and right, in the opposite
direction, and points to the middle of the basin.
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Figure 6. Cloud map bedrock stress distribution (left is vertical, right is horizontal).
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4.3. Surface Deformation and Stress Characteristics

There is a tensile zone, a compression zone, and a compressive fracture zone in the
surface basin. The tensile zone is located at the edge of the surface subsidence basin,
and the surface fractures are relatively developed, resulting in step fractures and tensile
fractures [31]. The compression zone is located at the bottom of the edge of the subsidence
basin, the cracks are closed, and the topsoil is compressed without crushing damage. The
compression and fracture area is in the middle of the surface basin [32]. The topsoil is
in the state of compression and fracture, resulting in compression and shear failure, and
compression uplift occurs in some areas. These surface damage phenomena are consistent
with the characteristics of surface damage caused by SBMCS [31,33].

In order to better analyze the characteristics of surface movement and deformation, in
the process of numerical simulation, a monitoring point is set every 10 m on the surface,
and a total of 61 surface monitoring points are arranged to monitor the settlement value and
stress distribution of the surface during the simulation process, as shown in Figure 7. The
characteristics of surface subsidence accord with the law of surface subsidence in the actual
mining process. The surface presents a flat bottom moving basin, and the characteristics of
surface subsidence caused by MCS mining are also obvious. According to Figure 7a, the
three dense areas of the curve in the middle of the basin show the maximum subsidence
curves of the three coal seam excavation stages, respectively. According to the 3# coal
surface monitoring data collected, the maximum settlement is 2.622 m, and the maximum
settlement obtained by numerical simulation is 3.0 m. The simulation state is ideal, and the
difference of settlement is 0.378 m, which is a reasonable range. According to Figure 7b, the
distribution law of surface horizontal stress is that the stress concentration fluctuates up
and down at 10 KPa (downward), the stress in the middle of the basin (within 200~400 m)
changes frequently, complexly, disorderly, and greatly, the stress value changes greatly, and
the difference between the maximum value and the minimum value is greater than 26 KPa;
however, the stress changes at the edge and outside of the basin are small [34].

According to Figure 7c, the overall variation characteristics of surface horizontal
stress are obvious. Near the edge of the mobile basin (within 100 m), the horizontal stress
changes significantly, and the horizontal stress changes slightly in the middle and outside
of the mobile basin. The maximum stress reaches 100 KPa, and the minimum stress is
about 77 KPa. Therefore, within a certain range of the surface, at the edge of the goaf,
the horizontal stress changes actively, and the phenomena of tension and compression
are obvious. The opening and closing movement of surface cracks in this area is obvious.
Combined with the change of vertical stress, it is easy to produce staggered cracks and
surface uplift. The stress change has obvious stratification phenomenon. The mining
activity of the lower coal seam has an impact on the upper goaf and its bedrock. The stress
increases due to the influence of lower coal seam mining.
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Figure 7. Characteristic analysis curve of surface movement and deformation. (a) Surface subsidence
characteristic curve; (b) Characteristic of surface vertical stress distribution curve; (c¢) Characteristic
of surface horizontal stress distribution curve.

5. Discussion
5.1. The Bedrock Failure Process and Characteristics of MCS

After each layer of coal is mined, a caving zone is formed. Then, the roof collapses
directly, forming a collapse zone. The rock blocks falling into the goaf are relatively broken,
and the particle size is small, which is mainly affected by the impact force of the mining.
The volume of the broken rock and soil mass of the roof becomes larger, due to the influence
of rock formation fragmentation. In the bedrock between different coal seams, when the
key stratum reaches the failure limit, it presents a cantilever beam structure to support the
broken rock layer above [20,35]. As the working face advances, a sudden brittle fracture
occurs when the cantilever beam exceeds the ultimate bearing capacity. As the height
increases, the filling space becomes narrow, and after the key layer above breaks down, an
ordered block structure is formed as shown in Figure 8. The blocks are discrete and stacked
on each other to form a masonry beam structure [12,36]. Therefore, the settlement of the
broken bedrock layer, composed of the collapse zone and “masonry beam”, needs many
years to be gradually compacted, and the surface of the goaf can reach a relatively stable
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state. The bedrock damage caused by MCS mining is more serious than that caused by
single seam mining, and the damage recovery time may be longer.
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Figure 8. Schematic of bedrock failure in mining of MCS.

The mining of SBMCS causes the damage state of bedrock and surface, which is
directly related to the mining geological conditions. In Northwest China, the coal seam is
thicker, and the bedrock is thinner. The surface of many coal mines is covered with thick
loose aeolian sand layer, and the bedrock is thin [11,30]. The destruction of bedrock and
surface caused by mining is more serious. However, the loose layer can repair the surface
damage automatically and slowly. There are few buildings on the surface, which is suitable
for mechanized high-intensity mining [37]. There are many differences between the multi
coal seam mining in the Qinshui coalfield and the MCS mining in the Shendong mining
area. Qinshui Coalfield does not have a thick loose layer on the surface, but it has thinner
Loess and Sand Gravel. Therefore, the self-healing ability of the surface is poor. As a result,
the failure characteristics and stress field distribution of the bedrock are different.

5.2. Impact of Water on Mining Safety

Underground mining engineering is a very dangerous thing if it is under the city or
underwater. The water body has a great impact on the mining of coal mine. The mining
causes the destruction of bedrock, and the crack is a good channel for the water body,
which poses a great threat to the mining face. The mining of shallowly buried multi coal
seams leads to bedrock collapse and relatively developed fractures, which leads to the
direct connection between the surface and the working face and forms a water diversion
channel. Surface water, groundwater, underground phreatic water, and other water bodies
are affected by bedrock fissures and feed into the mining face, resulting in a flood in the
working face.

The interaction between water body and coal rock mass is a complex physical and
chemical process. Chemical actions such as dissolution, hydration, dissolution, and
oxidation-reduction may occur between the water body and coal rock mass, which will not
only change the composition and structure of coal rock mass but also affect the mechanical
properties of coal rock mass [38] The infiltration of water into the rock and soil will also
change its physical properties. The water in the fractured rock mass will produce lubri-
cation at the fracture contact surface, reduce the friction resistance at the fracture surface,
enhance the shear stress effect, and induce the shear movement along the fracture surface.
Under the action of water softening and argillization, the filler in the fracture surface of
rock mass begins to develop from solid state to plastic state to liquid state with the increase
in water content, which reduces the mechanical properties of fractured rock mass, cohesion,
and friction angle [39]. At the same time, the surface water is fed into the goaf, so that
a large number of water bodies are stored in the goaf and overburden fractures, and the
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harmful substances in the goaf will also pollute the water bodies. For the research on the
influence of overburden on water, it is necessary to establish water monitoring (water level
monitoring, water quality monitoring, pore water pressure monitoring) and relevant tests
of various rock masses under different saturated water conditions. The research on the
coupling effect of water body and rock mass needs further research.

5.3. Numerical Simulation Method

In terms of numerical simulation, the CDEM algorithm has many advantages in the
process. The GDEM platform can organically combine the finite element and discrete
element, and it has a good effect on the numerical simulation of bedrock and surface
damage in coal mining. UEC software, based on the discrete element, and FLAC software,
based on the finite element, can simulate and analyze underground mining. However,
compared with the GDEM platform, based on the CDEM method, the GDEM platform
is closer to engineering practice, has more constitutive models, and the mining process
can be redeveloped. If there is a water-resisting layer in the goaf geological conditions,
corresponding measures shall be taken to protect the water resisting layer. In mining MCS,
attention should be paid to controlling the development height of bedrock fractures and
keeping the water resisting layer from being damaged. We can regard the aquifer as an
elastic template, build a balanced differential equation according to the theory of elastic
mechanics and elastic foundation, and solve the differential equation, according to the
relevant boundary conditions in the mining process. Furthermore, the mechanical analysis
and calculation of multiple water barriers can be realized.

6. Conclusions

Through the research of this paper, it is found that the bedrock and surface damage
caused by coal mining have strong regional characteristics. Different geological condi-
tions have different characteristics. Bedrock damage and fracture development, caused by
SBMCS mining, have regional characteristics. Different lithology, different water condi-
tions, different burial depths, mining thickness conditions, and method of mining are all
important factors affecting the failure characteristics of overlying rocks. The conclusions of
this paper are as follows:

(1) Affected by the repeated mining SBMCS, the bedrock is seriously damaged, and the
bedrock is broken above the edge of the goaf, forming collapse pits, step cracks, and
other failure forms. The weak rock stratum in the bedrock is affected by repeated
mining to form a broken rock stratum belt. Repeated mining leads to a gradient
change of bedrock subsidence. The settlement of mining 15# coal seam, and the
settlement of bedrock between 15# coal and 9# coal is small, about 3.5-4.0 m, while
the maximum settlement is 8.183 m on the ground.

(2) After the bedrock breaks, it forms a broken block, which overlaps with the coal seam
floor and surrounding rock to form a large suspended space. The size of the key
blocks is directly related to the thickness and strength of the rock stratum, as well
as the load on it. After discussion and analysis, the horizontal thrust between the
collapsed blocks of the overlying rock is related to the tensile strength and thickness of
the overlying rock. The cracks in the bedrock are relatively developed. The mining of
the lower coal seam leads to a large number of pores and cracks in the upper bedrock
and the collapsed rock mass in the goaf. The crack is connected with the surface,
which makes it easy to form sand and water burst accidents.

(38) The surface damage caused by SBMCS mining is more serious and complex. The
amount of surface subsidence has the superposition effect of surface subsidence
caused by repeated mining of MCS. The horizontal stress changes significantly along
the edge of the surface subsidence basin, which is prone to tensile and compressive
failure. The central part of the mobile basin is affected by repeated mining and
presents complex vertical stress changes. The maximum stress reaches 100 KPa, and
the minimum stress is about 77 KPa.
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(4) The CDEM algorithm has many advantages in the process of numerical simulation.
The GDEM platform can organically combine a finite element and a discrete element,
and it has a good effect on the numerical simulation of bedrock damage in coal mining.
In this study, it is necessary to further study and analyze the coupling effect between
water body and bedrock. The coupling mechanical model of water body and broken
rock mass is established to study the influence of the coupling model on the stress
and settlement of bedrock and surface.
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