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Abstract: When mining deep coal seams with thin bedrock and thick alluvium, the collapse and
fracture of thin bedrock layers may cause geological disasters, such as water inrush and sand inrush
of the mining face. Comprehensively obtaining the response data of coal mining and reasonably
analyzing the failure characteristics of overlying strata are helpful in guiding safe production. In
this study, the caving zone heights of overlying strata are obtained by field detection during layered
mining. Then, the caving zone heights during the once-full-height mining are evaluated by theoretical
analysis. Further, the force and failure characteristics of coal–rock structures under different mining
conditions are compared by the simulation detection and analysis. Finally, the results of on-site
observation, theoretical analysis, and simulation detection are compared and discussed, and an
optimized mining technology is proposed to ensure safe mining. The research shows the caving zone
heights of on-site and simulation detections are, respectively, 14.65 m and 13.5 m during bottom-layer
mining, which is larger than the caving zone heights of the top-layer coal mining. During once-full-
height mining, the maximum caving zone height of simulation detection is 21 m, which is in between
two standard results. For the mechanical responses of an aquiclude clay layer under thick loose
alluvium, the maximum disturbance displacement of clay aquiclude is 5.8 m during layered mining,
which is slightly larger than the disturbance displacement of once full-height mining; however, the
maximum stress of the clay layer is 25 MPa during once-full-height mining, which is larger than the
maximum stress of clay layer during layered mining. For the clay aquiclude failure, the clay layer
during layered mining is in the deflection deformation area, and there is no obvious fracture structure
to inrush the water and sand of thick loose alluvium; however, the clay layer during once-full-height
mining is prone to produce obvious fracture structure. Therefore, the layered mining technology can
effectively reduce and prevent the water/sand inrush disaster of mining working face.

Keywords: thin bedrock; thick alluvium; clay aquiclude; on-site detection; simulation

1. Introduction

A considerable part of proven coal reserves in the eastern and central mining areas
of China are under thick and loose geological conditions. During mining coal seams with
thick alluvium and thin bedrock, the failure development of overlying strata affects the
mechanical behavior of rock mass, thereby affecting the stability of overburden structures,
and the separated layers and fractures of overlying strata form the main water-inflow
channels of coal mining face. Mining practices show that thinner bedrock failure easily
generates geological disasters such as water inrush and sand burst, which pose a threat
to the safety production of coal mines [1]. Therefore, it is necessary to analyze the failure
evolution characteristics of thin bedrock and thick alluvium during coal mining.
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Roof strata failure is the main cause of water inrush and roof collapse accidents in
the mining face. Scholars have performed a lot of research on overlying strata caving and
fracture evolution during coal mining. Jira’nkova [2] studied the phenomenon of surface
subsidence during coal mining, proposed a method for evaluating the failure of rigid strata
overlying coal seams, and believed the characteristics of surface subsidence during mining
can be used to identify the failure of rigid overlying strata and to recognize risks in coal
mining engineering. Paul et al. [3] studied the stress caused by the coal mining process
and the internal stress distribution mode, which makes roof collapse more likely to occur
at the intersection of coal mine roadways, especially in the fine column mining method.
Liu et al. [4] divided the overburden rock failure into a caving zone, fracture zone, and
bending subsidence zone in the vertical direction. Song et al. [5] combined the elastic thin
plate and key layer theories to study the distribution characteristics of rock fractures under
mining influence, and believed that both side failures of the mining field were larger than
the middle failure of the mining field. Through the rock beam structure theory, Xu et al. [6]
studied the development of mining-induced fissures in overlying strata under water, and
believed that the fissure density near the open-off cut side was greater than that near the
stopping line side. Zingano and Andrade [7] studied roof failure and failure mechanism of
coal mining intersection through field investigation, geological exploration, and numerical
simulation analysis. Yi et al. [8] found that the height of the water-conducting fractured
zone will develop into a loose layer after mining a thick coal seam with thin bedrock, and
the overlying strata may only exist in two zones (caving zone and fractured zone) or one
belt (caving zone). Sun et al. [9] found that the number and adjacent spacing of overlying
strata would be greater when the overlying strata thickness was larger. Wang et al. [10]
considered that a subsidence basin would be formed on the interface between the bedrock
and loose layer as the rock arch structure was destroyed, and the upward propagation of
subsidence space caused the surface subsidence.

With the development of sensing technology, the deformation and failure characteris-
tics of overlying strata are investigated by on-site detection. Mishra et al. [11] developed a
measurement sensor using vibrating wire (VW), which can realize real-time monitoring of
geological conditions. The sensor is consistent with the measurement results of traditional
measurement units, which can avoid damage and underground coal mine accidents, and
has wide application potential. Bai et al. [12] determined mine damage and induced crack-
ing through drilling tests, and established an empirical relationship between the failure
zones in the vertical and horizontal directions. Zheng et al. [13] used the deep borehole
stress meters to evaluate the fracturing effect of the hard roof after the ultra-deep borehole
hydro-fracturing. Zhu et al. [14] used passive velocity tomography and acoustic emission to
study the internal microfractures and energy evolution of coal samples during true-triaxial
compression. Zhang et al. [15] used stress sensors to analyze the stress changes of the
goaf, the soft mold-filling body, and single pillars. Yang et al. [16] performed physical
modeling experiments to analyze the structural characteristics and stress field variation of
the overlying strata during multiple coal seam mining. Hu et al. [17] used the distributed
optical fiber sensor technology to monitor the roof strata movement, to grasp the movement
law of roof strata and make it serve for production. Mekhtiev et al. [18] introduced the new
method and new equipment of ground control, and put forward a simple design scheme
of optical fiber displacement sensor, which improved the ground control and the safety of
mining. By comparing the aperture of the spot, the geotechnical conditions of the roadway
are identified. Du et al. [19] used fiber Bragg grating (FBG) and distributed optical fiber
(BOTDA) methods to monitor the stability of mining overburden. With the development of
computer technology, simulation has also developed into an important research method
for coal seam mining with thick loose layers and thin bedrock [20]. Fang et al. [21] used
a UDEC simulation to study the law of overlying rock movement, and found that the
combination of thick clay layer and thin bedrock can form a stable structure. For the mining
of thick coal seams with ultra-thin bedrock and thick loose layers, Du et al. [22] studied the
breaking mechanism and the fracture development of the overlying rock, and found that
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there was no basic roof and key rock layer above the coal seam, and the stress arch was
formed in the advancing process of working face. Yang et al. [23] established a numerical
model to analyze the deformation and failure law of overlying strata during the mining
process, and proposed a calculation formula of the height of the water-conducting fractured
zone. Yu et al. [24] studied the law of surface movement and deformation under the mining
condition of a deep coal seam with thick loose layers and thin bedrock. The above refer-
ences systematically investigated the overlying rock failure and surface subsidence under
the once full-height mining technology. However, there are few studies on the influence of
different mining technologies on the aquiclude clay layer above the thin bedrock.

Generally, the separation and collapse characteristics of overlying strata can be ob-
served by the on-site sensor detection. However, due to the complexity of underground
mining, it is difficult to obtain comprehensive data by only using sensor and imaging
equipment. Currently, combining on-site detection, numerical simulation, and theoretical
analysis has become an effective means by which one can reasonably study the separa-
tion and collapse characteristics of overlying strata; moreover, the mechanical failure and
water conductivity properties of aquiclude clay layer can be also effectively analyzed.
Corresponding research results can guide and ensure mining safety.

This paper takes the deep coal seam with thin bedrock and thick alluvium as the
research background, the separation and collapse of overlying strata under the mining
disturbance are investigated, and the water/sand inrush disaster of the mining face is
evaluated. Concretely, the theoretical formulas and field detection are carried out to obtain
the collapse and fracture zone height under different mining technologies. Simulation
detection and analysis are used to investigate the force and failure characteristics of coal–
rock layers under different conditions (mining technologies and working face lengths).
Further, the mechanical responses of the clay layer above bedrock layers are emphatically
analyzed to evaluate the water-resisting and sand-resisting abilities. Finally, for different
study methods (on-site detection, theoretical analysis, and simulation), the response data
of coal mining under different mining technologies are compared and discussed, and an
optimized mining technology is proposed to ensure safe production.

2. On-Site Detection and Theoretical Analysis of Caving Zone Height
2.1. Engineering Background

For a mine, the buried depth of a mining coal seam is about 500 m, and the average
thickness of the coal seam is 6 m. The specific engineering conditions of the research
background are shown in Figure 1.
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Above the coal seam, the bedrock thickness is 30–36 m, and the thickness of the
aquiclude clay layer above the bedrock is about 5 m. The thick sand layer and gravel



Sensors 2024, 24, 1748 4 of 16

aquifer are above the clay layer. The layered mining method is adopted in the working
face of coal mine. As the upper layered coal seam is mined, the mining height is 3.5 m, the
inclined length of the working face is 195 m, and the mining advancing length is 437–476 m.
The ground elevation of the mining face is +81~+83 m, and the corresponding underground
elevation is −386~−454 m. The comprehensive mechanized longwall mining method is
adopted, and the caving method is used to deal with the goaf. As the bottom layered coal
is mined, and the mining height is 2.5 m, the inclined length of the working face is 176 m,
and the mining advancing length is 454–490 m.

2.2. The Field Detection of Caving Zone Height during the Top-Layer Coal Mining

For the top-layered coal mining, the 11,071 working face was the end of mining in
March 2012. The caving zone height of the roof strata was detected by ground drilling obser-
vation. The detected process and results are as follows: the arrangement scheme of drilling
structure is as follows: 0~11.99 m, aperture 311 mm, φ219 mm casing; 11.99~358.71 m, aper-
ture 215 mm, 358.71~500.20 m, aperture 190 mm, φ159 mm waterproof casing is 500.20 m;
the aperture of 500.20~547.35 m is 133 mm, which is a bare hole. Actual completion results
of drilling detection are shown in Table 1.

Table 1. The completion works of drilling and detection.

Final Hole
Depth/m

Seen Bedrock
Depth/m

Exposed Bedrock
Thickness/m

Logging
Depth/m

Drilling Hole
Inclination/◦

547.35 517.10 30.25 543.90 1

According to the ground drilling observation, the formula to calculate the caving zone
height [25] is:

Hk = H − M − H1 + W, (1)

where Hk is the collapse zone height, m; H is the vertical depth from the coal seam floor
to the orifice, m; M is the coal seam thickness at the drilling position, m; H1 is the vertical
depth from the caving zone top to the orifice, m; and W is the compression values of
fractured zone strata during drilling observation, m.

In the field measurement, the vertical depth from the coal seam floor to the orifice is
566.5 m, the coal seam thickness at the drilling position is 6.4 m, the vertical depth from the
caving zone top to the orifice is 547 m, the compression values of fractured zone strata are
taken as 0 m, according to the above formula, and the caving zone height is 13.1 m.

2.3. The Field Detection of Caving Zone Height during the Bottom-Layer Coal Mining

For bottom-layered coal mining, the 11,072 working face is located below the 11,071 work-
ing face, and two roadways of the 11,072 working face are arranged inside 10 m of upper
mining face roadways. The stopping position is the same, and the mining end is in April 2021.
To detect the caving zone height of roof strata after the bottom coal mining, underground
drilling detection is conducted, and the upward inclined boreholes are drilled in the roof strata
above the goaf, the ZKXG100 mine drilling imaging device is used to observe the boreholes,
as shown in Figure 2.

In this field detection, four boreholes were used to measure the roof caving zone
height. The observation results are shown in Table 2. From Table 2, after the bottom-layer
coal mining, the caving zone heights of roof strata are an average of 14.65 m.

Table 2. Borehole observation results.

Borehole
Number 1# Borehole 2# Borehole 3# Borehole 4# Borehole Average

Value

Caving zone
height 15.26 m 14.32 m 14.68 m 14.32 m 14.65 m
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2.4. Theoretical Value of Caving Zone Height during Once Full-Height Coal Mining

In China, the empirical formulas of caving zone height suitable for thick coal seam
mining have been summarized based on a large of field observations. In the standard for
coal pillar retention and coal mining in buildings, water, railways, and main roadways [26],
the empirical formula of caving zone height for the medium hard roof strata is

Hk =
100∑ M

4.7∑ M + 19
± 2.2, (2)

For the soft-weak roof strata, the empirical formula of caving zone height after coal
mining is

Hk =
100∑ M

6.2∑ M + 32
± 1.5, (3)

The roof strata of this study are between medium-hard and soft-weak strata, and
the coal thickness is 6 m. According to Equations (2) and (3), the caving zone height is
7.2–14.9 m.

In the evaluation standard for hydrogeological, engineering geological, and environ-
mental geological exploration of coal beds, the empirical formulas of caving zone height
suitable for thick coal seam mining are also put forward [27].

For the medium hard roof strata, the empirical formula of caving zone height after
coal mining is

Hk = (3 ∼ 4)∑ M, (4)

For the soft-weak roof strata, the caving zone height after coal mining is

Hk = (1 ∼ 2)∑ M, (5)

According to the above calculation of Equations (4) and (5), as the thickness of the coal
seam is 6 m, the caving zone height is 6–24 m.

3. Simulation Detection and Analysis of the Overlying Strata Failure
3.1. Simulation Method

In this paper, the continuous–discontinuous element method (CDEM) is used to study
the failure process of coal–rock strata [28]. CDEM couples with the finite element method
and discrete element method, and the numerical model is composed of block element and
contact element, as shown in Figure 3. The block model is composed of finite elements,
which can characterize the continuous mechanical responses such as elasticity, plasticity,
and damage. The contact elements are used in the block interfaces, which can characterize
the discontinuous characteristics such as fracture, slip, and collision of materials and
structures. Based on this, GDEM commercial software (1.0.30.1730) was developed by the
Institute of Mechanics, Chinese Academy of Sciences, which has been successfully applied
in mining and other projects.
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Based on the dynamic explicit incremental algorithm, the control equations of CDEM
are shown below:

[M]
{ ..

u
}
+ [C]

{ .
u
}
+ [K]{u} = {F}ext

{F}ext = {F}s + {F}t ,
(6)

where [M] is the node mass matrix; [C] is the node damping matrix; [K] is the node stiffness
matrix; {u} is the node displacement vector; {F}ext is the vector of external forces vector;
{F}s is the contact force; and {F}t is the external loading force.

The incremental method is used to calculate the stress and deformation of the block
element in the continuous calculation area:

{∆ξ}i = [B]i · {∆u}e
{∆σ}i = [D]i · {∆ξ}i
{∆σn}i =

{
σ0}

i + {∆σ}i
{Fd}e = ∑N

i=1 [B]i
T · {σn}i · ωi · Ji

, (7)

where [B]i, {∆ξ}i,{∆σ}i, ωi, and Ji are the node strain matrix, node incremental strain
vector, node incremental stress vector, integral coefficient, and Jacobian determinant value
of calculation element; {∆σn}i and

{
σ0}

i is the total stresses at the current and previous cal-
culation steps; [D]i, {∆u}e, {Fd}e are element elastic matrix, node incremental displacement
vector and node force vector; and N is number of Gaussian points.

An incremental method is also used to calculate the normal and tangential contact force
of the interface element in the discontinuous calculation area. The calculation formulas are:

Fn(t1)− Fn(t0) = Kn · Ac · ∆un
Fs(t1)− Fs(t0) = Ks · Ac · ∆us

}
, (8)

where Fn and Fs are the normal force and tangential force of contact elements, respectively;
kn and ks are the normal stiffness and tangential stiffness, respectively; Ac is the contact
element area; ∆un and ∆us are the normal relative displacement and the tangential relative
displacement, respectively.

In the simulation, the tensile failure criterion is used to calculate and corrected the
normal stress of contact element:

I f Fn(t1)− σ(t0)Ac ≥ 0
Then Fn(t1) = 0,

(9)

where σ(t0) is the tensile strength of coal–rock materials.
In the simulation, the Mohr–Coulomb criterion is used to calculate and correct the

tangential force of the interface contact element:

I f Fs(t1)− Fn(t1)× tanϕ − c(t0)Ac ≥ 0
Then Fs(t1) = Fn(t1)× tanϕ,

(10)

where ϕ is the internal friction angle of coal–rock materials; c(t0) is for the cohesion
strength of coal–rock materials, respectively; ∆us is for the relative displacement in the
tangential direction.
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3.2. Numerical Modeling and Parameters

According to the mining face parameters and geological conditions in this study, the
dip angle of the coal seam in simulation is 0◦. The bedrock thickness is 30 m, and the
thickness of the aquiclude clay layer above the bedrock is 5 m. The thickness of aquifer
alluvium above the clay layer is 50 m, and the uniform pressure of 10 × 106 Pa is applied
in the model top to simulate the geo-stress generated by about 400 m load layer. According
to the geological conditions, numerical models of coal mining are established, as shown in
Figure 4.

Figure 4. Numerical model of coal–rock layers.

Referring to the measured mechanical parameters of bedrock layers in the 18,060 min-
ing face according to the determination method of physical and mechanical properties of
coal and rock [29], the input mechanical parameters of coal–rock strata in the simulation
are shown in Table 3 [30].

Table 3. Coal and rock mechanics parameters.

Rock Strata Thickness
(m)

Density
(Kg/m3)

Elastic
Modulus (Pa)

Poisson’s
Ratio

Tensile
Strength (Pa)

Cohesion
(Pa)

Internal
Friction (◦)

loose layer 50 1700 1.34 × 109 0.42 1.30 × 105 1.00 × 105 30
clay layer 5 1700 1.34 × 109 0.42 1.30 × 105 1.00 × 105 30

sandy mudstone 5 2697 8.37 × 109 0.3 1.76 × 107 2.14 × 106 44
sandstone layer 1 2684 1.56 × 1010 0.3 2.65 × 107 3.77 × 106 44
mudstone layer 1 2740 9.11 × 109 0.3 1.54 × 107 1.59 × 106 44
sandstone layer 0.5 2684 1.56 × 1010 0.3 2.65 × 107 3.77 × 106 44
sandy mudstone 2 2697 8.37 × 109 0.3 1.76 × 107 2.14 × 106 44
sandstone layer 1 2684 1.56 × 1010 0.3 2.65 × 107 3.77 × 106 44
sandy mudstone 5 2697 8.37 × 109 0.3 1.76 × 107 2.14 × 106 44
medium-grained
sandstone layer 9 2684 1.56 × 1010 0.3 2.65 × 107 3.77 × 106 44

sandy mudstone 6 2697 8.37 × 109 0.3 1.76 × 107 2.14 × 106 44
mudstone layer 0.5 2740 9.11 × 109 0.3 1.54 × 107 1.59 × 106 44

coal seam 3.5 1426 2.80 × 109 0.32 9.50 × 106 2.60 × 106 30
sandy mudstone 20 2697 8.37 × 109 0.3 1.76 × 107 2.14 × 106 44

3.3. Numerical Simulation Schemes

Coal mining is a complex three-dimensional evolution process, this study decomposes
the complex process into two directions: the strike and inclined directions of the coal
seam, respectively [31–33]. In this study, with the continuous mining of coal seam, the
water-conducting fracture of the roof will evolve periodically along the advance direction of
the mining face. Therefore, a 2D numerical simulation in the strike direction of the working
face middle is carried out. Additionally, when the end structures of the mining face are
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destroyed, there will also be obvious separation and fracture structure above the roof strata,
which is prone to cause a water/sand inrush disaster of the mining face. Therefore, a 2D
simulation in the inclined direction of the mining face is carried out.

For two mining technologies (layered mining and once full-height mining), the frac-
ture, migration, and force characteristics of the coal–rock structure are compared, and
the expansion laws of water-flowing fractured zone in the overlying strata are analyzed.
Specifically, for the mining simulation of a coal seam strike, the mining length is 260 m, and
the step-by-step excavation and calculation balance strategies are adopted. For the mining
simulation in the inclined direction of a coal seam, the once-excavation and calculation
balance strategies are adopted. For the once-mining full-height technology, the mining
height of the coal seam is 6 m. In the layered mining simulation, the mining height of
the top coal seam is 3.5 m, and the mining height of the bottom coal seam is 2.5 m. To
study the influence of working face length in the inclined direction, the lengths of the top
slicing working face are 180 m, 200 m and 220 m, respectively. The bottom working face is
arranged inside 10 m of two ends of the top working face. The lengths are 160 m, 180 m
and 200 m, respectively.

4. Simulation Result Analysis under Different Mining Technologies

The characteristic change of the mining working face is mainly concentrated in the
initial pressure stage and periodic pressure stage. For the once-full-height mining, top slice
mining, and bottom slice mining technologies, this section analyzes the simulation results
of two-stage typical stope characteristic conditions.

4.1. Failure Characteristics of Overlying Strata in the Advancing Direction

When the working face advances 80 m, the first roof pressure of the mining face occurs.
In this stage, the rock structure characteristics under different mining technologies are
shown in Figure 5.
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From Figure 5a, under once mining full-height technology, the bedrock strata (layer 3–layer 7)
above the coal seam generate the overall collapse and instability, and the collapse zone height
is about 21 m. Above 30 m thick bedrock layers, the clay aquiclude (layer 8) produces obvious
water-conducting fracture structures. From Figure 5b, during top-layered coal mining, the bedrock
layers above the coal seam also produce an overall collapse and instability. The collapse zone
develops to the medium-grained sandstone (layer 4), and the collapse zone height is about 12 m.
The sandy mudstone (layer 7) beneath the clay aquiclude produces the separation phenomenon.
However, above 30 m thick bedrock layers, clay aquiclude (layer 8) is in the deflection deformation
area, and there is no obvious water-flowing fracture structure. From Figure 5c, during bottom
layered mining, the loose rock structures in goaf are further compacted, and the caving zone
develops to the top of medium sandstone (layer 4), and the caving zone height is about 13.5 m.
Above the goaf and near the open-off cut position, the sandy mudstone (layer 7) below the clay
aquiclude has an obvious separation phenomenon. However, the clay aquiclude (layer 8) is still in
the deflection deformation area, and there is no obvious water-conducting fracture structure.

After the advancing distance of the coal mining face exceeds 220 m, the coal mining
enters the normal mining stage of periodic pressure appearance. In this stage, the coal-rock
structure characteristics are shown in Figure 6.
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From Figure 6a, near the mining face, the rock layer with 13 m thickness is located
in the caving zone under once full-height mining technology. Above the caving zone,
the coal–rock layer presents the overlapping rock beam structure. Above the rock beam
structure, rock layers are in the bending subsidence zone, and the clay aquiclude at 30 m
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above the coal seam has no water-conducting cracks. From Figure 6b, during the top
layered mining, about 10 m thick strata above the coal seam are in the caving zone. Above
the caving zone, the rock layers are in the deflection deformation zone, and there is no
obvious crack in the clay layer. From Figure 6c, during the bottom layer mining, the goaf
coal–rock structures near the working face are further compacted, the caving zone height
develops to 12 m, and there is also no obvious fracture structure in clay aquiclude.

4.2. Failure Characteristics of Overlying Strata in the Inclination Direction

To explore and evaluate the failure and water-conducting characteristics of overlying
strata in the mining face ends, the failure characteristics of overlying rock layers in the
inclination direction of the mining face are analyzed under different mining technologies
and working face lengths.

From Section 4.1, after the advance distance of the mining face exceeds 220 m, the coal
mining enters the periodic pressure appearance stage. In this stage, the overlying strata
structure characteristics under different mining technologies are shown in Figure 7.

Figure 7. Coal–rock structure characteristics in the inclination direction.

From Figure 7, the overlying rock structures in the middle of different length mining
faces are in relatively compacted states; however, there are obvious separations at mining
face ends due to the collapse of rock strata. Near two ends of the working face with
different lengths, the lower rock layers present a cantilever rock beam structure, and the
upper rock layers form a lap rock beam structure. Concretely, from Figure 7a, under once-
full-height mining technology, the obvious separation of the caving zone occurs near the
mining face ends, the separation height is about 2.3 m, and the rock layers above the caving
zone are in the fracture development zone. Above 30 m thick bedrock, the clay aquiclude
(layer 8) produces a certain degree of water-flowing fracture. After mining the coal seam
(layer 2) of 180 m length working face, the clay layer produces a relatively weaker rupture
and separation phenomenon; however, the clay aquiclude produces obvious fracture and
separation after mining the coal seam of 200 m and 220 m length working faces. From
Figure 7b, under stratified mining technology, the rock layers above the coal seam near
working face ends are prone to present the lap rock beam structures. The obvious separation
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of the caving zone also occurs near mining face ends; however, the maximum separation
height is only 1.2 m.

4.3. Mechanical Characteristics of Clay Aquiclude in the Advancing Direction

To further analyze the influences of mining disturbance on the water-resisting and
sand-resisting abilities of the clay layer, the mechanical characteristics of clay aquiclude
(layer 8) above the bedrock are explored and evaluated. The mechanical response charac-
teristics of the clay layer above bedrock are shown in Figure 8.

Figure 8. Mechanical characteristics of clay aquiclude in the advancing direction.

From Figure 8a, after coal seam mining, the average settlement displacement of clay
aquiclude (layer 8) under once-full-height mining technology is about 3 m, and the average
settlement displacement of clay aquiclude (layer 8) is about 2.3 m under top-slicing mining
technology. However, under bottom-slicing mining technology, the average settlement
displacement of clay aquiclude is about 4.5 m. From Figure 8b and 8c, above the goaf, the
vertical stress and horizontal stress at different positions of clay aquiclude show irregular
fluctuation distributions. At different positions of stress curves of clay aquiclude, the stress
fluctuation degree in once-full-height mining technology is greater than that of top-layer
mining technology, and is slightly greater than that of bottom-layer mining technology.
More specifically, from Figure 8b, after coal seam mining, the maximum value of vertical
stress curves in clay aquiclude (layer 8) is about 26 MPa under once-full-height mining
technology, the maximum value of vertical stress curves in clay aquiclude is about 20 MPa
under top-layer mining technology, and the maximum value of vertical stress curves in
clay aquiclude is about 18 MPa under bottom layer mining technology. From Figure 8c,
the maximum horizontal stress at different positions of clay aquiclude (layer 8) is about
16.3 MPa under once-full-height mining technology, the maximum horizontal stress of
clay aquiclude is about 12.1 MPa under top-layer mining technology, and the maximum
horizontal stress of clay aquiclude is about 10.2 MPa under bottom layer mining technology.

4.4. Mechanical Characteristics of Clay Aquiclude in the Inclination Direction

For different working face lengths and mining technologies, in the inclination direction
of the working face, the mechanical response characteristics of water-resisting and sand-
resisting clay layer above 30 m thick bedrock are shown in Figure 9.

From Figure 9, under different mining technologies, the settlement displacement
changes at different positions of clay aquiclude (layer 8) are as follows: the displacement of
the clay layer near two ends of the mining face increases rapidly from the coal side to the
goaf side, and remains stable in the middle area of goaf. The vertical displacement (3.5 m)
of the clay layer during the top stratified mining is smaller than the vertical displacement
(about 5.8 m) of the clay layer during the bottom stratified mining. Generally, the total
vertical displacement of clay layer stratified mining technology is slightly larger than the
vertical displacement (about 5.7 m) of once-mining full-height technology. However, there
is no obvious influence on the settlement displacements of clay layers under different
working face lengths. Further, the vertical stress variation at different positions of the clay
layer is as follows: near both ends of mining face, the vertical stresses of clay layer are
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entirely larger than those of other positions under different working face lengths. With
an increase in working face length, the vertical stresses of the clay layer near both ends of
the mining face increase from 18 MPa to 20 MPa. For the middle of the 200 m mining face,
the maximum vertical stresses (2.3 MPa) of the clay layer under once-mining full-height
technology are greater than those (1.6 MPa) of bottom-layered coal mining, which are
greater than those (1.0 MPa) of top-layered coal mining.
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5. Discussion on Results of Different Research Methods

In this section, the empirical formulas, ground drilling, underground drilling and
simulation detections are compared to analyze the caving zone heights of roof strata under
different mining technologies. The obtained results are shown in Table 4. During once-
full-height mining, the caving zone height of roof strata in simulation is in between the
caving zone heights of two formulas in standard; during the layered mining, the caving
zone heights of roof strata in the field detection are close to the caving zone heights of
simulation detection. Those confirm the rationality of the research results.

Table 4. Caving zone height comparison of different test methods and mining technologies.

Adopted Method Mining Technology Mining Height/m Maximum Caving
Zone Height/m

On-site detection
Top-layer mining 3.40 13.1

Bottom-layer mining 5.80 14.65

Simulation detection
Top-layer mining 2.50 12

Bottom-layer mining 3.50 13.5

Simulation detection Once full-height mining 6.00 21

Formulas in standard Once full-height mining 6.00 14.9~24.0

From Section 4.1, in the initial pressure appearance stage of the mining face, the
collapse zone height of overlying strata is about 21 m during once-full-height mining. For
the layered mining technology, the collapse zone height is about 12 m during top-layer
mining, the collapse zone height is about 13.5 m during bottom-layer mining. In the
mining stage of periodic pressure appearance, the caving zone near the mining face side
is only 13m during once-full-height mining, the caving zone height is about 10 m during
the top layered mining, and the caving zone height develops to 12 m during the bottom
layer mining. Therefore, the caving zone heights of overlying strata in the initial pressure
appearance stage are larger than the mining stage of periodic pressure appearance. In the
initial pressure appearance stage, the collapse zone height during once full-height mining
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is larger than the layered mining technology. However, in the mining stage of periodic
pressure appearance, the collapse zone height during once full-height mining is slightly
larger than the layered mining technology.

For the mechanical failure characteristics of clay aquiclude, the simulation detection
results of advancing direction can represent the mechanical failure properties of the mining
face middle. From Section 4.3, the average settlement displacement (3 m) of clay aquiclude
during once full-height mining is smaller than the average settlement displacement (4.5 m)
during the layered mining, which indicates the compacted degree of goaf rock structures
during stratified mining is larger than that of once full-height mining. Moreover, the
maximum vertical stress (26 MPa) of clay aquiclude during once full-height mining is larger
than that (20 MPa) of layered mining, and the maximum horizontal stress (16.3 MPa) of
clay aquiclude during once full-height mining is larger than that (12.1 MPa) of layered
mining, which indicates the failure possibility of clay aquiclude during once-full-height
mining is larger than that of stratified mining.

The simulation detection results of inclination direction can represent the mechanical
failure properties of the mining face ends. From Sections 4.2 and 4.4, the obvious separation
of the caving zone occurs near two ends of the mining face, which is obviously larger than
the mining face middle. The separation height during once-full-height mining (2.3 m) is
larger than the separation height (1.2 m) during stratified mining. Moreover, the vertical
displacement (5.8 m) of the clay layer during the stratified mining is slightly larger than the
vertical displacement (5.7 m) during once-full-height mining. This indicates the mining
face ends during once-full-height mining is more prone to produce the water inrush and
sand inrush disaster of the mining face.

For the mechanical response of clay aquiclude above the thin bedrock and below
the thick alluvium, due to the consolidation and compression deformation of alluvium
itself, the thick alluvium forms a load on the bedrock layers during the mining process,
thus aggravating the mining subsidence [34,35]. Under the large structural difference
between bedrock and alluvium layers, the space disturbance of stratified mining is smaller
than once-full-height mining, and the compacted degree of overlying rock is larger than
that of once-mining full-height technology. Therefore, the settlement displacements of
clay aquiclude during stratified mining are smaller than that of once-full-height mining
technology. Because the mining disturbance of once-mining full-height technology is larger
than that of layered mining technology, the maximum force of clay aquiclude during
once-full-height mining is larger than that of layered mining technology, which more easily
generates the fracture structure to inrush the water and sand of thick alluvium.

As the length of the mining working face is larger, the mining disturbance is larger,
and the bedrock failure above the coal seam is more severe, so the vertical stresses of the
clay layer near the mining face end increase from 18 MPa to 20 MPa with the increasing
of the working face length. A large mining disturbance also easily generates more rock
fracture, fissure, and separation of bedrock layer, which easily leads to the failure of clay
aquiclude and form flowing-water channels. However, the influence of working face
lengths on the settlement displacements of the clay layer is not obvious. Therefore, the
influence of working face length on the water inrush and sand inrush disaster is larger than
the influence of mining technology.

As a summary, the caving zone heights of roof strata under the layered mining
technology are smaller than those of once-full-height mining, the coal–rock structures
above the mining face are further compacted during stratified mining, so the rupture and
separation phenomenon of bedrock layers are weaker than the once-full-height mining.
Compared to once-full-height mining, the clay layer above 30 m thick bedrock is in the
bending subsidence zone during stratified mining, there is no obvious water-flowing
fractured zone near the two ends of the mining face.

As a result, the rupture and separation phenomenon of clay aquiclude above 30 m
thick bedrock under the layered mining is weaker than those of once-full-height mining.
Therefore, for coal seam mining in the thick loose layer and thin bedrock conditions, the
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layered mining technology can effectively reduce and prevent geological disasters such as
water inrush and sand inrush of the mining face with different lengths.

6. Conclusions, Limitations, and Future Scope

To guarantee the safety mining of the coal seam in the thick loose layer and thin
bedrock geological conditions, the separation and collapse of overlying strata under the
mining disturbance are investigated by on-site observation, theoretical analysis, and simu-
lation detection. The failure characteristics and mechanical response of the clay layer are
used to evaluate the water-resisting and sand-resisting performance of the mining face.
Some main conclusions can be drawn:

1. During once-full-height mining, the caving zone height of simulation detection is
21 m, which is in between the results (14.9 m and 24 m) of the two standards. The
caving zone heights of on-site detection are 13.1 m and 14.65 m during the top-layer
mining and bottom-layer mining. The caving zone heights of simulation detection
are 12 m and 13.5 m during the top-layer mining and bottom-layer mining. Generally,
the obtained caving zone heights of roof strata using three research methods are
consistent to a certain degree, which confirms the rationality of the research results in
this paper.

2. In the initial pressure appearance stage of the mining face, the maximum collapse
zone height of overlying strata is about 21 m during once-full-height mining, and the
collapse zone height is 13.5 m during layered mining. In the normal mining stage of
periodic pressure appearance, the maximum caving zone near the mining face side
is only 13 m during once-full-height mining, and the caving zone height develops
to 12 m during the layered mining. Therefore, the caving zone heights of the initial
mining stage are larger than the normal mining stage, and the collapse zone height
during once-full-height mining is larger than the layered mining technology.

3. The maximum settlement displacement (5.8 m) of clay aquiclude during layered
mining is slightly larger than that (5.7 m) of once full-height mining; however, the
maximum stress (25 MPa) of clay layer during once full-height mining is greater than
that (20 MPa) of layered mining. Therefore, the clay aquiclude during layered mining
is prone to in the deflection deformation area, and there is no obvious water/sand
inrush fracture structure. This indicates the failure possibility of clay aquiclude during
once-full-height mining is larger than that of stratified mining.

4. For the influence of working face lengths, the separation and failure of overlying strata
near mining face ends are larger than the mining face middle, the mining face ends
are more prone to produce the water inrush and sand inrush disaster. The separation
height during once-full-height mining (2.3 m) is larger than the separation height
(1.2 m) during stratified mining. The vertical stresses of the clay layer near mining
face ends increase from 18 MPa to 20 MPa with the increasing in working face length.
However, the influence of working face lengths on the settlement displacements of
the clay layer is not obvious.

5. Under once-full-height mining technology, the rock structures above the coal seam
are prone to overall collapse and instability, and the clay layer above the bedrock
easily produces obvious fracture structures. Under the stratified mining technology,
the loose rock structure in the goaf is further compacted, the clay layer is in the de-
flection deformation, and there is no obvious fracture structure for water flowing and
sand inrush. Therefore, for coal seam mining in thick loose layer and thin bedrock
conditions, the stratified mining technology can effectively reduce and prevent geo-
logical disasters such as water inrush and sand inrush in the mining process of the
working face.

6. In this study, to prevent the water/sand inrush disaster of mining working face, the
influences of two mining technologies on the roof strata are investigated, and the
caving zone heights of overlying strata are obtained by field detection, theoretical
analysis, and simulation. Further, the deformation and failure of clay aquiclude
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are analyzed. Based on this, the possibility of water/sand inrush to the mining
face is evaluated through the fracture structures of bedrock and clay layers, and an
optimized mining technology is proposed to prevent the water/sand inrush disaster
of the mining working face. This research can provide a guidance to ensure the mining
safety. However, in the current study, the deformation and failure of clay aquiclude
are only analyzed by simulation detection, the investigation results need to be certified
by the engineering practice. Therefore, the investigation using advanced sensors to
detect the mechanical characteristics of the clay layer still needs to be carried out. In
the current paper, only the influences of two mining technologies on the clay layer
failure are studied under specific geological conditions; therefore, the influences of
more conditional changes also need to be investigated in the future.

Author Contributions: Conceptualization, Q.Z., K.D. and R.Y.; formal analysis, Q.Z., J.G., X.L. and
K.D.; investigation, Q.Z., J.G. and X.L.; writing—original draft, Q.Z., J.G., X.L., K.D. and R.Y.; formal
analysis, Q.Z., J.G., X.L. and K.D.; Data curation, X.L. and K.D.; writing—review and editing, R.Y.
and D.W.; funding acquisition, R.Y. and D.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by National Natural Science Foundation of China (No. 52174109);
Program for Innovative Research Team (in Science and Technology) in University of He-nan Province
(No. 22IRTSTHN005); and Key Research Project of institutions of Higher Education in Henan Province
(No. 24A580001).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: No conflicts of interest exist in the submission of this manuscript, and the
manuscript has been approved by all authors for publication. The authors declare that the work
described is original research that has not been published previously and is not under consideration
for publication elsewhere, in whole or in part.

References
1. Guan, W.H.; Wang, C.S.; Wang, S.L.; Zhu, K.; Dong, G. Inrush-accidents-oriented graphic method to identify the sources of

water-inrush from coal-seam roof strata. J. Min. Saf. Eng. 2017, 34, 108.
2. Jiránková, E. Utilisation of surface subsidence measurements in assessing failures of rigid strata overlying extracted coal seams.

Int. J. Rock Mech. Min. Sci. 2012, 53, 111–119. [CrossRef]
3. Paul, A.; Murthy, V.M.S.R.; Prakash, A. Estimation of rock load for junctions based on roof failure cases for safe mining operation.

Arab. J. Geosci. 2020, 13, 1069. [CrossRef]
4. Liu, T.Q. Influence of mining activities on mine rockmass and control engineering. J. China Coal Soc. 1995, 32, A275.
5. Song, Y.J.; Cheng, G.Q.; Guo, W.J. Study of distribution of overlying strata fissures and its porosity characteristics. Rock Soil Mech.

2011, 32, 533–536.
6. Xu, G.S.; Li, H.J.; Guan, J.F. Laws of Overburden Strata Rupture and Fissure Evolution during Mining under Water Body. Safety in

Coal Mines 2018, 4, 011.
7. Zingano, A.C.; Andrade, M. Analysis of Roof Failure at the Intersections on a Coal Mining. J. Miner. Mater. Charact. Eng. 2021,

9, 499–511. [CrossRef]
8. Yi, S.H.; Zhu, W.; Liu, D.M. Study on the Failure Law of Overburden with Thin Bedrock and Thick Unconsolidated Layers. Coal

Eng. 2019, 51, 86–91.
9. Sun, J.Z.; Li, S.J.; Wang, H.S.; Hu, Y.S.; Sun, H. Experimental study on the mechanism of thin-layered compound roof. J. Min. Saf.

Eng. 2011, 28, 571–575.
10. Wang, J.Z.; Li, Y.S.; Zhou, X.; Wu, L.X.; Wei, S.H. Ground movement caused by mining under thick alluvium. J. China Coal Soc.

1997, 22, 20–23.
11. Mishra, P.K.; Pratik; Kumar, M.; Kumar, S.; Mandal, P.K. Wireless Real-Time Sensing Platform Using Vibrating Wire-Based

Geotechnical Sensor for Underground. Coal Mines. Sens. Actuators A 2018, 269, 212–217. [CrossRef]
12. Mao, B.; Elsworth, D. Some aspects of mining under aquifers in China. Min. Sci. Technol. 1990, 10, 81–91.
13. Zheng, J.; Ju, W.; Sun, X.; Jiang, P.; Zheng, Y.; Ma, Z.; Zhu, L. Analysis of Hydro-Fracturing Technique Using Ultra-Deep Boreholes

for Coal Mining with Hard Roofs: A Case Study. Min. Metall. Explor. 2020, 38, 471–484. [CrossRef]
14. Zhu, G.-A.; Dou, L.-M.; Wang, C.-B.; Ding, Z.-W.; Feng, Z.-J.; Xue, F. Experimental study of rock burst in coal samples under

overstress and true-triaxial unloading through passive velocity tomography. Saf. Sci. 2019, 117, 388–403. [CrossRef]
15. Zhang, G.; Li, Q.; Zhang, Y.; Du, F. Failure characteristics of roof in working face end based on stress evolution of goaf. Geomech.

Geophys. Geo-Energy Geo-Resour. 2021, 7, 53. [CrossRef]

https://doi.org/10.1016/j.ijrmms.2012.05.007
https://doi.org/10.1007/s12517-020-06045-8
https://doi.org/10.4236/jmmce.2021.95033
https://doi.org/10.1016/j.sna.2017.11.036
https://doi.org/10.1007/s42461-020-00334-2
https://doi.org/10.1016/j.ssci.2019.04.012
https://doi.org/10.1007/s40948-021-00252-7


Sensors 2024, 24, 1748 16 of 16

16. Yang, Y.; Li, Y.; Wang, L.; Wu, Y. On strata damage and stress disturbance induced by coal mining based on physical similarity
simulation experiments. Sci. Rep. 2023, 13, 15458. [CrossRef] [PubMed]

17. Hu, T.; Hou, G.; Li, Z. The Field Monitoring Experiment of the Roof Strata Movement in Coal Mining Based on DFOS. Sensors
2020, 20, 1318. [CrossRef] [PubMed]

18. Mekhtiev, A.D.; Sarsikeev, E.Z.; Neshina, E.G.; Al’kina, A.D.; Musagazhinov, M.Z. A Quasi-Distributed Fiber-Optical Monitoring
System for Movement of Roof Strata in Mines. J. Min. Sci. 2022, 58, 338–346. [CrossRef]

19. Du, W.; Chai, J.; Zhang, D.; Lei, W. The study of water-resistant key strata stability detected by optic fiber sensing in shallow-buried
coal seam. Int. J. Rock Mech. Min. Sci. 2021, 141, 104604. [CrossRef]

20. Chen, X.X.; Xie, W.B.; Jing, S.G.; Wei, W.Z. Determination of Mechanics Parameters of Mining Induced Rock Mass for Numerical
Simulation. J. Min. Saf. Eng. 2006, 23, 341–345.

21. Fang, X.Q.; Huang, H.F.; Jin, T.; Bai, J. Movement rules of overlying strata around longwall mining in thin bedrock with thick
surface soil. Chin. J. Rock Mech. Eng. 2008, 27, 2700–2706.

22. Du, F.; Bai, H.B. Mechanism research of overlying strata activity with fully mechanized caving in thin bedrock with thick alluvium.
J. China Coal Soc. 2012, 37, 1105–1110.

23. Yang, D.M.; Guo, W.B.; Tan, Y.; Bai, R.H. On the fully mechanized cave-in mining safety under the condition of the thin overlain
bedrock by the thick alluvium. J. Saf. Environ. 2018, 18, 129–134.

24. Yu, F.; Liu, F.; Wen, X.L. Study on Surface Movement Characteristics of Strip Mining in Thin Bedrock and Thick Loose Layer at
Great Depth. Coal Technol. 2019, 38, 4–6.

25. Xu, Y.C.; Li, Z.H.; Jia, A.L. Site Measurement and Analysis on Failure Height of Overburden Strata Under Thick Loose Alluvium
and Thin Bedrock. Coal Sci. Technol. 2010, 38, 21–23.

26. State Administration of Work Safety; State Administration of Coal Mine Safety; State Energy Administration; State Railway
Administration. Buildings, Water Bodies, Railways and Main Roadway Coal Pillar Setting and Coal Mining Regulations; Coal Industry
Press: Beijing, China, 2017.

27. MT/T 1091-2008; Evaluation Standard for Hydrogeological, Engineering Geological and Environmental Geological Exploration of
Coal Deposits. State Administration of Work Safety: Beijing, China, 2008.

28. Zhang, Q.L.; Zhi, Z.H.; Feng, C.; Cai, Y.C.; Pang, G.; Yue, J. Investigation of concrete pavement cracking under multi-head impact
loading via the continuum-discontinuum element method. Int. J. Impact Eng. 2020, 135, 103410. [CrossRef]

29. MT 38-1987; General Provisions for Sampling for the Determination of Physical and Mechanical Properties of Coal and Rock.
State Administration of Work Safety: Beijing, China, 1987.

30. Xu, Y.C.; Gu, W.Z.; Gao, X.C.; Lv, B. Study of mining influence on floor limestone aquifers in Zhaogu No. 1 mine. Coal Eng. 2016,
48, 91–94.

31. Zhang, Q.L.; Yue, J.Z.; Liu, C.; Feng, C.; Li, H. Study of automated top-coal caving in extra-thick coal seams using the continuum-
discontinuum element method. Int. J. Rock Mech. Min. Sci. 2019, 122, 104033. [CrossRef]

32. Vakili, A.; Hebblewhite, B.K. A new cavability assessment criterion for Longwall Top Coal Caving. Int. J. Rock Mech. Min. Sci.
2010, 47, 1317–1329. [CrossRef]

33. Shivakumar, K.; Raj, D.; Luke, M.; Paul, W.C. Application of a mesh-free continuum method for simulation of rock caving
processes. Int. J. Rock Mech. Min. Sci. 2011, 48, 703–711.

34. Wang, N.G.; Zhu, S.T.; Wang, H.T. Connected effect between surface subsidence and rock burst in fully mechanized caving face
under deep alluvium. J. Min. Saf. Eng. 2016, 33, 214–219.

35. Zhang, X.N.; Wang, L. Study on Mining Subsidence Law of Coal Seam with Extra-Thick Loose-Bed Thin Bedrock by Measurement; Mining
Safety & Environmental Protection: Chongqing, China, 2015.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41598-023-42148-4
https://www.ncbi.nlm.nih.gov/pubmed/37726312
https://doi.org/10.3390/s20051318
https://www.ncbi.nlm.nih.gov/pubmed/32121274
https://doi.org/10.1134/S1062739122020168
https://doi.org/10.1016/j.ijrmms.2020.104604
https://doi.org/10.1016/j.ijimpeng.2019.103410
https://doi.org/10.1016/j.ijrmms.2019.04.019
https://doi.org/10.1016/j.ijrmms.2010.08.010

	Introduction 
	On-Site Detection and Theoretical Analysis of Caving Zone Height 
	Engineering Background 
	The Field Detection of Caving Zone Height during the Top-Layer Coal Mining 
	The Field Detection of Caving Zone Height during the Bottom-Layer Coal Mining 
	Theoretical Value of Caving Zone Height during Once Full-Height Coal Mining 

	Simulation Detection and Analysis of the Overlying Strata Failure 
	Simulation Method 
	Numerical Modeling and Parameters 
	Numerical Simulation Schemes 

	Simulation Result Analysis under Different Mining Technologies 
	Failure Characteristics of Overlying Strata in the Advancing Direction 
	Failure Characteristics of Overlying Strata in the Inclination Direction 
	Mechanical Characteristics of Clay Aquiclude in the Advancing Direction 
	Mechanical Characteristics of Clay Aquiclude in the Inclination Direction 

	Discussion on Results of Different Research Methods 
	Conclusions, Limitations, and Future Scope 
	References

