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Deep faults significantly impact the structural stabilities and deformation
behaviors of their overburden rocks, which are key factors in underground
engineering and geological hazard research. Considering the problem of deep-
fault-overburdened breaking during mining of super-thick coal seams and
taking the Yaogiao Coal Mine as the research object, the mining fracture
evolution characteristics and overburden displacement law of the non-
structured and fault-bearing overburden corresponding to fully mechanized
caving mining are compared and analyzed using numerical simulations and
physical similarity simulations. The results of this study show the following: 1)
The fracture height of the overlying rock presents a specific change law with
advancement of the working face; the initial rapid increase to a maximum
height of 74 m is achieved when the working face advances to 90 m; with
the development of the plastic zone indicating past yield, the fracture height
decreases to 54 m and becomes stable, and the final caving angle of the
fracture stabilizes at 70°. 2) In coal mining under normal fault conditions,
when the working face advances from the upper to lower walls, the roof
forms a masonry beam structure that slows down fault activation and crack
development. When moving away from the fault, the overburden movements
and water-conducting cracks are fewer, and the crack height is lower than that
without faults. When approaching the fault, the influence of the faults in the
fracture zone increases, and the height of fracture development reaches the
maximum value after crossing the fault, highlighting the significant influence
of the fault on fracture development. 3) Through a similarity simulation test,
it is shown that the overburden caving zone is further compacted by the
overburden rock and that the roof collapses in a large range, resulting in rapid
upward development of the overburden rock cracks and separation of the
central overburden rock cracks that are gradually compacted and closed. These
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findings are expected to have important theoretical and practical significance
for deep underground engineering design, geological disaster prevention, and
fault activity monitoring.
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simulation

1 Introduction

With the exploitation of large quantities of coal resources,
shallow coal resources seem to have been exhausted gradually,
such that the current coal mining situation in China has shifted
from shallow to deep mining (Wangetal,, 2023a; Zheng et al,
2024a; Yongjiang et al., 2024). During actual coal mining, the
balance of the space material environment of the underground
system is destroyed, which may lead to various geological
disasters (Weietal., 2023; Zhengetal., 2024b; Pengshuai et al.,
2024). The overall safety of coal mine production is also greatly
threatened by water damage (Wangetal., 2023b; Wangetal,
2023¢; Xueetal, 2024). In modern coal mine engineering, the
stability of the working face is key to ensuring safe and efficient
mining (Lietal,, 2023; Zhengetal,, 2023; Junetal, 2024). The
Yaogiao Coal Mine is located in a complex geological environment,
and its unique water-rich faults pose significant challenges to
mine safety. In particular, under the influence of faults, the
evolution law of the water-conducting fissures in the overlying
rock of the working face has become an urgent problem to
be solved.

Water conductivity is one of the most concerning features
of overburden fractures. Zhangetal. (2022) considered the
boundary faults of the mining area and concluded through
comprehensive analyses that fault spacing and positive sectional
pressure are the main factors affecting the sealing property. Wang
and Wang (2021) studied crack development in the protected
layer using field measurements, analyzed the crack evolution
and permeability characteristics of the protected layer during
mining, and concluded that the pressure relief amplitude and
expansion rate of the protected layer would increase after mining.
The height and shape of the water-conducting fracture zone,
various factors affecting its development, and various models
for predicting such factors have also been the focus of research
for many scholars. Some scholars (Cai et al., 2024; Zheng et al.,
2024c; Tengetal, 2024) have determined through research
that the final shape of the water-conducting fissure belt is
“saddle shaped” Guobiao et al. (2021) used numerical simulation,
theoretical analysis, and engineering analogy to study the water-
guiding fracture zone of the rock overlying the working face of
large mining height and proposed that the shape of the water-
guiding fracture zone was of the “ladder” type, with the mining
height and advancing speed being the main factors affecting
the height of the water-guiding fracture zone. Shao and Yu
(2018), Chenetal. (2021), and Zhangetal, 2013 established a
prediction model for the height of the water-conduction fracture
zone to provide a research reference for other water-conduction
fracture zones under similar conditions. Compared to theoretical
analyses and numerical simulations, actual measurements may
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be the most direct and accurate method of studying overburden
fractures.

In recent years, scholars have mainly used theoretical analyses,
numerical simulations, and similarity simulation tests to analyze
the evolution law of mining overlay fractures and reported
many phased achievements (Cheng et al., 2016; Kong et al., 2018;
Zhang et al,, 2020). Xingliang and Qingxiang (2022) studied
the development characteristics of water-conducting fractures in
underwater coal mining bodies by combining deformation analysis
with numerical simulations; they reported that soft rock in the
overlying rock layer with a certain thickness could inhibit the
upward development of water-conducting fracture zones. Jialin
and Minggao (2004) revealed the two-stage development law
of mining fracture development in overburden rock and the
distribution characteristics of the “O” ring. Zhiliang et al. (2017)
discussed the roles of the key layers in the distribution of the
fracture network and reported that open fractures and separation
fractures will eventually penetrate each other in the mining
process, forming an elliptical scattering zone distribution in the
overlying rock. Zhaoetal. (2021) established the relationship
between the fractal dimension of the overburden fractures and
energy dissipated using experimental and numerical simulations.
Based on the complexity and disorder of the cracks, Heping et al.
(1999) used geometric fractal theory to study mining-induced
fractures in the overlying rocks, and their results show that mining-
induced fractures have self-similarity and fractal characteristics.
Zhang et al. (2001) used discrete element software and noted that
the fractal dimension is an important parameter for describing the
fractal law of mining-induced rock fracture network. Wang et al.
(2012) studied the fracture evolution process of a mining-
induced rock mass with initial fractures and found that the
larger the initial damage, the larger are the fractal dimensions
of the fracture distribution in the mining-induced rock mass.
Zhao (2022) analyzed the influences of fault sizes, numbers, and
different distributions on overburden fracture development using
similarity simulations and rock failure process analysis (RFPA)
numerical simulations; they found that the faults located near
the incision holes had greater impacts on overburden fracture
failures, and for larger faults, the water-conducting fracture zone
extent is deeper along the fault face with the higher degree of
development.

At present, many scholars have conducted studies on the
overlying rock failure characteristics under the influence of
the fault activation mechanism, which has very important
significance for this study; however, there is a lack of research
on the overlying rock failure characteristics and fracture-
zone development characteristics under the influence of deep
faults in the Yaogiao Coal Mine. Therefore, based on the
hydrogeological conditions of the Yaoqiao Coal Mine, the
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FIGURE 1
Schematic diagram showing the position of the working face.
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exploitation fissure evolution characteristics and overburden
displacement laws of the non-tectonic overburden and fault-
bearing overburden corresponding to fully mechanized caving
mining are compared and

analyzed through numerical

simulation and physical similarity simulation. These research

results are expected to have important theoretical and
practical ~significance for deep underground engineering
design, geological disaster prevention, and fault activity
monitoring.

2 Project overview

The Yaogiao Coal Mine is one of the large mines in the Datun
Mining area that is located approximately 82 km northwest of
Xuzhou City, Jiangsu Province, and approximately 17 km south of
Peixian County. At present, the Yaogiao Coal Mine is being mined
at the deep working face of the XiVI mining area, and the 7,620
working face has already been mined. It is expected that the next
step would involve mining the 7,618 working face, which is adjacent
to the 7,620 working face in the north and 7,616 working face
in the south; the position of the 7,618 working face is shown in
Figure 1. The DF25 normal fault having a fault drop of 6 m is
shown in Figure 1 for the positions of the working face, fault, and
its column.

3 Numerical simulation

3.1 Analysis of the mining fracture
evolution law of unstructured overburden
rock

3.1.1 Numerical model

The numerical model is based on the 7,618 working face of
the west wing of the Yaoqiao Coal Mine. The geometric size of the
model is 300 m x 100 m, thickness of the coal seam is 4.71 m, and
mining depth is 650 m. Considering the boundary effects caused
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by mining, 50-m boundary protection coal pillars are set on both
sides of the model, and 10 m is excavated each time for a total of
200 m of excavation. The overlying strata are placed at the top of
the model with equivalent uniform loads. The vertical displacement
constraint is applied to the bottom of the model, and the horizontal
displacement constraint is applied to the left and right sides of the
model. The numerical model is thus established according to the
stress and structural characteristics of the overlying strata of the
coal seam.

3.1.2 Development law of the overburden water
channel in fully mechanized caving mining

Figure 2 shows the plastic zone diagram, mining-induced
fracture development law diagram, and caving form diagram
corresponding to fully mechanized caving mining. The mining-
induced fracture development law diagram is considered in
accordance with the principle that the rock mass opening is
a medium opening between 1 and 5mm; Table I and Figure 3
show the development law of the fracture zone height with
advancement of the working face. To facilitate comparative
analyses, the model selects the calculated results for every 40 m of
advancement.

As seen from the plastic zone diagram in Figure 2, when the
working face advances, the composite rock is in the past yield
state in the plastic zone diagram, indicating that the fracture
is healed gradually. From the fracture development diagram, it
is seen that small cracks develop in the mudstone, but these
have lost the ability to conduct water, and the height of the
fracture zone decreases gradually to become stable at approximately
54 m. As seen from the fracture development diagram in Figure 2
and Table 1, with the advancement of the working face, the
development height of the overlying rock fracture increases. When
the working face advances by 30 m, the old roof fractures, and
the overlying mudstone collapses. The initial pressing step of
the working face is approximately 30 m. When the working face
advances to approximately 90 m, the height of the fracture zone is
highest at approximately 74 m. With continuous advancement of
the working face, the caving angle of the rock stratum movement
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(Continued).

stop-mining line change minimally with the advancement of the

changes constantly and finally stabilizes at about 70°, and the
working face and form permanent cracks with the largest final

caving angle at the cutting hole is more obvious than that
at the stop-mining line. The cracks near the cutting eye and  height value.
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Final caving pattern of working face

(Continued). Plastic zone diagram, mining-induced fracture development law diagram, and caving form diagram corresponding to fully mechanized
caving mining. (A) Face advance 20 m plastic zone map. (B) Face advance 60 m plastic zone diagram. (C) Face advance 100 m plastic zone diagram.
(D) Face advance 140 m plastic zone diagram. (E) Face advance 180 m plastic zone diagram. (F) Advance 20 m fracture development map. (G) Advance
60 m fracture development map. (H) Advance 100 m fracture development map. (I) Advance 140 m fracture development map. (J) Advance 180 m
fracture development map. (K) Crushing form for the first time. (L) Initial local magnification of the collapse shape. (M) The fracture develops the
highest caving form. (N) Highest caving shape local amplification. (O) Final caving pattern of working face. (P) Final caving shape local amplification.
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TABLE 1 Changes in the fracture development height with advancement
of the working face.

90 ‘ 120 150

1 1 1 1 1 1
0 30 60 90 120 150 180
L/m

FIGURE 3
Variation in the fracture development height with advancement of the
working face.

3.2 Analysis of the mining fracture
evolution law of fault-bearing overburden

3.2.1 Numerical model

When mining coal under water, it is of great theoretical
and practical significance to study the development law of water
conduction under the influence of faults because the maximum
height and failure characteristics of the mining fracture zone in the
area with faults and other geological structures will change greatly
compared with the area without geological structures, which often
leads to water inrush or flooding accidents. Therefore, a numerical
model of the fault-bearing overburden is established to analyze
the evolution law of the water channel. To facilitate comparative
analyses, the numerical model used is the prototype of the 7,618
working face as mentioned above, and the model size, loading mode,
constraint conditions, and rock physical and mechanical parameters
remain unchanged. The physical and mechanical parameters of the
fractured rock mass in the fault zone are as shown in Table 2.

3.2.2 Developmental regularity of the mining
water channel in fault-bearing overburden rock

Figure 4 shows the caving plastic zone and fracture development
diagrams of the mining overburden fracture process under fully
mechanized caving with fault overburden. Table 3 and Figure 5
show the development law of the fracture zone height with
advancement of the working face, and Figure 6 shows the fracture
zone development morphology diagram under the influence of
faults. To facilitate comparative analyses, the model selects the
calculated results for every 30 m of advancement.
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Here, L is the relative position from the fault, the negative
sign indicates that the working face is located in the upper wall of
the fault, and the positive sign indicates that the working face is
located in the lower wall of the fault; HIII is the height of fracture
development.

(1) When the working face advances from the upper to lower
walls of the normal fault, the roof is easily formed by a
balanced structure of masonry beams, and the fault is not
easily activated. When the distance from the fault is greater,
the overburden movement is slower than that when mining
without faults, the development of water-conducting cracks is
smaller, and the development height of the cracks is slightly
lower than that when mining without faults.

(2) As the working face advances to the vicinity of the fault plane,
the fault begins impacting the development of the fracture
zone, and the working face has the greatest impact on the
height of fracture development when it pushes past the fault
for a certain distance.

(3) From the distribution of the plastic zone in Table 3, it is seen
that when a large-dip normal fault enters the fault from the
upper wall, it greatly influences the development height of the
mining-induced fissure, which may be up to 91 m.

(4) Owing to the role of the faults, the mining fracture has a
“double-saddle shape” development pattern, whose boundary
region C is near the fault and the peak value of zone B is near
the fault under the condition of large fault inclination.

(5) The highest position of fracture development is when the
working face enters the footer and is farther away from
the fault. At a distance of 70 m from the fault, the crack
development is highest.

4 Study on similarity simulation of
overburden failure characteristics in
deep mining

Taking the 7,620 working face of the Yaogiao Coal Mine as the
prototype, a physical similarity simulation was established to study
the deformation and failure characteristics of the overlying rock in
the goaf and evolution of the water-conducting fracture zone.

4.1 Similarity simulation parameter
determination

4.1.1 Similarity conditions

Based on the purpose of the similarity simulation, considering
the operability and reliability of the test as well as the similarity
criterion, the similarity simulation parameters are as follows:

1) Geometric similarity ratio

L
C, = -2 =1:150 (1)
L
LP

2) Poisson’s ratio similarity ratio

_tm
Hp

C

) =1:1.5 2)
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TABLE 2 Physical and mechanical parameters of the fractured rock mass.

Lithology Capacity/kg/m?® Elastic modulus/GPa Tensile strength/MPa Cohesion/MPa c/°
Geologic fault 2,500 10 0.30 05 0.8 18
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FIGURE 4

(Continued).

3) Density similarity ratio 4) Stiffness similarity ratio
0,
C,= P _ 15 3) Cp=—=+=C; xC,=1/225 (4)
Py %
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Fracture development diagram of 150m advancing

(Continued). Plastic zone and fracture development diagram. (A) Development map of 30 m plastic zone of working face advance. (B) Development
map of 60 m plastic zone of working face advance. (C) Development map of 90 m plastic zone of working face advance. (D) Development map of
120 m plastic zone of working face advance. (E) Development map of 150 m plastic zone of working face advance. (F) Development map of 180 m
plastic zone of working face advance. (G) Fracture development diagram of 30 m advancing face. (H) Fracture development diagram of 60 m
advancing face. (I) Fracture development diagram of 90 m advancing face. (J) Fracture development diagram of 120 m advancing face. (K) Fracture
development diagram of 150 m advancing face. (L) Fracture development diagram of 180 m advancing face.

Fracture development diagram of 180m advancing

face

TABLE 3 Variation in the height of fissure development for different
relative distances from the fault.

5) Time similarity ratio

t
C,=2=vVC =1/12

P
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6) Stress similarity ratio

Because of the large depth of the coal seam, the model
cannot be built directly up to the surface, so the stress
similarity ratio is considered. According to the principle of
similarity simulation, the pressure at the top of the model
should be the weight of the rock layer that cannot be
simulated. Then, as per the original model, this should be a
loaded value:

4= = = 7,(H-H), ©
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Variation in the fracture development height for different relative
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Developmental morphology of the fracture zone under the influence
of faults.

where g, is the prototype that does not simulate rock pressure,
kPa; H is the mining depth, m; H, is the simulated height of the roof
strata, m.

The value q,,, loaded on the model is given by

9% ypH-H)
S CGC,  G-C,

Dy 7)

The thickness of the unsimulated overlying rock stratum is
700 m, and the average volume reweighting of the overlying rock
stratum is 2560 kN/m>. From the above formula, it is noted that
the load q,,, that should be applied to the model is 1,075.2 kPa and
that this load is compensated by the pressurization of the hydraulic
column on the test bench.

4.1.2 Calculation of the ratio of similar materials
Based on the actual coal seam condition of the working face,
sand was used as the aggregate, calcium carbonate and gypsum were
used as the cementing materials, and borax was used as the retarding
agent. From calculations of the simulated strength values of similar
materials and references to relevant literature, the reasonable ratio of
each layer of similar material is obtained by repeated adjustments.
According to the cross-sectional area, rock (coal) thickness, and
geometric similarity ratio of the model frame, the volume of similar

Frontiers in Earth Science

Failure law of overburden in deep mining of Yaoqiao Mine

FIGURE 7
Physical model.

materials required can be calculated; then, the weights of similar
materials in each of the rock (coal) layers can be calculated from the
bulk density and ratio number of similar materials (considering the
affluence coeflicient of 1.2). The total weight of the materials in each
layer can be calculated using the following formula:

M;=LxbxH;xy x12, (8)

where M; is the total weight of the layered material, kg; L is
the frame length, m; b is the frame width, m; H; is the model layer
thickness, m; and y; is the bulk weight of the material, kg/m>.

4.2 Model creation

4.2.1 Model design

According to the test conditions, evaluations were carried out on
a test bench of 2500 mm x 1300 mm x 200 mm (length x height x
width), where the design model height is 1300 mm, coal thickness is
56 mm, and floor thickness is 130 mm.

4.2.2 Model loading

First, according to the ratio number and rock layer distribution,
the mixture is modulated layerwise. Then, the mold is loaded,
ingredients are loaded in the mold, flat surface is spread to the
corresponding height, and a mica sheet is spread on it so that the
rock layer can be relatively distinct for the simulation; the above steps
are then repeated until the simulated height. During molding, the
thickness of the rock layer is generally 1.0-3.5 cm each time, and
a layer that is too thick cannot be easily rammed, which results in
the layer becoming dense and loose, with unevenly laid material.
When the rock layer is less than 1.0 cm, rock formation difficulties
are caused. Before loading the model, the total volume and total
mass of each layer must be calculated according to the ratio number
of strength, and the filling must be applied within 5-10 min after
mixing evenly to prevent the gypsum from solidifying before loading
and affecting the properties of similar materials. Finally the mold
is removed one week after production completion; if the template
is difficult to remove, it is properly relaxed and maintained at an
appropriate distance from the coal rock until dry. The physical model
of the loading is shown in Figure 7.

frontiersin.org


https://doi.org/10.3389/feart.2024.1388612
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Peiding et al.

10.3389/feart.2024.1388612

FIGURE 8

Uniform load(1075.2kPa)

| |
Y ¥ VY Y Y Y Y YV YN

Y Y Y ¥ Y Y Y YV Y YV VY

130em

= Line 1
! Line2
—20 ﬁDis;:alacemenl measuring point 1
° L =1 Line 3
. Sl ]
! ! Line 4
° ° o ° ° ° a T ° ° ° o1 Line s
<l 53]
S 1

Layouts of the model survey lines and displacement measurement points.

4.3 Excavation and survey-line layout of
the model

4.3.1 Model excavation scheme

To fully study the overburden fracture migration characteristics
and development height of the water-conducting fracture zone
during the excavation of the Yaoqiao 7# coal seam, a model is
established for excavation along the coal seam, which is equivalent
to advancing the simulated working face. The model is excavated
stepwise, with a 30-cm protective coal pillar left on both sides
and 190 cm of total excavation that is equivalent to advancing the
working face by 190 m.

4.3.2 Line arrangement

To observe the changes in the overlying rock displacement
during advancement of the working face, five survey lines were laid
in the rock layer along the coal seam roof from bottom to top. Survey
line 5 is 40 cm away from the coal-seam roof, survey line 4 is 60 cm
away from the coal-seam roof, survey line 3 is 80 cm away from
the coal-seam roof, survey line 2 is 100 cm away from the coal-
seam roof, and survey line 1 is 120 cm away from the coal-seam
roof. Each survey line is arranged along the mining direction of the
coal seam with 13 measurement points, and the spacing between
adjacent measurement points is 20 cm. A total of 65 displacement
measurement points are thus arranged in the entire model. The
arrangement of the displacement measurement points and working
faces is shown in Figure 8.

During the process from opening the hole to mining 190 cm,
the model was excavated in steps of 4 cm each time, which is
equal to advancing the working face by 4 m; the total excavation
of 190 cm was mined directly in a single attempt, which is equal to
190 m along the actual working face. During excavation, the fracture
characteristics and fracture development of the overlying rock were
observed and recorded. At the same time, a digital camera was used
to monitor the movements of the overlying strata. Then, the digital
images were processed via computer image processing technology
to analyze the changes to the overlying rock displacements with
the mining face. A final measurement was obtained after the strata
movement stabilized at the end of the simulated mining.
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4 4 Overburden fracture characteristics
and evolution law of the water-conducting
fracture zone

When the working face advances from the cutting hole to 20 m,
the overburden fracture characteristics are as shown in Figure 9A.
Owing to the influence of mining, the immediate top starts to
develop separation fractures. When the working face advances to
25 m (see Figure 9B), the as separation fractures of the direct roof
become more obvious, and the initial overall collapse of the direct
roof occurs along the coal wall, and the fractures do not appear
obviously in the overburden of the direct roof.

When the working face advances from 25 to 40 m, the first
pressure occurs at the working face, and the overburden fracture
characteristics are as shown in Figure 9C. The stratification cracks
and longitudinal cracks develop rapidly upward, and the old roof
caves successively. The caving of the old top rock strata in the coal
wall overhangs by approximately 2 m, and the goaf is not sufficiently
compacted. When the working face advances from 40 to 56 m, the
first cycle of pressure occurs with the step distance of 16 m, and
the fracture characteristics of the overlying rock are as shown in
Figure 9D. At this time, the caving block of the overlying rock is
relatively broken, while a new obvious separation layer appears in
the overlying rock 26 m above the coal seam and longitudinal cracks
develop upward slowly at the cutting hole and working face.

When advancing from 56 to 70 m, the second pressure cycle
occurs with the step distance of 14 m, and the fracture characteristics
of the overlying rock are shown in Figure 9E. At this time, the
original goafis filled with caving blocks and begins to be compressed
by the subsidence of the overlying rock. At the same time, a new
obvious separation of the overlying rock appears 38.5 m above the
coal seam, and the development height of the water-conducting
fracture zone is approximately 42.2 m. When the working face
advances from 70 to 86 m, a third cycle of pressure occurs with
the step distance of 16 m, and the fracture characteristics of the
overlying rock are as shown in Figure 9F. The overlying rock
separation is more obvious 38.5 m above the coal seam, and the roof
separation of the overlying rock is more obvious. Moreover, there
are obvious longitudinal cracks at the cutting hole and working face,
and the development height of the water-conducting fracture zone
is approximately 46 m.
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When advancing from 86 to 104 m, the fourth pressure
cycle occurs with the step distance of 18 m, and the fracture
characteristics of the overlying rock are as shown in Figure 9G.
At this time, the goaf is further compacted by the sinking of
the overlying rock, and the development height of the water-
conducting fracture zone is approximately 52.4 m. When the
working face advances from 104 to 119m, the fifth cycle of
pressure occurs with the step distance of 15 m, and the overburden
fracture characteristics are as shown in Figure 9H. At this time,
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the
overlying rock is compacted, and the roof collapses in a large
area, resulting in rapid upward development of cracks in the

caving zone gradually stabilizes, the caving zone of the

overlying rock such that the split layer cracks in the central overlying
rock are gradually compacted and closed. There are obvious
longitudinal cracks above the working face, and the longitudinal
cracks at the cutting hole develop upward rapidly; at this time,
the development height of the water-conducting fracture zone is
approximately 54.5 m.
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(Continued). Overburden fracture characteristics at different advancements. (A) The working face is advanced to 20 m. (B) The working face is
advanced to 25 m. (C) The working face is advanced to 40 m. (D) The working face is advanced to 56 m. (E) The working face is advanced to 70 m. (F)
The working face is advanced to 86 m. (G) The working face is advanced to 104 m. (H) The working face is advanced to 119 m. (I) The working face is
advanced to 133 m. (J) The working face is advanced to 148 m. (K) The working face is advanced to 162 m. (L) The working face is advanced to 176 m.
(M) The working face is advanced to 190 m.

When advancing from 119 to 133 m, the sixth pressure cycle  of the overlying rock are as shown in Figure 9K. The overlying rock
occurs with the step distance of 14 m, and the fracture characteristics ~ bends and subsides as a whole, the existing underlying fissures are
of the overlying rock are as shown in Figure 9I. In the middle  closed, and the development rate of the longitudinal fissure at the
of the overlying rock, the separation fractures expand, and the  cutting hole and above the working face slows to become stable. At
longitudinal fractures above the cutting hole and working face  this time, the height of the water-conducting fracture zone is 72.3 m.
continue to develop upward. At this time, the development height of =~ When the working face advances from 162 to 176 m, the ninth
the water-conducting fracture zone is approximately 62.3 m. When  pressure cycle occurs with the step distance of 14 m, and the fracture
the working face advances from 133 to 148 m, the seventh cycle  characteristics of the overlying rock are as shown in Figure 9L. At
of pressure occurs with the step distance of 15 m, and the fracture this time, the overlying rock bends and sinks, and the height of the
characteristics of the overlying rock are as shown in Figure 9]. At  water-conducting fracture zone is 74.6 m.
this time, the goaf is further compacted by the subsidence of the When the working face advances from 176 to 190 m, the tenth
overlying rock, and the separation fissures of the central overlying  cycle pressure occurs with the step distance of 14 m, and the
rock start closing. The longitudinal cracks above the cutting eye  overburden fracture characteristics are as shown in Figure 9M.
and working face continue to develop upward, and the development ~ The uppermost stratum develops fractures in the middle of the
height of the water-conducting fracture zone is approximately = overburden rock, and the gaps in the stratum expand. The existing
70.8 m. fractures in the lower overburden layers are closed, and the fractures

When advancing from 148 to 162 m, the eighth pressure cycle  stop developing. The longitudinal fissures also stop developing at
occurs with the step distance of 14 m, and the fracture characteristics ~ the cutting hole of the working face. At this time, the excavation
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is complete, and the development height of the water-conducting
fissure zone is finally determined as 74.6 m.

From the above statistical analysis of the overburden caving
morphology for different advancement distances, it can be seen
that there are ten pressure cycles in this experiment, with an
average step distance of 14.9m. In the process of coal-seam
excavation, pressure is exerted by the period, and the roof of
the working face undergoes separation as well as formation of
cracks and fractures during testing, which finally generate the
caving zone. The caving zone is roughly shaped as a trapezoidal
platform, and its characteristics can be seen in Figure 10. With
continuous advancement of the working face, many longitudinal
and stratified fractures appear in the old overburdened rock, the
formation of the water-conducting fracture zone develops rapidly,
and the stratified fractures present a dynamic process of formation,
expansion, contraction, and closure, as shown in Figure 11. Thus, the
water gusher channel is mainly dominated by the fracture of the rock
layer. As the dynamic process of the separation fracture shrinks and
closes with advancement of the working face, thereby compacting
gradually, the water gusher channels of the overlying water-bearing
rock layer have difficulty passing through the separation fractures, as
shown in Figure 12.
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With the advancement of the working face, the water-
guiding fracture zone continues to develop upward. To reflect
the relationship between the water-guiding fracture zone and
advancement of the working face more intuitively, Origin mapping
software is used to draw the distribution curves according to the
test data, as shown in Figure 13. As can be seen from Figure 13,
with the advancement of the working face, the development height
of the water-conducting fracture zone increases rapidly at first
and then increases slowly to a stable level. The development
height of the water-conducting fracture zone then stabilizes at
approximately 74.6 m and does not develop further. This shows that
the maximum development height of the water-conducting fracture
zone is approximately 74.6 m, which is 15.87 times the thickness of
the coal layer.

4.5 Analysis of the displacement law of the
overlying rock model

In the physical similarity simulation experiments, the coal
seam was excavated stepwise, and the displacement measurement
points on the back of the test platform were moved by different
degrees after each excavation. The movement of each displacement
measurement point can be obtained by comparison with the
initial position. The lateral and longitudinal displacements of the
measuring points can be recorded and calculated using the XTDP
3D optical photogrammetry system. The longitudinal subsidence
of each measurement point is obtained using XTDP 3D optical
photogrammetry because the lateral displacements of the rock
strata are very small and can be ignored. A total of three
measurement lines are arranged on the back of the model, and
the subsidence displacements of the measurement lines are shown
in Figures 14-16.

Figure 14 shows the changes in the vertical displacements of
survey line 3 during coal-seam excavation. The vertical distance
of survey line 6 from the coal-seam roof is 80 m. Before the
working face advances to 133 m, survey line 3 only has slight
deformation, indicating that the mining dynamic disturbance has
not affected the place 50 m before the working face advances to
133 m. When the working face advances to 148 m, the vertical
displacement of survey line 6 changes greatly. At this time, the
maximum subsidence displacement is 0.51 m, indicating that the
caving zone of the overlying rock is further compacted and that the
roof collapses in a large area, resulting in rapid upward development
of cracks in the overlying rock such that the breakaway cracks
in the middle of the overlying rock are gradually compacted and
closed. In the process of gradually advancing to 190 m, given the
periodic breaking of the overlying rock, the vertical displacement
measurement lines change in stages, and the final maximum
subsidence value was 0.58 m.

Figure 15 shows the changes in the vertical displacements
of survey line 2 in the process of coal-seam excavation. The
vertical distance of survey line 2 from the coal-seam roof is
100 m. In the process of advancement of the working face,
survey line 2 only deforms slightly, indicating that survey line
2 is in the bending subsidence zone. When the working face
advances to 190 m, the vertical displacement of survey line
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FIGURE 12
Main water channel in the fracture zone.
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Vertical displacement curve at survey line 2.
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Vertical displacement curve at survey line 1.

2 reaches the maximum value, and the maximum subsidence

displacement is 0.28 m.

Figure 16 shows the changes in the vertical displacements of
measurement line 1 during coal-seam excavation. The vertical

Frontiers in Earth Science

distance of survey line 1 from the coal-seam roof is 120 m, and its
overall subsidence changes minimally. Survey line 1 is located in the
curved subsidence zone; when the coal seam is excavated to 190 m,
the subsidence does not change greatly, and the final maximum
subsidence is 0.12 m.
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5 Conclusion

To address the problem of deep-fault overlying rock breakage
during the mining of ultra-thick coal seams, this study adopted
numerical simulation and physical similarity simulation to compare
and analyze the mining fracture evolution characteristics and
overlying rock displacement laws of non-tectonic and fault-bearing
overlying rock corresponding to fully mechanized caving mining
based on the engineering background of the Yaogiao Coal Mine; the
failure characteristics and displacement laws of the overlying rock
are thus systematically explained under the influence of deep faults.
The main conclusions of this study are as follows:

(1) The fracture height of the overlying rock presents a specific
change law with advancement of the working face: it rapidly
increases to a maximum of 74 m at the initial stage (when
the working face advances to 90 m), then decreases to 54 m
and becomes stable with the development of the plastic zone
indicating past yield, such that the final caving angle of the
fracture is stable at 70°.

(2) In coal mining under normal fault conditions, when the
working face advances from the upper to lower walls, the
roof forms a masonry beam structure to slow down fault
activation and crack development. When moving away from
the fault, the overburden movements and water-conducting
cracks are fewer, and the crack height is lower than that without
faults. When approaching the fault, the influence of the faults
on the fracture zone increases, and the height of fracture
development reaches the maximum value after crossing the
fault, highlighting the significant influence of the fault on
fracture development.

(3) Through similarity simulation tests, it is seen that the caving

zone of the overlying rock is compacted further and that a

large area of roof caving occurs, resulting in rapid upward

development of the cracks in the overlying rock along with
gradual compaction and closure of the separation cracks in the
central overlying rock. In the process of gradual advancement
of the working face to 190 m, given the periodic breaking
of the overlying rock, the vertical displacement measurement
line changed in stages, and the final maximum subsidence
value was 0.58 m.
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