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Abstract: In order to study the development height of the water-conducting fracture zone in a
fully mechanized top coal caving face. The E2311 working face of Gaohe Coal Mine was chosen
as the research object, and the combined-strata structure and the rock layer synergistic movement
mechanism were determined by combining engineering geological investigation and theoretical
analysis. The height of the water-conducting fracture zone at the working face was calculated
based on the combined-strata structure, and then the theoretical results were verified by numerical
simulation and field measurement. The results show that after the coal seam is extracted from the
working face, the movement of the overlying rock layers is in the form of bending and sinking
movement of the rock layer group as a unit. Each rock layer group is controlled by a supportive
lower layer with greater thickness and strength, driving the upper layers of weaker rock layers to
synchronize and coordinate the movement; the sinking curvature is the same, after the lowermost
support layer is bent and broken, its overlying weaker rock layers will move and break at the
same time. The height of the water-conducting fracture zone of the working face were obtained by
theoretical calculation, numerical simulation, and field measurements, which are 83.82 m, 84.3 m,
and 86.6 m, respectively. The results are nearly consistent, thus the prediction of the height of the
water-conducting fracture zone under the combined-strata structure is more accurate.

Keywords: water-conducting fracture zone; combined-strata structure; synergistic movement
mechanism of the rock groups; stratum’s tensile ratio; numerical simulation; field test

1. Introduction

After coal seam mining, there is inevitable rock movement and changes in the internal
stress and fracture fields of the strata [1], and the overlying rock layer breaks to form a
water-conducting fracture zone. The key to the safe mining of coal seams under bodies
of water is to accurately measure the height of the water-conducting fracture zone after
coal seam mining. At present, the empirical formula given in the “Specification for coal
pillar retention and coal compression mining of buildings, water bodies, railroads, and
major shafts” [2], which is commonly used in China, is only applicable to thin coal seams
and medium-thick coal seams mined in layers. However, the primary mining height of
comprehensive mechanized roof release coal mining is large, and the development pattern
of the water-conducting fracture zone height is non-linearly distributed, and the results
obtained after application of the empirical formula have errors [3].

Scholars have studied the development laws of water-conducting fracture zones
through various means [4-12], and have proposed various methods to predict the devel-
opment height of water-conducting fracture zones. Skrzypkowski et al. [13] conducted
laboratory tests examining the effects of the strength and structural parameters of rocks,
and the results showed that water contributes to the weakening of the strength parameters
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of rocks. Shi et al. [14] deduced the prediction formula for the height of water-conducting
fracture zones considering mining height, mining depth, and overburden combination
characteristics based on the theory of the “upper four zones” of the roof of the quarry. Ti
et al. [5] used the plate and shell theory to construct a mechanical model for calculating
the deformation damage height of mining overburden and then calculated the height of
water-conducting fracture zones in different areas of each coal seam. Wang et al. [15,16]
studied separation and fracturing in overlying strata disturbed by longwall mining in
a mineral deposit seam. By constructing a rock-seam overhanging integrity mechanical
model, Guo et al. [17,18] proposed a theoretical prediction method for the height of water-
conducting fracture zones applicable to comprehensive mining conditions A rock-seam
overhanging extension breakage model and a broken rock block mechanical model were
utilized, and by analyzing the initial collapse mechanism of the overlying coal seam roof,
the rock-seam overhanging extension breakage and the rock block structure destabilization
mechanisms were identified. Huang et al. [19] proposed a “four-band” division method
for the overlying rock layers in the mining area according to the different movement and
collapse characteristics of the overlying rock layers. Xu et al. [8,20] studied the location of
the key layer of the roof and its influence on the height of the water-conducting fracture
zone, and proposed a method to predict the height of the water-conducting fracture zone
based on the location of the key layer of the roof.

Previous studies focused on the controlling role of the overburden key layer on the de-
velopment height of the water-conducting fracture zone, but did not analyze the overburden
layer after combining the rock layers with similar properties such as mechanical properties
and strength characteristics. Therefore, this paper takes the E2311 fully mechanized top coal
caving face of Gaohe Coal Mine as the research background, uses engineering geological
investigation, theoretical analysis, numerical simulation, field measurement, and other
means to determine the combined-strata structure and synergistic movement mechanism,
calculates the development height of the water-conducting fracture zone, and conducts
field measurement to verify. The results will provide a theoretical basis for the working
face water-conducting fracture zone height prediction of similar working conditions.

2. Engineering Geology Overview

The E2311 coalface of Gaohe Coal Mine is located in the No. 3 coal seam, with an
average coal thickness of 6.5 m, an average inclination of 3°, and an average burial depth
of 372.0 m—425.2 m. The elevation of the coal floor is +484.0 m—+535.0 m. The length of the
working face is 320 m, the length of the auxiliary transport roadway is 1902 m, the length
of the main transport roadway is 1828 m, the length of the inlet airway is 1733 m, and the
length of the return airway is 1967 m. The working face adopts the full-height coal mining
method by releasing the top coal one at a time. The mining height is 3.5 &= 0.2 m, the coal
release height is 3.0 m, the mining release ratio is 1:0.8, the coal cutting recovery rate is
98%, the top coal recovery rate is 88%, and the cycle progress is 0.8 m. One cycle consists
of one mine and one release; there are two production shifts and one maintenance shift
per day with one cycle occurring per shift. Figure 1 shows the mining diagram of E2311
working face.

The lithology and thickness of the overlying rocks above the No. 3 coal seam in
the working face were analyzed according to the column diagram of the borehole in the
working face and the mechanical test report of the coal rock body, which are listed in
Table 1.

According to the analysis in Table 1, the overlying rock layers within the working
area of E2311 are mainly sandy mudstone, siltstone, mudstone, medium-grained sand-
stone, coarse-grained sandstone, fine-grained sandstone, aluminous mudstone, etc. The
composition structure of the overlying rocks is more complex, each rock layer is different,
with different thicknesses, soft, and hard layers, and it is a composite roof. In the drill
core, sandstone is the dominant rock, accounting for about 58.5% of the core thickness,
among which siltstone is the dominant rock, accounting for about 65.1% of the cumulative
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thickness of sandstone, with a rock hardness coefficient of 6.6-8, which is a hard rock layer.
Overall, in the drill core, aluminum mudstone, sandy mudstone, and mudstone account
for 41.5% of the core thickness, among which mudstone is the dominant rock, accounting
for about 62.6% of the cumulative thickness of the three mudstones. The thickness of each
layer is uneven, the thickest layer is the mudstone layer (3) with a thickness of 21.12 m, and

the thinnest is the sandy mudstone layer (10) and the aluminum mudstone layer (12) with
a thickness of 1 m.
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Figure 1. Mining diagram of E2311 working face.
Table 1. Overburden lithology and thickness of No. 3 coal seam.
Uniaxial Compressive Hardness Layer Vertical Height
Number Rock Layer Name Strength/l\lj[Pa Factor/f Thickl}lless/m from Coal Seagm/m

14 Sandy mudstone 40.43 4 2.4 83.82
13 Medium-grained sandstone 70.08 7 5.2 81.42
12 Aluminous mudstone 24.21 24 1 76.22
11 Medium-grained sandstone 70.08 7 1.4 75.22
10 Sandy mudstone 40.43 4 1 73.82
9 Fine-grained sandstone 80.16 8 5.14 72.82
8 Siltstone 65.66 6.6 1.44 67.68
7 Coarse-grained sandstone 75.62 7.6 39 66.24
6 Sandy mudstone 40.43 4 3.97 62.34
5 Siltstone 65.66 6.6 19.21 58.37
4 Medium-grained sandstone 70.08 7 2.98 39.16
3 Mudstone 27.46 2.7 21.12 36.18
2 Siltstone 65.66 6.6 10.31 15.06
1 Sandy mudstone 40.43 4 4.75 4.75
0 No. 3 coal seams 14.62 1.5 6.5 0

3. Analysis of Combined-Strata Structure in Working Face

In the combined movement of rock layers, there must be one or several layers that
play a key weight-bearing role. Finding this portion of the key rock layer(s) and analyzing
their movement steps and breaking patterns is critical in the study of the overall move-
ment breaking law of the overlying rock layers and their correlation with the fracture
development of the surrounding rock.

A large number of studies have shown that after the coal seam is extracted, the
movement of the overlying rock layers is in the form of a bending and sinking movement
in the form of a rock layer group. Each rock layer group consists of a layer of hard rock
at the bottom, driving the upper layers of weaker rock layers to move in a synchronized
and coordinated manner. The movement combination of the rock formation is determined
by the strength factors of each rock formation (including lithology, thickness, and elastic
modulus). The upper layers with low strength factors will move simultaneously with the
lower layers with high strength factors and have the same sinking curvature, while the
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upper layers with high strength factors will gradually delaminate from the lower layers
with low strength factors [21,22].

According to the practical mine pressure theory and structural mechanics analysis [23],
for two adjacent rock layers, whether they move simultaneously to form a formation group
or separately can be judged by the maximum curvature pmax in the rock settlement.

When pmax up > Pmax down, the two formations combine to form a formation group
movement.

When pmaxup < Pmax down, the two rock layers move separately to form two rock
formations.

According to the analysis, the maximum curvature of the rock beam can be expressed
by the following equation.

_ .
Pmax = & Em2 (1)
where, 7y is bulk density; « is the coefficient determined by the rock beam support condition;
L is ultimate span of the rock beam; E is elastic modulus of rock beam; m is thickness of
rock layer.

According to the analysis of the rock sinking curvature theory combined with the rock
situation of the top slab at the site, the rock layers that may become the main support layer
(key layer) within the overlying bedrock rock layer on the working surface include:

(1) No. 2 siltstone layer, thickness of 10.31 m and compressive strength of 65.66 MPa.

(2) No. 5 siltstone layer, thickness of 19.21 m and compressive strength of 65.66 MPa.

(3) No. 7 coarse-grained sandstone layer, thickness of 3.9 m compressive strength of 75.62 MPa.

(4) No. 9 fine-grained sandstone layer, thickness of 5.14 m compressive strength of 80.16 MPa.

(5) No. 11 medium-grained sandstone layer, thickness of 1.4 m and compressive strength
of 70.08 MPa.

(6) No. 13 medium-grained sandstone layer, thickness of 5.2 m and compressive strength
of 70.08 MPa.

Therefore, the rock combination structure of the overburden above the E2311 working
face of coal seam No. 3 can be determined as shown in Table 2.

Table 2. Structural division of the overburden combination at E2311 workings.

Number  RockLayerName it i Stractare © Steatum Groupim
14 Sandy mudstone 24 83.82 Rock stratum
13 Medium-grained sandstone 5.2 81.42 group VII 76
12 Aluminous mudstone 1 76.22 Rock stratum
11 Medium-grained sandstone 1.4 75.22 group VI 24
10 Sandy mudstone 1 73.82 Rock stratum
9 Fine-grained sandstone 5.14 72.82 group V 014
8 Siltstone 1.44 67.68 Rock stratum
7 Coarse-grained sandstone 3.9 66.24 group IV >34
6 Sandy mudstone 3.97 62.34
5 Siltstone 19.21 58.37 Rogcrlzf’f;tffm 26.16
4 Medium-grained sandstone 2.98 39.16
3 Mudstone 21.12 36.18 Rock stratum
2 Siltstone 10.31 15.06 group II A
1 Sandy mudstone 4.75 4.75 Rock stratum 4.75

group I

0 No. 3 coal seams 6.5 0
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According to the analysis of rock movement characteristics, the overlying strata
combination structure of the E2311 working face in Gaohe coal mine has been determined.
It can be seen from Table 2 that the overlying bedrock range of the E2311 working face can
be divided into 7 rock strata groups with alternating soft and hard combinations.

Rock stratum group I is composed of a single sandy mudstone. The thickness of the
rock stratum group is 4.75 m, and the compressive strength is 40.43 MPa, which belongs
to the medium solid rock stratum. The strata group belongs to the direct roof category of
coal seam No. 3. After the coal seam is mined at the working face, the strata group will
gradually collapse with the gradual increase in mining space and accumulate in the goaf.

Rock stratum group II consists of a 10.31 m thick siltstone layer and its overlying
mudstone with a thickness of 21.12 m. The overall thickness of the formation group is
31.43 m, belonging to the old roof category of coal seam No. 3. The compressive strength
of the siltstone layer is 65.66 MPa, which is a solid rock layer; the compressive strength
of the mudstone layer is 27.46 MPa, which is a relatively soft rock layer. The 10.31 m
thick siltstone layer at the bottom periodically breaks with the mining of coal seam No. 3,
and because of its overall thickness and high strength, its bending fracture will drive the
mudstone layer within the rock formation to move at the same time, forming a composite
old roof strata structure.

Rock stratum group III consists of three layers, which are 2.98 m thick medium-grained
sandstone layer, 19.21 m thick siltstone layer, and 3.97 m thick sandy mudstone layer, and
the overall thickness of the formation group is 26.16 m. The compressive strength of the
medium-grained sandstone layer is 70.08 MPa and the compressive strength of the siltstone
layer is 65.66 MPa, both of which are solid rock layers; the compressive strength of the
sandy mudstone layer is 40.43 MPa, which is a medium-solid rock layer. Because of the
small thickness of medium-grained sandstone despite being harder than the siltstone layer,
the siltstone layer, with a thickness of 19.21 m, is still used as the supporting key layer.
This rock group is controlled by the supporting key layer (siltstone layer), and when the
movement of the supporting key layer (siltstone layer) breaks, it will cause all of the weak
rock groups above it to sink with its simultaneous movement. After the breakage of the old
roof strata structure (rock stratum group II), this rock formation starts to move gradually,
and because its movement characteristics are incompatible with the old roof strata structure,
it will form a certain off-layer space with the lower old roof strata structure.

Rock stratum group IV consists of two layers, coarse-grained sandstone of 3.9 m and
siltstone of 1.44 m. The overall thickness of the formation group is 5.34 m. The compressive
strength of the coarse-grained sandstone layer is 75.62 MPa and the compressive strength
of the siltstone layer is 65.66 MPa, both of which are solid rock layers. This rock group is
controlled by the lower support key layer (coarse-grained sandstone layer), and when the
movement of the lower support key layer (coarse-grained sandstone layer) breaks, it will
lead to the simultaneous sinking movement of all the weak rock groups above it. This rock
layer is not coordinated with the lower rock group and will form a certain off-layer space
with the lower rock group.

Rock stratum group V consists of two layers, 5.14 m thick fine-grained sandstone and
1 m thick sandy mudstone, with an overall thickness of 6.14 m. The compressive strength
of the fine-grained sandstone layer is 80.16 MPa, which is a strong rock formation, and
the compressive strength of the sandy mudstone layer is 40.43 MPa, which is a medium-
strong rock formation. This rock group is controlled by the lower supporting key layer
(fine-grained sandstone layer), and when the movement of the lower supporting key layer
(fine-grained sandstone layer) breaks, it will lead to the simultaneous sinking movement of
all the weak rock groups above it. This rock layer is not coordinated with the lower rock
group and will form a certain off-layer space with the lower rock group.

Rock stratum group VI consists of two layers, 1.4 m thick fine-grained sandstone
and 1 m thick aluminum mudstone, with an overall thickness of 2.4 m. The compressive
strength of the fine-grained sandstone layer is 80.16 MPa, which is a strong rock formation,
and the compressive strength of the aluminum mudstone layer is 24.21 MPa, which is a
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medium-strong rock formation. This rock group is controlled by the lower supporting
key layer (fine-grained sandstone layer), and when the movement of the lower supporting
key layer (fine-grained sandstone layer) breaks, it will lead to the simultaneous sinking
movement of all the weak rock groups above it. This rock layer is not coordinated with the
lower rock group and will form a certain off-layer space with the lower rock group.

Rock stratum group VII consists of two layers, 5.2 m thick medium-grained sand-
stone and 2.4 m thick sandy mudstone, with an overall thickness of 7.6 m. Its medium-
grained sandstone layer has a compressive strength of 80.16 MPa, which is a strong rock
layer, and the sandy mudstone layer has a compressive strength of 40.43 MPa, which is a
medium-strong rock layer. This rock group is controlled by the lower supporting key layer
(medium-grained sandstone layer), and when the movement of the lower supporting key
layer (medium-grained sandstone layer) breaks, it will lead to the simultaneous sinking
movement of all the weak rock groups above it. This rock layer is not coordinated with the
lower rock group and will form a certain off-layer space with the lower rock group.

According to the analysis of the overlying rock structure characteristics of Gaohe
Coal Mine, the dynamic movement of its rock seams is obviously uncoordinated because
the overlying rock seams on No. 3 coal seam E2311 workings are mostly composite rock
seam structures. After the coal seam is extracted, the movement of the overlying rock
layers should be in the form of a bending and sinking movement of the rock layer group.
Each rock layer group is controlled by the lower support layer with higher thickness and
strength, which drives the upper several layers of weaker rock layers to synchronize and
coordinate the movement, and the sinking curvature is the same. When the lower support
layer is broken, the upper weak rock layer will be broken at the same time. Through the
above analysis of rock combination structure, it can lay the foundation for the study of the
development of the height of the water-conducting fracture zone of overlying rocks.

4. Calculation of the Height of the Water-Conducting Fracture Zone in Working Face

According to research, the formation and development of fractures in rock formations
is caused by the bending and sinking of rock formations. When there is enough movement
space below the rock formation, the rock formation will bend and settle under the action
of self-weight and overburden pressure until it exceeds the tensile strength of the rock
formation, resulting in cracks perpendicular to the rock formation. When the fracture
penetrates into the entire rock formation, a water-flowing fracture is formed. As the
rock formation continues to sink and the water-flowing fracture on the rock formation is
sufficiently developed, the rock formation is classified into the category of water-conducting
fracture zone [21]. The geometric model of rock bending and sinking is shown in Figure 2.

Figure 2. Geometric model of rock bending and sinking.
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The amount of tensile deformation in a rock formation characterizes the size and
distribution of fractures in the formation. The degree of deformation of a rock formation
can be expressed by the stratum’s tensile ratio . The stratum’s tensile ratio € can be defined
as the ratio of the incremental length of a rock formation after layer stretching to the original
length.

The rock stratum’s tensile ratio ¢ is calculated as follows [21].

@® Find: wy, ly:

n n

wy =m — Z hp(kp—l)— Zh](k]—l)
p=1 j=1

lop =h- (cotéy’ + coty’)

@ Find: ¢, [1:
¢ = arcsin[2wy - lo/ (wf + Ip?)]
Iy = (w3 +1p%) - ¢ - /180 - 2wy

(® Find the stratum’s tensile ratio e: ¢ = (I — Iy) /Iy

where, wy is the subsidence of the rock stratum; [y is the length of the straight line
section before bending deformation of the rock seam; /1 is the length of the curve section
after bending deformation of the rock seam; & is the drop distance from the neutral layer
of the rock seam to the coal seam; ¢y is the boundary angle; ¥-sufficient mining angle; m
is the coal seam thickness; hp is the thickness of the direct roof of lower p layer; kp is the
crushing and swelling coefficient after collapse of the direct roof of the lower p layer; ; is
the thickness of the old roof of the lower i layer; k; is the crushing and swelling coefficient
after breaking of the old roof of the lower j layer.

According to the study in the previous section, the movement of the overlying rock
layer on the E2311 working face is in the form of a bending and sinking movement of
the rock formation as a unit. When a hard rock formation is sunken to a large extent,
this leads to the formation of a fracture sufficient enough to allow for the flow of water.
The upper weak rock formation under its control has the same amount of sinking as the
formation, and its resistance to deformation is lower than the lower hard rock formation.
Thus, its development fracture also reaches the full extent of the rock, so the formation
group is classified as the water-conducting fracture zone at the same time. Therefore, it
can be seen that the development of a water-conducting fracture zone in the overlying
rock of the working face gradually develops upward in a step-like manner with the rock
formation group as a unit. Additionally, the fracture development of each rock formation
group is controlled by the movement of the lower hard rock formation. Based on the above
understanding, after determining the grouping of overburden rock of the working face,
judging the development height of the water-conducting fracture zone can be transformed
into analyzing the deformation and fracture development of several layers of hard rock,
which simplifies the theoretical estimation workload of the fracture zone height.

Combined with the structural analysis of the E2311 working face, the calculated
parameters of the layer tensile ratio of each main support layer above the working face are
shown in Table 3.

Combined with the parameters in Table 3, the tensile ratios of each rock layer were
calculated according to the formula for tensile ratio calculation as follows:

No. 13 medium-grained sandstone layer, £13 = 0.0068.

No. 11 medium-grained sandstone layer, €17 = 0.0336.

No. 9 fine-grained sandstone layer, g9 = 0.9468.

No. 7 coarse-grained sandstone layer, &7 = 1.6381.

No. 5 siltstone layer, &5 = 3.6986.

No. 2 siltstone layer, e, = 49.26.

In order to fully compare the illustrations, the stratum’s tensile ratio of each layer of
the rock formation was calculated, and the fitted curve of the stratum’s tensile ratio of the
rock formation versus the height of the rock formation was plotted, as shown in Figure 3.
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Table 3. Calculated parameters of the tensile ratio of each rock layer.

Crushing and Rock Layer
Rock Layers Layer Height h/m cotdy cotys Swelling Coefficient Subsidence
k wo
No. 13 medium-grained 81.42 0.577 0.577 1.04 0.21
sandstone layer
No. 11 medium-grained 75.22 0.577 0.577 1.04 0.72
sandstone layer
No. 9 fine-grained 72.82 0.577 0.577 1.05 1.17
sandstone layer
No. 7 coarse-grained 66.24 0.577 0.577 1.08 1.85
sandstone layer
No. 5 siltstone layer 58.37 0.577 0.577 1.10 2.74
No. 2 siltstone layer 15.06 0.577 0.577 1.11 5.44

0604
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Figure 3. Relationship curve between the stratum’s tensile ratio and layer height.

According to Figure 3, the stratum’s tensile ratio is a negative exponential function
of the rock layer height. The closer the rock layer is to the working face, the greater its
tensile ratio, indicating that the rock layer bends and sinks more; as the height of the rock
layer gradually increases, the tensile ratio decreases as a negative exponential function.
According to the aforementioned analysis, the overburden water-conducting fracture zone
is developed from the bottom up by the formation group. Thus, the tensile ratio decreases
from 0.0336 to 0.0068 between No. 11 medium-grained sandstone formation group and
No. 13 medium-grained sandstone formation group, respectively. This is a change in the
inflection point of the stratum’s tensile ratio, after which the stratum’s tensile ratio tends to
level off and gradually decreases to zero, indicating that the tensile ratio between No. 11
medium-grained sandstone formation group and No. 13 middle-grained sandstone layer
group is the dividing line between the water-conducting fracture zone and the bending
sinkage zone. This means that the middle-grained sandstone layer group No. 11 belongs to
the water-conducting fracture zone, while the middle-grained sandstone layer group No. 13
should be classified as the bending sinkage zone. In order to account for safety, the middle-
grained sandstone layer group No. 13 is also classified as the water-conducting fracture
zone. From Table 2, we can see that the final development height of the water-conducting
fracture zone is 83.82 m.
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5. Numerical Simulation
5.1. Numerical Simulation Modeling

The numerical simulation calculation model was established according to the geo-
logical profile of the E2311 working face of Gaohe Coal Mine and the characteristics of
the coal seam and roof and floor plates using the finite difference software FLAC3D. The
X-direction indicates the advancing direction of the working face, the Y direction being
the length direction of the working face, and the Z direction indicating the burial depth.
The size of the established numerical modelis L x W x H =500 x 300 x 166 m, and the
model includes a total of 223,902 units, containing 236,712 network nodes. A total rock
thickness of 139.96 m is established above the coal seam (z-direction), and the self-weight
of the remaining rock seam (280.14 m) is applied to the upper boundary of the model in the
form of load and an aquifer located in the remaining rock seam. The established numerical
simulation calculation model is shown in Figure 4.

Figure 4. Numerical simulation model.

The X-direction and Y-direction boundaries of the model limit the displacement and ve-
locity in the horizontal direction; the bottom boundary of the model limits the displacement
and velocity in the horizontal and vertical directions; and the top boundary of the model
applies a uniform vertical load. The Mohr-Coulomb criterion was chosen as the model
damage criterion, and the rock mechanics parameters selected for the model according to
the geological data of the mine are shown in Table 4.

Table 4. Coal rock mechanics parameters table.

Rock Layers Density kg/m? Bulk/GPa Shear/GPa Cohesion/MPa  Friction/° Tension/MPa
Aluminous mudstone 2630 3.49 3.08 3.98 30.8 3.61
Medium-grained 2270 15.21 13.53 8.75 35.3 9.78
sandstone
Fine-grained sandstone 2437 13.92 11.54 5.26 35.0 5.61
Coarse-grained 2538 12.62 10.89 6.26 35.6 5.88
sandstone
Mudstone 2320 2.62 2.23 3.77 29.2 3.96
Siltstone 2380 15.9 11.1 6.87 32.0 7.12
Sandy mudstone 2460 3.68 3.24 412 30.9 3.99
No. 3 coal seams 1400 1.84 1.09 3.28 24.0 3.41

5.2. Analysis of the Numerical Simulation Results

After the model parameters are assigned, the model equilibrium calculation is carried
out first. Subsequently, the displacement and velocity of each direction of the model are
initialized to obtain the initial equilibrium model. The final analysis is carried out after
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the simulation calculation is completed. Figure 5 shows the vertical stress distribution at
different advancing distances.

(8)

Figure 5. Cont.
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Figure 5. (a) The working face advanced to 30 m; (b) The working face advanced to 60 m; (c) The
working face advanced to 90 m; (d) The working face advanced to 120 m; (e) The working face
advanced to 150 m; (f) The working face advanced to 180 m; (g) The working face advanced to 210 m;
(h) The working face advanced to 240 m; (i) The working face advanced to 270 m; (j) The working
face advanced to 300 m.

As demonstrated in Figure 5, the vertical stress distribution differs when the working
face advances to different distances. As the working face gradually advances, the vertical
pressure of the overburdened rock in the quarry shows the characteristics of being low in the
middle and high at both ends of the coal wall. This is because during the advancing process
of the working face, the roof in the middle of the working face is under pressure, then the
roof and floor ends of the working face come under pressure. During the stabilization of the
overburden rock layer on the working face, the roof in the middle of the quarry gradually
collapses and sinks due to the stress. In the process of stress redistribution and stabilization,
the overburden rock forms a stable three-hinged arch-bearing structure, and the coal wall is
used as a support point to support the overburden rock layer. Therefore, the pressure at the
coal wall of the No. 3 coal seam is higher and the stress concentration phenomenon arises.
As the working face advance distance increases, the pressure of the roof in the middle of
the working face decreases, and the support pressure at the coal wall increases.

After the completion of workface retrieval, the formation and development of fractures
within the rock layer in the water-conducting fracture zone is caused by the bending and
sinking of the rock layer [24]. Thus, the development height of the water-conducting
fracture zone can be better studied by analyzing the tensile stress distribution characteristics
of the overlying rock layer on the workface. Figure 6 shows the distribution of the tensile
stress field at different advancing distances.

(a) (b)

Figure 6. Cont.
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Figure 6. Tensile stress field distribution at different propulsion distances. (a) The working face
advanced 30 m; (b) The working face advanced 60 m; (c) The working face advanced 90 m; (d) The
working face advanced 120 m; (e) The working face advanced 150 m; (f) The working face advanced
180 m; (g) The working face advanced 210 m; (h) The working face advanced 240 m; (i) The working
face advanced 270 m; (j) The working face advanced 300 m.



Sustainability 2022, 14, 13781

13 of 20

It can be seen from Figure 6 that as the working face advances, the area of tensile stress
in the overlying rock layer of the working face gradually increases, which means that the
development height of the water-conducting fracture zone of the working face is gradually
increasing. When the working face was advanced to 150 m, the height of the tensile stress
area was 66.2 m, that is, the height of the water-conducting fracture zone was 66.2 m. When
the working face is advanced to 180 m, the height of the water-conducting fracture zone
(tensile stress area) was 78.8 m, an increase of 19.04%. When the working face advanced to
210 m, the height of the water-conducting fracture zone (tensile stress area) was 84.3 m, a
similar increase of 19.04%. The height of the water-conducting fracture zone increased by
7.06%, and the rate of height development of the water-conducting fracture zone slowed
down as the working face advanced. When the working face advanced to 240 m, the height
of the water-conducting fracture zone (tensile stress area) was still 84.3 m, indicating that
the height of the water-conducting fracture zone no longer increased. As the working
face continued to advance (advancing 270 m, 300 m), the height of the water-conducting
fracture zone (tensile stress area) remained at 84.3 m. This means that the height of the
water-conducting fracture zone formed after the mining of the E2311 working face is 84.3 m.

6. Measurement of the Height of the Water-Conducting Fracture Zone in Working Face
6.1. Observation Scheme Design

The drilling site is arranged at a location around the downhole recovery face, and from
this drilling site, elevation holes are drilled into the overburdened rock above the workings.
The height of the water-conducting fracture zone is observed by a downhole visualizer,
which is a small, low-cost, high precision, and simple method compared with the traditional
surface drilling flushing fluid consumption observation method [25-27]. The visualizer
for the height of the water-conducting fracture zone is composed of a double-ended water
shutoff device, pipeline and console, as shown in Figures 7 and 8. A double-ended water
shutoff device consists of two capsules and a water injection steel pipe. There are two
pipelines, a swelling pipeline and a water pipeline, with corresponding consoles each.

Swelling cons

Figure 7. Visualizer for the height of the water-conducting fracture zone.

The average mining height of the E2311 working face is M = 6.5 m, and in general,
the height of the cross-fall zone of the rock roof is 3-5 times the mining height, and the
height of the water-conducting fracture zone is 10-16 times the mining height. Therefore, it
is expected as follows:

Lower limit of the caving zone: H; =3M =19.5m

Upper limit of the caving zone: Hy,, =5M =32.5m

The lower limit of the water-conducting fracture zone: H;;; = 10M = 65.0 m

Upper limit of the water-conducting fracture zone: Hyy, = 16M = 104.0 m
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Figure 8. Double-ended water shutoff device.

According to the geological conditions, drift conditions and time requirements of the
E2311 working face, the position of the drilling field for height observation is located near
the JF18 wire point of the air intake crossheading of the E2311 working face. A total of 3
height observation boreholes are designed, and the holes are drilled by the ZYW-3200 coal
mine full hydraulic drilling rig with a 94 mm hole diameter. The elements of each borehole
are shown in Table 5, and the profile of height observation boreholes is shown in Figure 9.

Table 5. Working face height observation drilling elements table.

Observation Drilling Dip Angle/° Azimuth Length/m Aperture/mm
1 60 Vertical to E2311 working face air inlet duct 130 D94
2 60 Drilling 1 clockwise 15° 130 P94
3 60 Drilling 1 counter-clockwise 15° 130 D94
Hole 1#. 2#. 3#: Predicted upper limit of

depth 130m, dip angle 60 f water-conducting fracture zone 104m

\ Predicted upper limit of falling zone 32.5m
-

Predicted lower limit of l':lllillg zone 19.5m

(

\

E2311 air inlet roadway | A%,

_+ E2311 working face mining height 6.5m

Figure 9. Height observation borehole layout profile.
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6.2. Analysis of the Observation Results

The depth of the borehole is 130 m and the vertical height is 112.6 m. Sectional
observation is carried out from top to bottom; that is, from the bottom of the borehole to
the orifice, the water injection leakage flow on each section is recorded. The observation
results are shown in Table 6.

Table 6. Leakage of water injection in boreholes. Borehole length is 130 m and inclination « = 60°.
The swelling pressure of the capsule is 0.3 MPa, the segmented water injection pressure in the hole is
0.1 MPa, and the water injection pressure = elevation static pressure + 0.1 MPa.

Drilling Slope Drill.ing Elevat.ion Watgr Leakage of Water/L-min—1
Number Leneth/m Vertical Static Injection — — —
J Height/m Pressure/MPa  Pressure/MPa  1#Drilling  2#Drilling  3# Drilling
1 130 112.6 1.125833 1.225833 3.1 3.1 1.9
2 128.5 111.3 1.112842 1.212842 44 3.9 24
3 127 110.0 1.099852 1.199852 4.7 47 5.3
4 125.5 108.7 1.086861 1.186861 44 1.9 1.5
5 124 107.4 1.073871 1.173871 1.5 6.6 3.1
6 122.5 106.1 1.060881 1.160881 2.7 24 4.7
7 121 104.8 1.047890 1.147890 3.1 5.3 39
8 119.5 103.5 1.034900 1.134900 51 57 1.9
9 118 102.2 1.021910 1.121910 2.3 47 6.6
10 116.5 100.9 1.008919 1.108919 39 1.5 24
11 115 99.6 0.995929 1.095929 1.9 3.1 57
12 113.5 98.3 0.982938 1.082938 5.3 5.3 1.5
13 112 97.0 0.969948 1.069948 6.1 6.6 4.7
14 110.5 95.7 0.956958 1.056958 53 32 39
15 109 944 0.943967 1.043967 3.3 54 5.5
16 107.5 93.1 0.930977 1.030977 39 5.3 4.3
17 106 91.8 0.917987 1.017987 24 4.8 41
18 104.5 90.5 0.904996 1.004996 5.3 1.1 1.5
19 103 89.2 0.892006 0.992006 6.8 2.2 2.2
20 101.5 87.9 0.879015 0.979015 4.7 3.6 44
21 100 86.6 0.866025 0.966025 7.2 6.6 6.8
22 98.5 85.3 0.853035 0.953035 74 5.7 14.4
23 97 84.0 0.840044 0.940044 7.6 6.3 17.9
24 95.5 82.7 0.827054 0.927054 153 8.1 13.7
25 94 81.4 0.814064 0.914064 16.1 14.6 22.8
26 92.5 80.1 0.801073 0.901073 144 14.3 18.7
27 91 78.8 0.788083 0.888083 14.5 23.1 18.7
28 89.5 77.5 0.775092 0.875092 20.9 19.2 13.7
29 88 76.2 0.762102 0.862102 22.6 18.8 13.3
30 86.5 74.9 0.749112 0.849112 19.7 211 14.5
31 85 73.6 0.736121 0.836121 24.8 23.3 23.4
32 83.5 72.3 0.723131 0.823131 19.9 19.3 16.6
33 82 71.0 0.710141 0.810141 21.9 251 12.8
34 80.5 69.7 0.697150 0.797150 244 19.6 14.2
35 79 68.4 0.684160 0.784160 21.5 21.9 21.2
36 77.5 67.1 0.671169 0.771169 18.8 23.7 225
37 76 65.8 0.658179 0.758179 219 20.8 194
38 74.5 64.5 0.645189 0.745189 222 17.9 24.4
39 73 63.2 0.632198 0.732198 241 22.7 19.1
40 71.5 61.9 0.619208 0.719208 21.7 21.3 21.6
41 70 60.6 0.606218 0.706218 23.5 23.7 23.7
42 68.5 59.3 0.593227 0.693227 17.2 21.5 20.3
43 67 58.0 0.580237 0.680237 25.2 23.2 17.5
44 65.5 56.7 0.567246 0.667246 17.7 17.9 229
45 64 55.4 0.554256 0.654256 22.8 249 21.4
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Table 6. Cont.

Drilling Slope Drill.ing Elevat'ion Watgr Leakage of Water/L-min—1
Number Length/m Vertical Static Injection
Height/m Pressure/MPa  Pressure/MPa  1# Drilling 2# Drilling  3# Drilling
46 62.5 54.1 0.541266 0.641266 25.6 16.8 22.8
47 61 52.8 0.528275 0.628275 23.2 23.8 20.9
48 59.5 51.5 0.515285 0.615285 243 25.3 233
49 58 50.2 0.502295 0.602295 19.2 22.6 17.4
50 56.5 48.9 0.489304 0.589304 212 249 25.8
51 55 47.6 0.476314 0.576314 235 18.5 17.5
52 53.5 46.3 0.463323 0.563323 19.8 21.8 23.6
53 52 45.0 0.450333 0.550333 213 232 244
54 50.5 43.7 0.437343 0.537343 23.5 19.9 219
55 49 42.4 0.424352 0.524352 25.7 21.7 24.6
56 47.5 41.1 0.411362 0.511362 232 233 18.1
57 46 39.8 0.398372 0.498372 263 26.1 213
58 445 38.5 0.385381 0.485381 23.5 22.6 223
59 43 372 0.372391 0.472391 22.8 26.3 194
60 415 35.9 0.359400 0.459400 244 234 223
61 40 34.6 0.346410 0.446410 25.4 22.6 224
62 38.5 33.3 0.333420 0.433420 19.8 254 25.8
63 37 32.0 0.320429 0.420429 194 24.6 21.9
64 35.5 30.7 0.307439 0.407439 224 20.5 26.8
65 34 294 0.294449 0.394449 22.8 19.9 23.1
66 32.5 28.1 0.281458 0.381458 26.5 232 26.9
67 31 26.8 0.268468 0.368468 32.8 26.3 344
68 29.5 25.5 0.255477 0.355477 309 33.7 31.8
69 28 242 0.242487 0.342487 34.5 31.6 34.6
70 26.5 229 0.229497 0.329497 33.1 34.6 32.1
71 25 21.7 0.216506 0.316506 35.6 325 35.5
72 235 204 0.203516 0.303516 35.6 35.1 34.5
73 22 19.1 0.190526 0.290526 33.2 34.8 33.1
74 20.5 17.8 0.177535 0.277535 33.7 334 33.1
75 19 16.5 0.164545 0.264545 322 33.3 319
76 17.5 15.2 0.151554 0.251554 33.2 31.2 34.1
77 16 13.9 0.138564 0.238564 31.1 335 324
78 145 12.6 0.125574 0.225574 35.6 31.6 339
79 13 11.3 0.112583 0.212583 35.7 34.7 36.2
80 11.5 10.0 0.099593 0.199593 36.8 35.9 374
81 10 8.7 0.086603 0.186603 35.8 37.7 35.7
82 8.5 74 0.073612 0.173612 34.8 34.9 34.5
83 7 6.1 0.060622 0.160622 35.8 345 36.6
84 5.5 4.8 0.047631 0.147631 34.7 36.4 344
85 4 3.5 0.034641 0.134641 36.7 35.2 36.7
86 25 2.2 0.021651 0.121651 359 35.9 33.3
87 1 0.9 0.008660 0.108660 36.1 36.3 359

With the hole depth as the horizontal coordinate and the water injection leakage
amount as the vertical coordinate, a segmental water injection observation profile is made
according to the water injection leakage flow rate from each hole section. Figure 10 shows
the observation results of different boreholes.

Comparing Table 6 and Figure 10, it can be concluded that: in the area of section I in
drilling, the water injection leakage of the whole section of the rock formation is <10 L/min
and the permeability of the rock formation is small. This means that the secondary fractures
are not developed in the range of this section of the rock formation, and the primary
fractures are mainly in the rock formation. Due to the small permeability of the rock
layer, it shows that the drilling in this area is outside the development range of the water-
conducting fracture zone, and the drilling has not yet entered the fracture zone area, which
can be classified as the bending and sinking zone. As the observation continues downward,
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the water injection leakage of the rock formation increases sharply in the frilled area of
section II, where the water injection leakage is 10-30 L/min, indicating that the drilling
has penetrated the fracture zone. In this area, the rock layer is greatly affected by mining,
and the secondary fracture produced by the sinking and bending of the rock formation is
more developed. Here, the penetration between the fractures is also better, so the water
injection leakage of the drilling is larger, and the overall hydraulic conductivity of the rock
formation is stronger, all of which belong to the range of the water-conducting fracture
zone. As the observation continues downward, in the area of section III drilling, the
water injection leakage of the rock layer is larger than that of the fracture zone at a rate of
3040 L/min, indicating that the drilling has entered the caving zone. Judging from the
inflection point of water injection leakage in the three boreholes, the measured height of
the water-conducting fracture zone is 84.0 m (1 borehole), 82.7 m (2 borehole), and 86.6 m
(3 borehole), respectively.

The observation results of the three boreholes are closer to one another, which shows
the accuracy of the observation results of the three boreholes. In the engineering field, the
maximum value is often taken as the final result in order to ensure a high safety factor.
Therefore, according to the field actual measurement data, the final result of the field actual
measurement of the height of the water-conducting fracture zone of the E2311 working
face of Gaohe Coal Mine is 86.6 m with a mining thickness of 6.5 m. Thus, the ratio of the
water-conducting fracture zone height and the mining thickness after mining of the E2311
working face of Gaohe Coal Mine is 13.32.
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Figure 10. Borehole observation results. (a) Graph of observation results of borehole 1. (b) Graph of
observation results of borehole 2. (¢) Graph of observation results of borehole 3.

7. Discussion

In this paper, we analyzed the overburden layer on the working face according to
the practical mine pressure theory and the structural mechanics theory. The overburden
was divided into seven rock groups with soft and hard combinations, and the synergistic
movement mechanism of the rock groups was analyzed to lay the foundation to study
the development of the height of the water-conducting fracture zone of the overburden.
Secondly, the analysis showed that the development of the water-conducting fracture
zone of overburdened rock gradually developed upward in a step-like manner by the
rock formation group, and that the fracture development of each rock formation group is
controlled by the movement of the lower hard rock layer. After determining the grouping
of the overlying strata of the working face, judging the development height of the water-
conducting fracture zone can be transformed into analyzing the deformation and fracture
development of several layers of hard rock formations. The size and distribution of fractures
were characterized by the tensile deformation of rock formations, and the layer of several
hard rock layers was calculated to obtain the inflection point of the change of the stratum’s
tensile ratio. We then determined the development height of the water-conducting fracture
zone according to the grouping of rock layers. Thirdly, the numerical simulation analysis
was carried out by FLAC3D to analyze the distribution characteristics of tensile stress
in the overlying strata of the working face, and the development height of the water-
conducting fracture zone was determined. Finally, the elevation borehole was constructed
at the working face and the height of the water-conducting fracture zone was observed
by the downhole visualizer instrument. The research conducted in this paper is based on
engineering practices, mechanisms, and theoretical research. Through numerical simulation
and field measurement verification, the research objectives of the paper were achieved.

Research on the height of the water-conducting fracture zone in the fully mechanized
top coal caving face under the overlying rock combination structure involved grouping of
the overburden of the working face. We judged the height of the water-conducting fracture
zone by the stratum’s tensile ratio, based on the grouping, and by combining numerical
simulations and field measurements. This resulted in a more accurate measurement of the
height of the water-conducting fracture zone.

8. Conclusions and Future Works

Firstly, the overlying strata of the E2311 working face are mostly composite rock
structures, which can be divided into seven rock groups with soft and hard combinations.
The lowermost hard rock layer of each group is the supporting key layer, which drives the
upper layers of weaker rock layers to move in a synchronized and coordinated fashion.
When the lowermost supporting key layer is bent and broken, the overlying weaker rock
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layers will move and break at the same time. At this time, the movement of each rock group
will be uncoordinated, and the rock group will form a separate layer between them.

Secondly, based on the combination structures of the overburden of the working face,
the tensile deformation of the rock strata was used to characterize the size and distribution
of the fracture in rock strata. The stratum’s tensile ratio was calculated to obtain the change
in inflection point of the tensile ratio value, and the height of the water-conducting fracture
zone was determined to be 83.82 m.

Thirdly, the numerical simulation shows that with the advancement of the working
face, the development height of the water-conducting fracture zone gradually increases, and
as the working face continues to advance, the development speed of the water-conducting
fracture zone height slows down and finally maintains steady at 84.3 m.

Fourthly, the height of the water-conducting fracture zone is observed by the downhole
height observation instrument. The heights of the water-conducting fracture zone are 84 m,
82.7 m, and 86.6 m, respectively. In order to ensure a higher safety factor, the height of the
water-conducting fracture zone observed on the working face was finally determined to be
86.6 m.

Finally, the height of the water-conducting fracture zone in the working face obtained
by theoretical calculation, numerical simulation, and field measurement is consistent. In
order to ensure a high safety factor, the highest height of the water-conducting fracture
zone in the working face after mining was selected at 86.6 m, and the ratio of the water-
conducting fracture zone to the mining height thickness was 13.32.

The article analyzes the combination structure and synergistic movement mechanisms
of the overlying rock layers on the working surface and characterizes the size and distribu-
tion of fractures in the rock formations using tensile deformation based on the overlying
rock combination structure. The paper also determines the height of the water-conducting
fracture zone based on this. However, only the tensile deformation of the lowermost hard
rock layer in the same group has been studied in the paper, and the tensile deformation
of the soft rock layer under its control has not been studied. This will be investigated
in the next step to make the calculation of the water-conducting fracture zone height
more accurate.
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