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Abstract: Strong mine pressure has a great impact upon the safety production of coal mines. Micro-
seismic information provides a more advanced technical means for overburden fracture dynamic
identification and mine pressure mechanism research, since it contains rich information on rock
fracture sources. In this study, the isolated LW8102 working face in Tongxin Mine was investigated in
order to propose a spatio-temporal microseismic event data analysis method based on the k-means
clustering algorithm. This algorithm can handle dynamic identification of overburden fractures
constrained by spatiotemporally discrete distributions of microseismic events. This provided the
dynamic extension process and the fracture distribution pattern of the overburden: eight fracture
extensions were formed in the overburden. In each extension, vertical fractures connected the low
and high rock layers in the LW8102 and LW8103 goafs, and through fractures connected the LW8102
and LW8103 goafs in their high, middle, and low levels. Some extensions had fractures that were
connected to form a closed loop structure. In the vertical fracture, there was a tendency for one or
two layers of the stratum to fail first, and then extend to one or both sides. The process of through
and vertical fracture propagation followed a certain temporal sequence, reflected primarily in two
forms: firstly, as the vertical fracture extended to a certain layer, it provided the initial rupture space
for through fracture spreading; secondly, the through fracture first broke, and then extended to the
vertical fracture until it intersected with the vertical fracture or provided the initial rupture space for
the expansion of the vertical fracture. By matching the overburden fracture to the mine pressure that
responded to the support resistance, we analyzed the mechanism of mine pressure at the working
face. Through fracture at the high level was found to be the primary cause of the occurrence of mining
pressure. It was precisely placed that the formation of multiple adjacent high through fractures 110 m
from the floor, triggering simultaneous instability motion of the lower multi-layer level rock; this
was the main reason for the phenomenon of strong mine pressure at the working face. Meanwhile,
high through fracture at 80 m from the floor was the main reason for the phenomenon of large mine
pressure at the working face.

Keywords: microseismic information; spatial and temporal clustering; dynamic identification of
overburden fracture; strong mine pressure mechanism

1. Introduction

Preventing and controlling strong mine pressure has always been the key but challeng-
ing part of China’s mining activities. The phenomenon of strong mine pressure disasters
appears under the extra thick coal seam mining conditions in the Datong hard roof mining
area, manifested by severe rib spalling of the stope, the abrupt and drastic downcutting
of the supporting column or even the pressure frame, and the heavy deformation of the
mining roadway. It should be noted that under isolated working face conditions, the
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phenomenon of strong mine pressure is abnormally prominent, severely affecting safe pro-
duction [1,2]. Scholars have carried out a great deal of research in this regard, concluding
that the formation of a gradually evolving roof group structure with the characteristics of
“low-level composite cantilever beam, masonry median beam and high-level structure”
is the main reason for the high pressure. The unstable linkage of the high-level roof is
the primary driver for the generation of strong pressure [3,4]. The structure of the roof
arch in the mined-out area combined with the concentrated load transfer of the coal pillar
reinforces the induced strong pressure [5] Affected by mining advance abutment pressure
and bidirectional high abutment pressure of suspended roofs in adjacent working face
goafs, the mine pressure will be higher [6]. Based on the above results, it is possible to
recognize the causes of high mine pressure under such conditions. However, the results
are based on indirect research methods, such as support resistance observation, numerical
simulation, and theoretical analysis, and it is difficult to provide an accurate identification
and determination of the dynamic spatial and temporal evolution laws of the overlying
roof fracture, the dynamic destabilization mechanism, and the layer position of the rock
formation controlled by the fracture, making it difficult to analyze and control the fracture
destabilization activity of rock formations accurately. Therefore, it is important to use
microseismic information to dynamically identify overburden fractures, and to analyze
the mechanism of strong pressure in order to prevent and control roof disasters under
such conditions.

Microseismic events contain rich information about the sources of rock rupture,
through which analysis of the rock fracture network, seismic parameters, and the seismic
mechanism for internal observation of the rock rupture process can be realized; moreover,
the development mechanism of rock engineering hazards can be revealed, providing a
more advanced technical means to solve the above problems. However, due to the discrete
spatial and temporal distributions of microseismic events, it has been difficult to make
a breakthrough in the study of dynamic identification of overburden fractures and mine
pressure mechanisms at working faces using microseismic information [7-9]. To address
this issue, some scholars initially conducted studies from the perspective of mining activi-
ties and microseismic event distribution characteristics [10,11]. These studies have shown
that mining-induced microseismicity is caused by the fracturing of intact rock as a result
of the sudden release of accumulated strain energy around underground openings. The
occurrence and distribution of seismicity are affected by a combination of exploitation-
induced, tectonic, and coseismic stresses [12-14]. In most cases, coal extraction has the
most pronounced effect on the stressful environment. As such, induced microseismic char-
acteristics are closely correlated with mining activity in temporal and spatial sequences [15].
Microseismic events tend to cluster close to the open cut [16]. In the process of longwall
coal mining, most seismic sources occur in the range of 10 to 80 m to 100 to 200 m in front
of the working face [17-19]. The microseismic events recorded at the Velenje Mine were
spatially correlated with face advancement [20]. A significant temporal correlation of the
monitored microseismic signals was observed during different excavation rounds. The
majority of microseismic events occurred within 24 h after excavation, but several occurred
up to 10 days after excavation [21]. The locations of microseismic occurrences overlap with
stress concentration areas, and the frequency of microseismic event counts correlate well
with the intensity of mining, while the energy magnitude and spatial distribution of micro-
seismic events correlate poorly with the intensity of mining [13]. The spatial distribution
characteristics of microseismic events are complicated, and it is difficult to determine the
evolutionary trend of microseismicity over time, but the energy density clouds exhibit
obvious nucleation characteristics [22].

In recent years, there has also been some research on the use of microseismic informa-
tion to describe rock movement and explain the derived mine pressure phenomenon at the
working face. Ma, C. C. efficiently interpreted progressive rupture effects in microseismic
event clusters by feeding microseismic information into numerical simulations [7]. Yu, G.
F. found that the high-energy microseismic events at Dongjiahe coal mine LW22517 were
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generated by the increased scale of overburden destruction as the insufficient mining stage
entered the sufficient mining stage [23]. Pang Huan-dong inferred that micro-earthquake
phenomena in the coal mine production site are mainly caused by shear action [24]. Cheng
Yunhai found that the rock layer above the main roof of the three goaf sides formed a
“C” shaped spatial structure, with microseismic events distributed on the outer side to
constitute the rock rupture zone; meanwhile, the inner side of the “C” structure was the
high-stress zone [25]. Cai Wu found that the distribution of large-energy microseismic
events in Gansu Huating coal mine LW250103 showed an arch-shaped spreading of the
mine seismic envelope during the mining period, which was in agreement the results
presented by the ‘masonry beam’ assumption and numerical simulations [26].

In order to further study the fracture characteristics of the overburden and the mine
pressure mechanism using microseismic information, in this study, the isolated working
face LW8102 in Tongxin mine was investigated. A clustering algorithm for the integration
of spatial and temporal characteristics of microseismic events was adopted to address the
discrete spatial and temporal distributions of microseismic events. In turn, the dynamic
expansion process and spatial and temporal distributions of the overburden fracture were
analyzed in an attempt to provide a basis for the mechanism and control of mine pressure
at the working face.

2. Working Face Conditions and Microseismic Monitoring Data
2.1. Working Face Conditions

The LW8102 of Tongxin Mine in Datong Mining Area, mines the 3-5# coal seam at a
depth of about 450 m, with a thickness of 18.08 m for the seams, 4.61 m for the immediate
roof, and 10.32 m for the main roof. Coal is mined using the single-strike longwall backward
comprehensive mechanized low-level top caving mining method, with a mean strike length
of 1516.5 m, inclined length of 251 m, and mining height of 3.9 m. The top coal is released in
a combination of sequence and interval by one cut and one release, and the roof is managed
by the natural collapse method. The stratigraphic column of LW8102 is shown in Figure 1.

Vertical
Stratum Thickness (m) distribution Mark layers Names
Lower Jurassic
Sysleml of middle-fine sandstone
Yongding 16.63 sandy conglomerates
Zhuang
Formation
K38 fine sandstone
11.87 No. 4 coal sandy shale
] seam No. 4 coal seam
Lower Permian
System of middle-fine sandstone
Shanxi 10.38 silty sandstone
Formation
1032 K3 medium-coarse
sandstone
534 No. 2 coal
seam
18.08 No. 3-5 No. 3-5 coal seam
coal seam
Upper —
Carboniferous No. 3 coal Kaolinite mudstone
System of 8.06 No. 6 coal seam
Y . seam fine sandstone
Taiyuan
Formation
14.17 R NN granule conglomerate
: TaTaTa Ty cobble conglomerate
e
pebble conglomerate
No. 8 coal No. 8 coal seam
12.53 seam sandy shale
Kaolinite mudstone

Figure 1. Stratigraphic column of LW8102.
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LW8102 is an isolated island working face, flanked by the LW8101 goaf and LW8103
goaf, with a coal pillar width of 6 m in both sections, as shown in Figure 2. Mining at
LW8101 and LW8103 was completed in October 2010 and in March 2015, respectively, and
both of these sites experienced strong mine pressure during the mining. Stronger mine
pressure is expected at LW8102 because LW8102 is affected by the advanced abutment
pressure and bidirectional high abutment pressure of suspended roofs in adjacent working
face goafs under isolated working face conditions; thus, LW8102 began mining in 2020 after
the mine at LW8103 was completed for 5 years, and the overburden was relatively stable.

w Goaf #MmngiIEm'cﬂ { | Normal Fault 4t Reverse Fault adt e Inferred Fault f |Rel ative Cocrdinaes

Figure 2. Mining conditions and layout of LW8102.

Regarding the geological structure, the 2102 roadway encounters two reverse faults
and two positive faults about 173 m, 208 m, 574 m, and 1015 m from the auxiliary trans-
portation roadway, which diagonally penetrated the working face. The 5102 roadway
enters the igneous intrusion area about 558-1028 m from the auxiliary transportation road,
which has irregular and intermittent intrusion forms.

Regarding the correspondence with the overlying Jurassic coal seams, the overlying
Jurassic 8#, 9#, 11#, 12#, and 14# coal seams of Yongdingzhuang Mine were mined from
1962 to 1988. The 14# coal seams are 154 to 164 m apart from the Carboniferous 3-5# coal
seams. There is no water in the overlying Jurassic coal seam mined-out area.

2.2. Microseismic Monitoring Data

Microseismic observations recorded relevant data from 15 October 2020 to 26 May
2021, during which time the workings advanced from approximately 560 m from the open
cut to 1260 m from the open cut, with a total of 6648 microseismic events. The study object
was the overlying rock in the working face, and a total of 4525 microseismic events were
included. These events only included microseismic events above the coal seam floor of
the working face, which meant their z-values were greater than 791. The information of
each microseismic event included the occurrence time ¢, the values of three-dimensional
coordinates x, y and z, and the energy e.

The data recorded on site were the latitude and longitude coordinates, and a relative
coordinate system was established, as shown in Figure 2. x’ axis was along the working
face advancing direction, and i’ axis was perpendicular to the face. The x and y coordinates
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of microseismic events were converted according to following the plane rotation and
transformation formulas:

xl

)
@

where x’" and y’ represent the coordinate values of the microseismic event position in the
relative coordinate system; x and y signify the coordinate values of the microseismic event
position in the absolute coordinate system; xp and y are the coordinates of the original
point in the absolute coordinate system in Figure 1 (i.e., 551,076.564, 4,432,175.907). «
represents the clockwise rotation angle of the relative coordinate system compared with
the absolute coordinate system, i.e., —17.4505°.

Figure 3 shows the top view of the microseismic event distribution. The microseismic
events were found to be distributed in a rectangular shape, and were mainly distributed
in the mining space area in the x-axis direction, and in the LW8102 and LW8103 goafs in
the y-axis direction. In comparison to the LW8103 goaf, there were no microseismic events
in the opposite mining area of the LW8101 goaf. The reason for this is that LW8101 ended
mining earlier than LW8103, and the overburden was more stable. This indicates that a
longer period of overburden rock stabilization in the adjacent mining zone may weaken
the influence on the isolated working face.
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Figure 3. Top view of microseismic event distribution.

Figure 4 shows the front view of the microseismic event distribution. It can be found
from the figure that in the x-axis direction, the microseismic events are distributed above
the mining space range of the working face. The maximum range of impact activity in the
z axis reached about a z value of 925 m, i.e., 130 m from the roof, which was unaffected
by the Jurassic mined coal seam, indicating that the large structure overlying the Jurassic
mined coal seam was not reactivated, and had little impact on the mine pressure at the
working face.
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Figure 4. Front view of microseismic event distribution.

Based on the aforementioned distribution of microseismic events in both the top and
front views, microseismic events were found to have obvious nucleation features, indicative
of rock fracture crack features. The microseismic events were plotted in the 3D distribution
map, as illustrated in Figure 5. As the figure shows, the nucleation characteristics of
the microseismic event distribution were more evident, but it is difficult to identify the
directionality. Therefore, it was necessary to use an effective method to analyze and derive
the distribution and extensional states of fracture cracks in overlying rocks. In this study,
cluster analysis was used to classify microseismic events in the form of clusters, which were
then plotted in a three-dimensional distribution map in temporal sequences to analyze the
spatial and temporal distribution pattern of overburden fracture cracks.

"

n

<
m

1100

1050

[
5 3
-

£
(=]
Distance from the floor/

e -.‘ e, : . — = 5
——— : — s ay/m
400 600 L — —— _— —— 300 400 adw “Y'

. 800 1000 e — 200 paulage ¥¢
€ open cut/m pistance

Figure 5. Three-dimensional distribution of microseismic events.

3. Spatial and Temporal Clustering of Microseismic Events
3.1. Clustering Algorithm Principle

The clustering algorithm, also referred to as unsupervised classification, partitions
the data into meaningful clusters. The k-means algorithm is a prototype-based clustering
algorithm that partitions the feature matrix X of n samples into k non-intersecting clusters.
Intuitively, cluster is a group of data aggregations where the data in a cluster are considered
to belong to the same class. The number of clusters k is a super parameter, which must be
determined by artificial input. The primary task of k-means is to find k optimal centroids
and assign the nearest data to the cluster represented by those centroids.
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The shorter distance from all sample points to the centroid for a cluster, the more
identical the samples in this cluster, and the fewer the variations. Many methods are
available to measure the distance, such as Euclidean distance, Manhattan distance, chord
distance, etc. The Euclidean distance was adopted in this research. Let x denote a sample
point in the cluster, i the cluster’s centroid, # the number of features in each sample point,
and 7 each feature of the constituent point. Then, we have the formula that expresses the
distance from the sample point to the centroid:

d(x, 1) = ,/é (i — )2, 3

The sum of squares of distances from all sample points to the centroid in a cluster is
as follows: o
Cluster Sum of Square(CSS) = Y Y (x; — ui)?, 4)
j=1i=1
The total sum of squares of intra-cluster distances for all clusters in a dataset is

as follows: .

Total Cluster Sum of Square = 2 CSSs,, 5)
I=1

where m is the number of samples in a cluster, j is the serial number of the sample, and
Formula (4) is the sum of squares in a cluster. k represents the number of clusters, and
I represents the serial number for each cluster. The sum of the intra-cluster distance squares
of all clusters in a dataset is summed to obtain the total sum of squares in Equation (5). The
smaller the total sum of the squares of the clusters, the more similar the samples within
each cluster will be, and the better the clustering will be. In the centroid’s iterative and
changeable process, the total cluster sum of the squares becomes smaller and smaller. When

it is the smallest, the centroid no longer changes, and clustering terminates [27].
The pseudo-code of the k-means clustering algorithm is shown below (Algorithm 1):

Algorithm 1. k-means clustering algorithm

Input: sample set D = {x1,x3,- -+, Xm };

Clustering number of clusters k

Process:

Randomly select numbers k from D Sample set as the initial mean vector {1, iz, - - -, px }
2. repeat

LetC; = ¢(1 <i<k)

forj=1,2,--- ,mdo

Calculate the distance between the sample X; and each mean vector y;(1 <i <k)
The nearest mean vector determines the cluster labeling of x;: A; = argmin;c (1, ... ;1 dij;
Categorize the sample ; into the corresponding cluster: Cy; = Cy, U 1 Xj ;

end for

fori=1,2,--- ,kdo

Calculate the new mean vector: ‘ug = ‘é‘_‘ Y xec,X

if pf # p; then

Update the current mean vector from j; to j}

else

Keep the current mean vector unchangeable

end if

end for

until the current mean vector keeps the same

Output: clusters are divided into C = {Cy,Cp, - - -, Ci }.
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3.2. Selection of Spatio-Temporal Features and Determination of the Optimal k-Value

A microseismic event is considered to be a sample, which contains five elements:
time (t), three-dimensional coordinates (x, y, z), and release energy (e). Of these, the
characteristics of t and x gradually increase with the occurrence of microseismic events,
y and z fluctuate within a certain range, and e is characterized as the occurrence of several
large-energy events after a series of small-energy events. Therefore, when clustering, e is
the noise feature, and time t as well as three-dimensional coordinates X, y, and z are chosen
as the sample feature. During data pre-processing, time t is converted to the difference in
time with respect to t of the first microseismic event.

Since the four characteristic distributions were different, and the characteristics with
different value ranges have an impact on the distance calculation, the data were stan-
dardized in this study, in order to make the processed data obey the standard normal
distribution with mean 0 and variance 1. The formula is as follows:

* X—H
YT ©)
where x* are standardized sample characteristic values, x are sample characteristic values,
u is the sample characteristics mean value, o are sample characteristic variance values.
Clustering algorithms are typically evaluated by the average contour coefficients of
all samples [28]. The contour coefficient is defined for each sample, both to measure the
similarity between the sample and other samples in its cluster, as well as to measure the
similarity between the sample and samples in other clusters. The single-sample contour
coefficient formula is shown below:

s b—a
~ max(a,b)’

@)

In the formula, a is the average distance from the sample to all the other points in
the same cluster, and b is the average distance from the sample to all points in the next
closest cluster.

The range of the contour coefficient is (—1, 1), where the closer the value is to 1, the
more the sample is similar to the sample in its cluster and is not identical to the sample in
other clusters. The closer the contour coefficient is to 1, the better the clustering effect is,
and the negative number indicates an inferior clustering effect.

During microseismic data clustering, the mean contour coefficients decrease as k value
increases, indicating that the smaller k is, the greater the similarity in the cluster and the
lower the similarity out of the cluster, and the better the clustering outcome. However, when
k value is very small, it is difficult to observe the distribution of overlying rock fractures.
Therefore, it was essential to seek a balance between the fine-grained classification of
microseismic events and the clustering effect, in order to find the optimal clustering result.
This allowed the optimal clustering result to be found under conditions that ensured
that the k value was large enough to separate the microseismic events and observe the
distribution of cracks. In this regard, the following five indicators were observed during
the computation.

I;: Average contour coefficients:

1 k m
L = %2 2 Sijs 8
I=1j=1
I,: Standard deviation of contour coefficient:
k m )
Y Y (s;—59)
I=1j=1
L= , 9

km
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I3: Proportion of larger than the average contour coefficient in the total number
of samples:
Iy = P(s|s >53), (10)

I4: Average value of the proportion of the contour coefficient greater than the average

value in each cluster: .
1 _
L= Ez; Pi(sygfsi; >3), (11)
I5: Standard deviation of the proportion of the contour coefficient greater than the
average value in each cluster:

2

k
¥ (P(sij|sij >5) — P)

Is = =1

, 12

- (12)

K values were computed from 5 to 300, and the five evaluation indicators were

normalized as shown in Equation (13), in order for the evaluation indicators to converge in

the range from 0 to 1, thereby allowing simultaneous observation of the clustering effect in

the same graph. The curves of evaluation indicators with the k values are shown in Figure 6.
x — min(x)

¥ = max(x) — min(x)’ 13

where x* are normalized evaluation indicators, x are sample evaluation indicators.

12

— 11 B — I5
— I — K

1.0

038 Optimal
[ clustering
ol AN AN

i
MMW il 4
| i
| | I !“'% “ ‘)‘ ”% Y

0.0
0

=N

Value of indicators

29 58 87 116 145 174 203 232 261 290
k

Figure 6. Variation curve of the indicators of clustering results with k.

In Figure 6, a larger value of I; represents a better clustering effect. The initial value of
I; was large and decreased gradually; after decreasing to the minimum value, it continued
to decrease after a short rise, and was unchanged as it decreased to a value of k 162. This
meant that for indicator I;, the clustering effect decreased first in the increasing process of
the k value, and continued to worsen after a brief increase, and was unchanged when the
value of k reached 162. Thus, the set of optimal clusters was {k|k < 162 }.

Larger I3, I4 represent a better the clustering effect. The initial value for I3, 14 was large
and decreased gradually; after it decreased to the minimum value, it began to increase.
When it increased to the k value of 162, it remained unchanged. This meant that for
indicators Is, 14, the clustering effect first decreased to the worst in the increasing process of
the k value, and then increased to the k value of 162 and remained unchanged. Therefore,
the optimal set of clusters was {k|k > 162 }.
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The smaller the I, the better the clustering effect. The initial value of I, was low and
increased gradually; when it increased to the maximum value, it began to decrease, and
remained constant after the k value increased to 162. This meant that for the indicator I,
the clustering effect decreased to the worst in the increasing process of the k value, and
then it remained unchanged when the k value increased to 162. Therefore, the optimal set
of clusters was {k|k > 162 }.

The smaller the I5, the better the clustering effect. The initial value of I5 was low
and gradually increased. The Is went through a period of invariance in the increasing
process, and then continued to increase until it tended to become invariant again. The
ending k value of the first invariant period was 162, and the starting k value of the second
invariant period was 280. This meant that for the index Is, the clustering effect decreased
continuously during the increasing process of the k value, and stopped changing when it
decreased to the k value of 280. During this period, a period of constant clustering effect
was experienced, and the ending k value of this period was 162. Therefore, the optimal set
of clusters was {k|k < 280 }.

Comprehensively analyzing the clustering effect under the five evaluation indicators,
k value for optimal clustering should be greater than 162, less than 162 and less than
280 simultaneously, i.e., k is taken as 162. At the same time, 162 was large enough to realize
the stripping of microseismic events with discrete spatial and temporal distributions, which
enabled the observation of overburden fractures. Therefore, the clustering results with
the k value of 162 were chosen to analyze the dynamic extension process and distribution
pattern of overburden fractures.

4. Dynamic Identification and Distribution Patterns of Overburden Fractures

During coal seam mining, the overburden rock initially sinks to deformation, gradually
generating fracture cracks, and increasing the overburden fracture destabilization degree.
Under different space and time conditions, fracture cracks extend and penetrate, forming
fractures and destabilized forms of overlying rock. Therefore, the microseismic events in
each cluster were plotted sequentially in a three-dimensional map in the order of centroid
time sequence, in order to analyze the dynamic extension process and distribution patterns
of fractures in overlying rocks.

The color gradients were fixed in chronological order, and the more posterior the
event clusters were, the higher the values of the color gradients. All clusters were plotted
in the 3D diagram, as shown in Figure 7. It can be found that, in time sequence, the
microseismic events were positively correlated with the workface advancement; several
fracture extension planes appeared along the advancing direction. The event clusters were
plotted sequentially in a three-dimensional diagram, which shows that there were eight
fracture extensions, named S1 to S8, in the advancing direction. The microseismic events
and fracture distribution of each extension are shown in Figure 8. The fractures of all
extensions are plotted in one figure, as shown in Figure 9.
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Figure 7. Microseismic events distribution after setting the color gradient.
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From Figures 8 and 9, it can be found that each extension formed vertical fractures
connecting the low and high rock layers in the LW8102 and LW8103 goafs, and through
fractures connecting the LW8102 and LW8103 goafs in their high, middle, and low levels.
The fractures of some extensions linked to form a closed-loop structure. The vertical
fractures and through fractures projected into the front view of the overburden, as shown
in Figure 10. According to Figures 8-10, the dynamic expansion process and distribution
pattern of the overburden fracture could be obtained.
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Figure 10. Front view of the distribution of through fractures and vertical fractures.

(1) Dynamic expansion process and distribution pattern of vertical fractures

A total of 15 vertical fractures were formed in the eight extensions. A single vertical
fracture formed in both LW8102 and LW8103 goafs in each of the extents, apart from
S1, S6, and S7. S1 and S7 failed to form a vertical fracture in LW8102. S6 formed two
vertical fractures in LW8102, one of which was composed of NO.96 and NO.98, with
fewer microseismic events, named S6-1, while the other one was densely distributed with
microseismic events consisting of NO.98, NO.99, and NO.101, named S6-2.

According to the centroid temporal characteristics of vertical fracture nodes, the
rupture time of the rock layers at different levels was found to vary. However, from the
overall extension process, it showed a trend of rupture, initially by one or two layers
of stratum, and then extending to one or both sides, reflecting four forms of extensions:
from the middle to both ends; from both the ends to the middle; from low-lying to high-
lying; and from high-lying to low-lying. The statistical table of vertical fracture dynamic
expansion forms is shown in Table 1.

Table 1. Statistical table of vertical fracture dynamic expansion forms.

Dynamic Expansion Forms LW8102 LW8103 Goaf
Middle to both the ends S2,S5 S1,S2,54, S8

Both the ends to the middle S6-1, S8 S6, S7
Low-lying to high-lying S3, 54 S3
High-lying to low-lying S6-2 S5

All of the vertical fractures were inclined toward the advancing direction. The low-
lying ends were mainly distributed in the coal seam within 10 m from the floor. The
high-lying ends varied from 80 m to 151 m from the floor, where S1 and S2 were located at
80 m from the floor; S3, 54, S5, S6, and S7 ranged from 100 to 136 m from the floor, with the
highest, S8, reaching 151 m.

(2) Dynamic expansion process and distribution pattern of through fractures

A total of 14 through fractures were formed in the eight extensions. Through fractures
formed with the exception of S4. The through fractures were found in the low, middle, and
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high levels of the extensions, with the numbers 6, 5, and 3, respectively. In the high level,
through fractures formed in S1, 52, S3, S5, S6, S7, where S1, 52, and S7 were located in the
rock layer at 80 m from the floor, and S3, S5, and S6 were located in the rock layer at 110 m
from the floor. In the middle level, through fractures are formed in S2, S3, S5, S6, and S8,
which were located in the formation about 40 m from the floor. In the low level, through
fractures formed in S1, S3, and S7, which were located in the coal seam below 20 m from
the floor.

According to the centroid temporal characteristics of the fracture nodes, there was a
time sequence between through fractures and the vertical fracture expansion process, which
was mainly reflected in two forms: the first one was when the vertical fracture extended to
a certain layer. It provided the initial rupture space for through fracture spreading, e.g.,
extensions from the LW8102 to LW8103 goafs, from the LW8103 goaf to LW8102, and from
both ends to the middle. The second process was that the through fracture first broke,
and then extended to the vertical fracture until it intersected with the vertical fracture, or
provided the initial rupture space for the expansion of the vertical fracture, e.g., extension
from the middle to both ends. The statistical table of through fracture dynamic expansion
forms is shown in Table 2. From Table 2, it can be found that the dynamic expansion form
of the first process was significantly outnumbered by the second process, indicating that
the expansion form of through fractures was dominated by the first one.

Table 2. Statistical table of through fracture dynamic expansion forms.

Dynamic Expansion Forms High Level Middle Level = Low Level
cal f both ends to the middle S1,S2,S5 e S3,57
vertica rf?cmres LW8103 goaf to LW8102 S6 S3,85
arise first LW8102 to LW8103 goaf S3 S8 S1

through fractures

. middle to both the ends S7 S2, S6 —_
arise first

5. Mine Pressure Mechanism Based on Overburden Fractures

According to the dynamic expansion and distribution pattern of overburden fractures
at the working face, vertical fractures were found to extend from high to low while also
extending from low to high, indicating that the rupture times of different rock layers were
different, and affected each other. When a through fracture forms and a vertical fracture
joins with it, the rock formation where the through fracture is located will experience “slip”
or “swing” instability. During the downward instability movement of the rock layer, it is
extremely probable that kinetic energy was transferred to the lower layer, which caused
the lower layer to move unstably along the lower fracture, triggering the synchronous
instability movement of the multi-layer rock formation, and causing the mine pressure
to appear at the working face. Therefore, the through fractures at different heights have
different effects on the mine pressure at the working face, in which the higher the distance
is from the floor, the stronger the pressure at the working face. This provides an explanation
for the large and strong mine pressure phenomenon in the Datong hard roof mining area.

In order to study the relationship between the overburden fractures and the mine
pressure at the working face, the support resistance in the microseismic monitoring area
was monitored, and a heat map of the mine pressure state at the working face was obtained,
as shown in Figure 11. From the figure, it can be seen that during the mining period, a
total of six mining pressure appearances were generated, among which P3, P4, and P5 had
high pressure intensity, short pressure interval, and long persistence. Moreover, in the
following long-range monitoring area, despite there being no mining pressure appearance,
Level 1 was dominant overall, showing a high mine pressure state. Thus, P3, P4, and P5
can generally be regarded as a strong mine pressure phenomenon, while P1, P2, and P6 can
be regarded as a large mine pressure phenomenon.
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Figure 11. Heat map of mine pressure state at the working face.

The through fractures project into the top view of the working face, and the heat map
of the mine pressure state of the working face was filled into the monitoring area to observe
the correspondence between the above two, as shown in Figure 12. From the figure, it
can be found that there was a clear correspondence between high through fracture and
mining pressure appearance, indicating that high through fracture was the main cause
of mining pressure appearance at the working face. P1, P2, and P6 correspond to high
through fractures 80 m from the floor, indicating that high through fracture at 80 m from
the floor was the main cause of the large mine pressure phenomenon at the working face.
P3, P4, and P5 correspond to high through fractures 110 m from the floor. Furthermore,
the interval between these three through fractures is relatively small, and the through
fractures in other lower layers are also closely distributed. Therefore, it can be inferred
that the formation of multiple adjacent high through fractures 110 m from the floor that
triggered simultaneous instability movement of the lower multi-layer level rock is the
main reason for the strong mine pressure phenomenon at the working face. The overall
high mine pressure state in the following long-range monitoring area after strong mine
pressure is related to the stabilization process of simultaneous instability movements of the
multi-layered rock layers, leading to strong mine pressure.
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Figure 12. Corresponding relationship between through fractures and mine pressure states.
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6. Conclusions

(1) The problem that the discrete spatio-temporal distribution of microseismic events
limits the study of overburden fracture characteristics can be solved using spatial and
temporal clustering of the microseismic data, and characterizing the distribution of mi-
croseismic events in the form of clusters. The optimal k value was determined using the
five evaluation indicators proposed in this study, which are as follows: average of contour
coefficients; standard deviation of contour coefficients; proportion larger than the average
contour coefficient in the total number of samples; average value of the proportion of the
contour coefficients greater than the average value in each cluster; standard deviation of
the proportion of the contour coefficients greater than the average value in each cluster.
According to the clustered centroid time characteristics, the microseismic events in the clus-
ters were sequentially plotted into the three-dimensional map, and the dynamic expansion
process and distribution law of the overburden fractures could be obtained.

(2) The dynamic expansion process and distribution pattern of fractures in the over-
burden were as follows: eight fracture extensions were formed in the overburden. Each
extension formed vertical fractures that connected the low and high rock layers in the
LW8102 and LW8103 goafs, and through fractures connecting the LW8102 and LW8103
goafs in their high, middle, and low levels. The fractures of some extensions linked to form
a closed-loop structure. The vertical fracture showed a trend of rupture, firstly by one or
two layers of stratum, and then extending to one or both sides. There was a time sequence
between the through fracture and the vertical fracture spreading process, which was mainly
reflected in two forms: the first form is that when the vertical fracture extended to a certain
layer, it provided the initial rupture space for through fracture spreading; the second form
is that the through fracture first broke, and then extended to the vertical fracture until it
intersected with the vertical fracture, or provided the initial rupture space for the expansion
of the vertical fracture.

(3) The mechanism of mine pressure was analyzed based on the overburden frac-
tures, which revealed that high through fracture was the main cause of mining pressure
appearance. It was precisely positioned at the formation of multiple adjacent high through
fractures 110 m from the floor, triggering simultaneous instability movements of the lower
multi-layer level rock. This was the main reason for the strong mine pressure phenomenon
at the working face. Meanwhile, high through fracture at 80 m from the floor was the main
reason for the large mine pressure phenomenon at the working face.

7. Patents

“CN 114382544 A. 2022.04.22” A quantitative analysis method for fracture characteris-
tics of overlying rock in working faces.
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