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Abstract.

An understanding of the influence of MR (Magmatic Rock) thickness on the surrounding rock behaviors is

essential for the prevention and management of dynamic disasters in coal mining. In this study, we used FLC3D to study the
breaking and instability laws of surrounding rock with different MR thicknesses in terms of strata movement, stress and energy.
The mechanism of dynamic disasters was revealed. The results show that the thicker the MR is, (1) the smaller the subsidence of
the overlying strata is, but the subsidence span of the overlying strata become wider, and the corresponding displacement
deformation value of the basin edge become smaller. (2) the slower the growth rate of abutment pressure in front of the working
face is, but the peak value is smaller, and the influence range is larger. The peak value decreases rapidly after the breaking, and
the stress concentration coefficient is maintained at about 1.31. (3) the slower the peak energy in front of coal wall, but the range
of energy concentration increases (isoline “O” type energy circle). Finally, a case study was conducted to verify the disaster-
causing mechanism. We anticipate that the research findings presented herein can assist in the control of dynamic hazards.
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1. Introduction

Magmatic intrusion exists in many coal measures strata
in North China and Huaihe River Basin (Jiang et al. 2019,
Liu et al. 2019, Sun et al. 2019a, b, Zhao et al. 2020). The
intrusive TMRs (Thick Magmatic Rocks) have the
characteristics of high strength and good integrity, so they
are often referred to as HTKRS (Hard and Thick Key Rock
Strata). In the process of coal seam mining, TMRs are
suspended in a large area, forming high secondary stress in
the surrounding rock of the stope, accumulating a large
amount of elastic strain energy. Once the TMRs are broken
and unstable, the impact of large load energy can easily
cause strong dynamic disasters such as mine earthquakes,
impact ground pressure and dynamic load of supports,
which seriously threaten the safety of coal mine production
(Dewandel et al. 2011, Konicek et al. 2013, Dou et al.
2014, Wang et al. 2015, Zhao et al. 2018, Sun and Xue
2019, Zhou et al. 2020a).

As the basis of research on the breaking movement of
TMRs, scholars have done a lot of work in theoretical
analysis of stope strata. Nawrocki (1990) simulated the roof
with shear beams and obtained the stress distribution in the
deformation zone of the coal seam. Qian et al. (1996)
established Kirchhoff plate mechanics model based on
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Winkler elasticity under different mining conditions
according to the stress environment and characteristics of
overburden before and after strata fracture. Tan ef al. (2006)
regarded the mining roof strata as a rock beam structure
supported by elasticity of underlying strata, coal seams and
shallow floor strata. The fracture form and initial fracture
location of the basic roof were analyzed by thin plate
theory. Under the condition of TMR occurrence, the
overburden structure of stope presents different
characteristics. Jiang et al. (2015) studied the evolution law
of fracture development and bed separation range of
overburden under the occurrence condition of high HTKRS,
and gave the prediction formula of bed separation
development volume and area based on elastic foundation
beam model. Zhang et al. (2017) applied physical similarity
simulation experiments to study the overburden structure
and its evolution characteristics during mining, and
summarized the overburden failure structure when the face
was covered with single-layer and double-layer HTKRS.

In recent years, an increasing number of studies have
focused on the fracture of TMRs and the distribution of
abutment stress in stope. MR fragments from a strain-burst
event were studied under a Scanning Electron Microscope
in order to interpret failure mechanism (Heal, 2010,
Mazaira and Konicek 2015, Keneti and Sainsbury 2018).
The evolution of double-layer TMR separation and fracture
with the corresponding MS (Microseismic) signals were
investigated based on in situ observations (Lu et al. 2016).
Through the on-site SOS MS monitoring, the MR migration
and breaking state were analyzed, the risk of rock burst in
Haizi coal mine was evaluated, and the influence of TMRs
on coal and gas outburst was discussed (Wang ef al. 2013).
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Fig. 1 FLAC3D numerical model
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Fig. 2 Model strata and layout of monitoring lines along y=360 m

In another study, apparent-depth effects of dynamic THRS
failure on the underlying coal mining were investigated
based on in situ measurement results (Xu et al. 2019).
However, few studies have considered the influence of
thickness of MR on the mining surrounding rock behaviors.

Based on the previous research results, this study first
analyzed the evolution law of surrounding rock movement,
stress and energy when the MR thickness was 70 m and the
occurrence height was 80 m, and studied the mechanism of
geodynamic hazard induction using FLC3D. In order to
explore the influence of MR thickness on the failure and
instability of mining surrounding rock, we then compared
and analyzed the evolution law of surrounding rock
migration, stress and energy when the thickness of MR was
40 m, 50 m, 60 m, 70 m and 80 m at the same occurrence
height, 80 m. The research findings presented herein may
be of significance for the control of dynamic hazards below
TMRs.

Table 1 Model strata and mechanical parameters

. Bulk Shear Tensile ..
Lithology (llzen;lg) modulus modulus CE’;I/SK;H strength FH(CJ)IOH
g (GPa)  (GPa) (MPa)

Coal 1350 4.8 3.6 1 0.8 28

Fine 2530 123 83 34 32 35
sandstone

Coarse 2530 264 207 43 38 37
sandstone
Magmatic 3555 357 297 62 75 4

rock

Siltstone 2530 15.2 9.4 2.8 2.4 30
Mudstone 2340 7.1 5.1 12 2.4 25

2. FLAC3D numerical model Description

Based on an existing TMRs mentioned in the previous
section, a three-dimensional numerical calculation model of
1000 m (length) x 780 m (width) x 288 m (height) was
established as shown in Fig. 1. Considering that the failure
of rock is mainly shear failure, the Mohr-Coulomb model
was adopted in the model analysis (Itasca 2012, Zhang
2014). The model strata and mechanical parameters are
shown in Fig. 2 and Table 1. The buried depth of the
simulated coal seam was 600 m and the coal seam
inclination was 0°. The thickness and strength of the TMR
in the model were much higher than those of other strata,
which was 70 m, and distance from the coal seam was 80
m. When the thickness of MR changed, only the height of
the model was changed. In order to eliminate the influence
of boundary effect, 200 m and 150 m wide coal pillars were
set up along the strike and inclination of the working face.
In the model, the coal seam was mined for 20 m along the
x-axis in each step, and the next step was carried out after
balance until the TMR was broken.

The lateral displacement in X and Y directions was
constrained in horizontal direction, the bottom was fully
constrained, and the top was free boundary condition. The
uniform compensation load applied to the top of the model
was:

o, = yh, = 8.8 MPa (1)

where y is the average bulk density of the failed simulated
strata, 25.5 kN-m~ (Herget 1987), h, is the height of the
failed simulated strata, 345 m, which was obtained by
subtracting the simulated height of the overlying strata, 255
m from the depth at which the coal was being mined, 600 m
As shown in Fig. 2, three displacement and stress
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monitoring lines were arranged in the overburden, marked
Ii- I5, to monitor the behavior of overlying strata in different
horizons.

3. Numerical simulation results and discussions

3.1 Surrounding rock fracture and instability law

3.1.1 Movement of overlying strata

Fig. 3 shows the evolution process of strata subsidence
curve at 60 m above the TMR (monitoring line I; in Fig. 2).
The subsidence of overlying strata of TMR increased
uniformly with the advance of working face before the
breaking, and the maximum sinking point continued to
move forward, and the subsidence span increased
continuously. Before the TMR was broken, the maximum
subsidence of the overburden was only 0.68 m, and the
maximum subsidence after breaking increased sharply to
3.06 m. The sharp fracture and subsidence of MR lost the
support for the overburden and was accompanied by strong
tensile stress. When the damage develops to the surface, it
can cause a large subsidence basin on the surface (Swift et
al. 2014, Tadisetty et al. 2006).
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Fig. 3 Evolution of subsidence curve of overlying strata
before and after the initial fracture of TMR
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Fig. 4 Maximum subsidence of TMR and its overlaying
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Fig. 5 Distribution characteristics of vertical stress at the
bottom of TMR
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Fig. 6 Peak variation curve of front abutment pressure of
working face

Fig. 4 shows the maximum subsidence curve of TMR
(monitoring line I, in Fig. 2) and its overlying strata at
different advancing distances. During the working face
advancing 0-300 m, the displacement change of TMR was
relatively small, and the subsidence movement of overlying
strata kept pace with that of TMR, which increased linearly
with the advancing of working face. The subsidence speed
was 9 mm/10 m (defined as the ratio of phase subsidence
increment to phase advancing distance, unit: mm/10 m), and
TMR was in a relatively stable stage. The relatively stable
stage of TMR lasted for a long time, which was also
determined by its own characteristics.

At 300-420 m, with the periodic collapse of the coal
seam roof, the bed separation fissures continued to develop
upward, and the TMR began to appear more obvious
bending subsidence. The maximum subsidence speed of the
overlying strata increased to 19 mm/10 m, which was in a
significant activity stage.

At 420-500 m, the TMR entered the stage of dramatic
movement. At this time, the longitudinal tensile fracture
crack (Wu et al. 2018) began to appear at the lower end of
the middle part of the TMR. The maximum subsidence
speed of the overburden during the period of 420-480 m
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Fig. 7 Top view of elastic energy distribution in the middle of coal seam

before the fracture was 40 mm/10 m, twice the speed of the
significant activity stage. When advancing to 500 m, the
TMR broke for the first time, and the subsidence increased
by leaps, from 0.89 m to 3.19 m. The overlying strata sank
synchronously, resulting in the maximum subsidence speed
of the overlying strata increased to 330 mm/10 m during the
dramatic activity stage.

3.1.2 Dynamic distribution of stress

Fig. 5 shows the dynamic distribution of stress at the
bottom of TMR with different advancing distances
(monitoring line I, in Fig. 2). In a fracture cycle, the bottom
of MR undergone the dynamic process of compression,
tension and compression, and the vertical stress curve shape
undergone the evolution from “V-shape” to “U-shape” and
then to “W-shape”. In the early stage of mining, the mining
disturbance had little influence on it (Chen et al. 2019, Fu et
al. 2020). The stress at both ends of the goaf was slightly
concentrated, the bottom of MR was compressed, and the
stress curve showed “V-shape”. With the advance of the
working face, the periodic collapse of the weak rock strata
under the MR changed the stress state at the bottom, from
the original compressive stress to the tensile stress, and the
stress curve presented “U-shape”. In this stage, the tensile
stress appeared at the bottom of TMR above the middle of
goaf, which indicated that the middle of TMR reached the
bending strength first, and the cracking point appeared.
When the vertical cracks pass through, the first bending
tensile fracture occurs. At 500 m, the stress on the bottom of
TMR exceeded its bending strength, and the first bending
tensile fracture occurred. The broken MR block had a rapid
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Fig. 8 Subsidence of overlying strata before the breaking
of MR with different thickness

sliding and sinking movement, resulting in the underlying
collapsed rock strata being basically compacted, and the
bottom stress changed from tension to compression, and the
stress curve presented a “W-shape”.

Fig. 6 shows the variation curve of the peak front
abutment pressure of working face (monitoring line I3 in
Fig. 2). In the early stage of mining, the peak value of front
abutment pressure increased rapidly, and then slowed down.
At 460 m, the front abutment pressure reached the
maximum value, 25.68 MPa, and the stress concentration
coefficient was 1.71. With the continuous advance of the
working face, cracks began to appear at the bottom of TMR,
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and the front abutment pressure began to decrease slightly.
At 480 m, the peak value of the front abutment pressure was
25.51 MPa; At 500 m, the TMR and its overlying rock mass
occurred structural collapse and instability, and the front
abutment pressure of the working face decreased rapidly,
the peak value decreased to 19.66 MPa, which was 5.85
MPa lower than that before the fracture, with a decrease
range of 22.93%. The front abutment pressure was released
and the stress concentration coefficient was about 1.31.

3.1.3 Energy distribution characteristics

Before the TMR is broken, it can be regarded as an
elastic foundation beam fixed up and down. At the initial
stage of mining, MR will not break or slip suddenly, but
will settle slowly. At this time, the load exerted by roof on
coal and rock mass can be regarded as static load (Wang et
al. 2015, Naji et al. 2019, Zhou et al. 2020b). After MR
fracture, the mechanical equilibrium condition of the system
is destroyed. The static load of roof is changed to dynamic
load, which releases the stored elastic energy and acts on
the damaged coal and rock mass.

After coal mining, isoline “O” type energy distribution
circle was formed in coal and rock mass, and the more close
to the goaf, the more elastic energy accumulated (see Fig.
7(a)). The energy concentration degree of both sides of the
goaf was greater than that of the front and back of the
working face, and the energy concentration degree was
obvious along the crossheading. In the mining of the
follow-up working face, the small energy MS event was
easy to be induced in the crossheading along the goaf.

Before fracture, with the advance of working face, the
energy range of “O” type gradually became larger, and the
energy continued to increase. At 160 m, the energy value in
front of the working face was 184.21 KJ/m?, and the energy
value along the crossheading was 192.56 KJ/m?; at 480 m,
the energy value reached the maximum value before
breaking, 210.13 KJ/m® in front of the working face, and
230.51 KJ/m? along the crossheading.

At 500 m, the TMR broke, there was still a “O” type
energy distribution circle around the goaf after fracture, but
the energy value was significantly lower than that before
fracture due to the compaction of the goaf (see Fig. 7(d)).
The energy in front of the coal wall was reduced from
210.13 KJ/m® to 160.01 KJ/m?, which was 50.12 KJ/m?
lower than that before breaking, with a reduction of
23.85%. Under the influence of the breaking impact of
TMR, large energy MS events were easily induced in front
of the working face.

3.2 Effect of MR thickness on surrounding rock
fracture and instability law

3.2.1 Movement of overlying strata

Fig. 8 shows the change curve of subsidence of
overlying strata of different thickness of MR before
fracture. With the increase of the thickness of the MR, the
subsidence of the overlying strata tended to increase. For
every 10 m increase of the average MR thickness, the
maximum subsidence of the overlying strata increased by
0.048 m. However, the subsidence difference between 80 m
thick and 40 m TMR was only 0.191 m, which was mainly
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Fig. 9 Subsidence of overlying strata after the breaking of
MR with different thickness
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Table 2 Subsidence of overlying strata before and after
breaking of MR with different thickness

Thickness Breaking span Befo.r © After breaking Increment
breaking
/m /m /m /%
/m
40 320 0.668 4224 532.34
50 360 0.681 3.845 464.61
60 420 0.710 3.390 377.46
70 480 0.781 3.064 292.32
80 560 0.859 2.770 222.47

due to the relatively small tensile deformation of MR with
relatively large bending strength before fracture. Due to its
control and support to the overlying strata, the amount of
subsidence of the overburden was also small. In addition,
the thicker the MR, the wider the subsidence span of the
overlying strata (the larger the subsidence range).

Fig. 9 shows the subsidence of the overlying strata of
MR with different thickness after fracture. With the increase
of the thickness of the MR, the subsidence of the overlying
strata decreased gradually, and the subsidence of the
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Table 3 Abutment pressure peak and influence range in
front of working face under different thickness MR

Thickness/m 40 50 60 70 80
Peak/MPa 2590 25.82 25.75 25.68 25.59
Stress
Maximum Concentration 1.73  1.72 172 1.71 1.71
Factor
Influence range/m 205 215 225 240 315
Peak/MPa 25.82 2576 25.54 25.51 25.48
Before Stress
breaking  Concentration 172 1.72 170 170 1.70
Factor
Peak/MPa 19.70 19.72 19.68 19.66 19.64
After breaking Stress
Concentration .31 131 131 131 1.31
Factor
Reduction/% 23.70 23.45 2294 2293 2292

*Note: the influence range of abutment pressure is 5%
higher than the original rock stress as the boundary

Table 4 Variation law of elastic energy in the middle part of
coal seam before and after fracture of different thickness
MR

Thickness/m 40 50 60 70 80
Before )1 58 22618 22817 23051 23129
breaking

Peak value along Aftor
crossheading/ |- © 25133 25676 260.09 263.24 26536
3 3 reaking
10°KJ/m : -
nerementt o1 1352 1399 1420 1473
Before 1587 21263 21046 21013 21001
breaking

Peak value in front Aftor
of coal ¢ 160.47 16034 160.24 160.01 159.98

wall/103K)/m®  -oreaking
Reduction

/%

2462 2459 2386 2385 23.82

overlying strata decreased by 0.364 m for every 10 m
increase of the average thickness of the MR. The
subsidence span of the overlying strata (i.e., the subsidence
range) also increased with increasing thickness, but the
corresponding basin edge movement deformation value
became smaller (subsidence was gentle).

In order to intuitively understand the movement rule of
the overlying strata, the maximum subsidence change curve
was drawn as shown in Fig. 10. Fig. 10 shows that in the
relatively stable stage of TMR, the thickness of MR had
little influence on the displacement change of overlying
strata, and the subsidence of overlying strata of different
thickness of MR kept increasing synchronously. From the
beginning of the significant activity stage, with the increase
of the thickness of MR, the subsidence speed of the
overlying strata gradually decreased, but the breaking span
and the maximum subsidence before the breaking increased.
The maximum subsidence after breaking was significantly
increased compared with that before breaking, but the
increasing range was gradually reduced, as shown in Table
2

3.2.2 Distribution characteristics of front abutment
pressure of working face

Fig. 11 shows the peak variation curve of abutment
pressure in front of the working face with different
thickness of MR. It shows that the larger the thickness of
MR was, the slower the growth rate of abutment pressure in
front of the working face was, and the larger the first
breaking span was, but the peak value of abutment pressure
in front of the working face was smaller, and the influence
range was larger; after the break, the reduction range of
abutment pressure in front of the working face decreased
with the increase of thickness, and the stress concentration
coefficient was maintained at about 1.31 (see Table 3).

3.2.3 Energy distribution characteristics

Fig. 12 is the top view of the elastic energy change
characteristics in the middle of the coal seam before and
after breaking when the thickness of MR was 40 m, 50 m,
60 m, 70 m and 80 m respectively. With the increase of MR
thickness, the range of “O” type energy concentration circle
before fracture was gradually enlarged, and the range of
high energy concentration area around the goaf was
gradually increased, but the energy in front of the coal wall
and along the crossheading showed the opposite growth
trend with the increase of MR thickness (see Table 4). After
the fracture, the energy along the crossheading increased,
and the thicker the MR, the greater the increase rate. The
energy peak in front of the coal wall showed a decreasing
trend. As the thickness of the MR increased, the energy
reduction rate gradually decreased after breaking. At this
time, the coal and rock mass may be destroyed or moved
suddenly, thrown to the mined space, forming rock burst
(Petrolito 2014, Jiang et al. 2019, Sadoun et al. 2018, Yu et
al. 2018).

4. Case study
4.1 Outline of 104 mining area in Yangliu Coal Mine

Yangliu Coal Mine is located in Huaibei City, Anhui
Province, China, with an area of 60.4 km? and recoverable
reserves of 140.56 million tons. The mine field is about 9
km long from south to North and about 3-9 km wide from
east to west. Mining area 104 is located in the southeast of
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Fig. 13 10414 working surface ground settlement measurement point layout (Zhang ef al. 2014)
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the mine, with an area of about 2.12 km?. 10 coal seam is
the main coal seam in 104 mining area, with an average

buried depth of 600 m, thickness variation range of 0-7.97
m and an average value of 3.05 m. The roof of coal seam 10
is mostly sandstone and mudstone with a little siltstone, and
there is MR with an average thickness of 43.5 m at 116 m
above.

4.2 Surface settlement observation

The first mining face 10414 is located in the east wing
of mining area 104, with the upper working face 10416 and
the lower working face 10412. In order to effectively
control the surface subsidence of the working face and
ensure safe production, 10 monitoring points were arranged
along the strike direction of the 10414 working face, as
shown in Fig. 13. Starting from the vicinity of the open-off
cutting hole, they are: A36, supplement 1, wall 4,
supplement 2, hole 1, B20, hole 2, hole 3-1, hole 3 and hole
B6. Extract the displacement settlement values of hole 3,
B20 and wall 4, and draw the settlement curve as shown in
Fig. 13.

Fig. 14 shows that before November 11, 2011, the TMR
was in a relatively stable stage, the surface subsidence of
working face 10414 was very small, and the TMR
controlled the subsidence movement of the surface (Zhang
et al. 2014). From November 13, the surface subsidence of
B20 and wall 4 measuring points increased significantly,
and the subsidence of wall 4 measuring point in the air way
position was significantly greater than that of B20
measuring point in the middle of the working face, the
maximum subsidence reached 1.8 m, indicating that the
TMR in the goaf of 10414 face had a dramatic migration.
The breaking of TMR can affect the dynamic subsidence
process of the earth’s surface, and the breaking of overlying
TMR can accelerate the subsidence of the earth's surface.

4.3 MS events and analysis

Microseismic activity is a significant indicator for
detecting blast-prone areas. The location of blast-prone
areas changes with the progress of mining activities. By
recording the waveform, the microseismic monitoring
system is extensively adopted to estimate the location of
microseisms in coal mines (Domanski and Gibowicz 2008,
Bischoff et al. 2010, Sainoki and Mitri 2014).

10416 is the replacement working face of 10414
working face, on which is the goaf of 10414 working face.
According to the real-time MS monitoring data of SOS
monitoring system during the stoping period of 10416
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working face (Zhang et al. 2014), the statistical analysis
shows the vibration occurrence from July 12, 2012 to
September 30, 2013, as shown in Fig. 15.

As shown in Fig. 15, 5036 microseisms occurred in total
in 10416 mining processes, and the MS activities below 103
J accounted for 81.9% of the total frequency, indicating that
the MS intensity was relatively small, mainly small energy
vibration, and the threat to the working face was relatively
small. The MS events of more than 10*J only accounted for
0.7%, which shows that the integrity of the overlying TMR
is good and it can keep stable for a long time. With the
advance of working face, once the bed separation reached
the limit span of TMR, bending and tensile fracture
occurred, and a large amount of energy was released
instantly, resulting in a strong earthquake in the mine.

Fig. 16 shows the maximum daily release energy and
frequency of 10416 working face in November 2012. The
frequency of MS events was generally on the rise from
November 1 to 19, but the energy change was relatively
stable and at a low level. During this period, the elastic
energy accumulated in the coal seam and overburden was
easy to release in the form of small vibration, which had
little threat to the impact of the working face, but it was
easy to induce further fracture of the coal body. With the
advance of the working face, the overburden collapse
gradually developed to a high level, and the large energy
MS events became the main one. According to statistics,
there were 6 times of MS energy higher than 5x10* J during
November 20 to 28, including 3 times of events above 1 x
10° J. The energy reached the maximum on the 24th, and
the microseismic activities of different levels frequently
occurred. The frequent occurrence of large energy
microseisms was caused by the breaking and subsidence of
MR. In the process of breaking and subsidence, MR
released a large number of elastic energy, which propagated
to the surrounding in the form of shock waves. In addition,
the gravity potential energy released by the subsidence
movement was very easy to induce strong dynamic disasters
such as working face impact ground pressure and mine
shock. After the MR fracture, the MS energy value showed
a downward trend, but the MS frequency remained at a high
level. This was due to the dynamic disturbance of the lower
strata caused by the fracture settlement of TMR, which
further induced small energy microseisms.

5. Conclusions

We have established a 3-D numerical model to simulate
the fracture and instability law of mining surrounding rock
under different thicknesses of MR conditions. Morever, a
case study was conducted to verify the disaster-causing
mechanism of our simulated TMR. The main conclusions
can be summarized as follows:

* Due to the large bending strength of MR, the
subsidence of overlying strata before fracture is less
affected by the thickness of MR. After the fracture, the
subsidence of the overlying strata increases sharply, and the
larger the thickness of the MR, the smaller the subsidence
of the overlying strata, but the subsidence span of the
overlying strata become wider, and the corresponding

displacement deformation value of the basin edge become
smaller (the subsidence is gentle).

* The larger the thickness of MR, the slower the growth
rate of abutment pressure in front of the working face, and
the larger the first breaking span, but the peak value is
smaller, and the influence range is larger. The peak value
before the breaking decreases slightly. The front abutment
pressure decreases rapidly after the breaking and there is a
significant mutation. The reduction range of abutment
pressure decreases with the increase of thickness, and the
stress concentration coefficient is maintained at about 1.31.

* Under the influence of TMR, the energy concentration
around the goaf appeares as isoline “O” type energy circle.
Increases in thickness increase the peak energy at
crossheading and therefore increase breaking impact
tendency. Increases in thickness decrease peak energy in
front of coal wall, but the range of energy concentration
increases.
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