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Abstract: Large energy mining-induced tremors are generally caused by the rupture of thick-hard
overlying strata, and the roadway is prone to rockburst danger under its dynamic load. Through
numerical simulations, the laws and influencing factors of stress, deformation, fracture and energy
caused by mining-induced tremors (red bed breaking) were revealed, and the results were verified by
field observations. The main conclusions were obtained: (1) the tensile stress and the compressive
stress were concentrated in the middle of the thick-hard rock and both sides of the goaf, which were
prone to tensile and shear failure type caused by mining-induced tremors, respectively; (2) after the
goaf was formed, the compressive stress around the roadway was transformed into tensile stress.
When a strong mining-induced tremor occurred, the tensile stress increased further. Meanwhile, when
it was close to the tensile strength of the coal around the roadway, a rockburst occurred; (3) the energy
of the mining-induced tremor released by shear failure was larger than that of the tensile failure.
With the increase in shear strength of the roof, the released energy also increased; (4) according to the
frequency-spectrum of the mining-induced tremors located in the extremely thick-hard overlying
strata above the working face in the Baodian coal mine, the dynamic load generated by the tremors
was superimposed on the high static load around the roadway, which was very likely to induce the
instability of the roadway. The research conclusions have certain guiding significance for rockburst
prevention in coal mines with thick-hard strata roofs.

Keywords: thick-hard overlying strata; rockburst; mining-induced tremors; microseismic monitoring;
dynamic load

1. Introduction

Mining-induced tremors are the most common dynamic phenomena in coal mines.
When the accumulated stress reaches the peak strength of the coal and rock mass, the failure
will occur, which will possibly induce the mining-induced tremors [1-3]. The occurrence of
mining-induced tremors can be generally classified into three types: fault activation, roof
breaking and coal pillar compression failure [4,5]. The tremors induced by the rupture of
thick-hard strata are common in the Yanzhou coal mine district in China. For example,
there is a rock stratum (commonly known as ‘red bed’) with a thickness of 50-300 m (more
than 500 m in some areas) above the 3# coal seam in the Baodian, Nantun, and Dongtan
coal mines. It is mainly composed of fine sandstone, which easily gathers plenty of elastic
energy and causes the frequent occurrence of mining-induced tremors, due to fracture
during the mining activity of working faces. The mining-induced tremors have a significant
impact on safe production. Similar to natural earthquakes, high-scale events can cause
tremors in surface buildings, coal and gas outbursts, and damage to support equipment.
Especially, when the mining area is subjected to high static stress, the dynamic load released
by the tremors will further make the coal and rock mass develop to the ultimate instability
state until a rockburst is induced [6-8].
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Scholars have conducted many studies on the occurrence mechanism of mining-
induced tremors. For example, Kamila et al. used satellite interferometry to study the
surface subsidence caused by mining-induced tremors [9]. Lukasz et al. suggested a method
to fit the mining volume of the coal body and the energy released by mining-induced
tremors [10]. Zhang et al. monitored the MS events in the mining process through using a
self-built, high-precision MS monitoring system, and analyzed the change characteristics of
the MS parameters before the occurrence of two rockburst accidents [11]. Ma et al. studied
the ground tremors induced by different failure forms, and found that the ground tremor
was mainly determined by the focal mechanism, distance, and azimuth [12]. Beata et al.
studied the static stress transfer in the surrounding rock caused by two high energy events,
based on the focal mechanism [13]. Ma et al. studied the relationship between the b value
and MS events, and found that the b value tended to decrease before the high energy event,
and increase significantly during the event [14]. Zhao et al. proposed a calculation method
of rock damage, stress, and strain, defined by a focal moment tensor (MT), and studied its
trend in work face mining [15].

In addition to field investigation, many researchers have also conducted fruitful
studies in the numerical simulation of mining-induced tremors. For example, Islam et al.
used the boundary element method to simulate the instability of a fault caused by the
mining, indicating that the mining led to the increase of deviatoric stress around the fault
and promoted the fault instability [16]. A simplified numerical model was developed to
calculate the potential seismic response of the faults to the undercut advance [17]. Li et al.
extended the implicit to explicit sequential solution method (IESSM) in Ansys/Ls-dyna
to explore the failure behavior of an underground chamber caused by static in-situ stress
and mining-induced tremor disturbance [18]. Meng et al. studied the influence of the
dynamic load generated by different angles of roof fracture on gob side entry retention [19].
Zhu et al. discussed the influence of mining-induced tremor disturbance on the stability of
an underground opening as its increasing magnitude and prolonged duration through rock
failure process analysis (RFPA) software [20]. The above research undoubtedly enable us
to have a deeper understanding of the mechanism of mining-induced tremors. However,
due to the complexity of the mechanism of tremors, there are still many aspects to be
further considered. In previous numerical simulations, the source of the tremor event was
simplified as a trigonometric function or waveform, which is quite different from the actual
source wavefield characteristics.

Moreover, the stress evolution process and fracture characteristics of tremor sources
are often neglected in the field of numerical simulation. To make up for the defects in these
works, this paper uses Universal Distinct Element Code (UDEC) software to reproduce
the process of rockburst induced by mining-induced tremors generated by the fracture of
thick-hard strata. The source was independently excited by weakening the rock parameters,
which reproduced the stress concentration of the roadway caused by the fracture process of
upper thick-hard strata and the mining-induced tremors. The influence of the fracture form
and shear strength of the tremor source on the dynamic disturbance intensity of the roadway
was discussed in detail. Finally, the numerical simulation conclusions were verified by field
observations of mining-induced tremors caused by the thick-hard red bed fracture above
the 73upper07 working face of the Baodian coal mine. The research conclusions have great
reference significance for revealing the mechanism of mining-induced tremors induced by
thick-hard strata fracture.

2. Numerical Simulation
2.1. Modelling

The UDEC can be used to simulate the deformation and failure process of discontinu-
ous materials. In this software, the general numerical model is mainly composed of block
elements and the interfaces among them. The block can be deformed but not destroyed.
When the shear stress/tensile stress of interface exceeds its shear/tensile strength, the
interface will be damaged, and the blocks bonded by that interface will be separated, which
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means that cracks have occurred in the material. Therefore, UDEC can be used to simulate
the fracture process of rock and the occurrence of rockburst.

Based on the actual geological conditions of the 73ypper07 working face, a simplified
numerical model was established to study the occurrence of rockburst around the roadway
due to the disturbance of strong mining tremors by the fracture of thick-hard stratum. As
shown in Figure 1, the height and width of the numerical model were 650 m and 437 m,
respectively, and contained seven layers of rock. The goaf in the middle of the model with
a height of 8 m and a width of 250 m was represented by a rectangular cave. The roadway
with a width of 4 m was 200 m from the left boundary. In order to reduce the computing
resource consumption while ensuring calculation accuracy, the different areas of the model
were finely divided through different types of blocks. The thickness of the floor, 3# coal
seam, immediate roof, primary roof #1, primary roof #2, red bed, and overburden were
19 m, 8 m, 10 m, 25 m, 35 m, 100 m, and 240 m, respectively.

| 650 m

Overburden

Red bed
Primary
roof #2
Primary
roof #1
Immediate
roof

Coal

600 m

Floor

Figure 1. Numerical model.

There was a red bed with a thickness of 250 m above the 3# coal seam. The micro-
parameters of the blocks and interfaces of different strata were calibrated based on the
laboratory experiment, as shown in Tables 1 and 2. After the goaf was formed, the stress
around the goaf would be transferred as the fall of the immediate roof and primary roof #1,
causing the concentration of shear stress at the end of the red bed and the accumulation
of a large amount of elastic energy. Under the influence of lateral abutment pressure, the
stress around the roadway also rose sharply. When the concentrated stress reached the
bearing strength of the red bed, it would fracture and generate mining-induced tremors.
Besides, when the stress wave was interacted with the pre-existing high static load, the risk
of the roadway rockburst would obviously increase.

Table 1. Micro-parameters of the block.

Stratum Lithology Density/(kg/m®)  Bulk Modulus/GPa  Shear Modulus/GPa Thickness/m

Floor Siltstone #1 2600 5.47 2.82 19

Coal 1400 2.87 1.48 8
Immediate roof Siltstone #2 2500 5.47 2.82 10
Primary roof #1 Medium sandstone 2600 6.42 2.56 25
Primary roof #2 Mudstone 2600 4.58 2.06 35
Thick-hard rock Fine sandstone 2600 8.51 2.36 100
Overburden Clay 2600 3.65 1.6 240
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Table 2. Micro-parameters of the interface.

. Normal Tangential . . o Tensile
Lithology Stiffness/(GPa/m) Stiffness/(GPa/m) Cohesion/MPa  Friction Angle/ Strength/MPa
Siltstone 1 30 12 1.2 36 1.54

Coal 28 11.2 1.6 20 1.2
Siltstone 2 25 12 1.6 10 1

Medium sandstone 40 21 1.6 10 1.2

Mudstone 36 18 1.6 10 12
Fine sandstone 76 30 8 60 5
Clay 20 8 1.3 25 1

2.2. Simulation

The simulation process was divided into two steps: static calculation and dynamic
calculation. Before calculating, the vertical displacements between the two sides and the
bottom of the model were fixed, but the top was free. A vertical stress of 15 MPa was
applied on the top of the model, which represented the overburden of the coal seam with a
burial depth of about 600 m. After static stress equilibrium, the roadway and goaf were
excavated first, and then the stress redistribution caused by the roof fall above the goaf was
observed. After that, the shear strength of the source was adjusted to 0, so that the red bed
was fractured and the mining-induced tremors by dynamic distrubence could occur. The
dynamic response of the roadway under the stress wave was measured.

2.3. Results and Analysis
2.3.1. Static Stress Evolution
Thick-Hard Roof Fracture

The stress redistribution characteristics in different areas of overlying strata before
and after goaf formation are shown in Figure 2, in which the negative and positive values
represent the compressive stress and the tensile stress, respectively. Obviously, due to the
fall of the fractured strata above the goaf, the stress distribution at different positions of the
red bed had obvious differences. High compressive stress concentration easily occurred at
both ends of the red bed, and shear failure easily appeared. The central part of the red bed
had a high tensile stress concentration area, which was prone to tensile failure. Due to the
strata fracture, the internal stress of the overlying roof was redistributed, resulting in plenty
of elastic strain energy accumulated in the surrounding rock. Once the roof fractured, it
generated strong tremors. Figure 3 shows the stress redistribution characteristics around
the roadway before and after the goaf formation.

As seen in Figure 3, the horizontal tensile stress of the two sides was concentrated
after the roadway excavation. With the formation of the goaf and the increase in the
lateral abutment pressure, the maximum horizontal tensile stress increased from 0.4 MPa to
10 MPa. Besides, the horizontal compressive stress in the roof was transferred to the deep,
and the surface varied from compressive to tensile stress. Considering the tensile strength
of the coal and rock was lower than its compressive strength, the roadway surface was
the most prone to tensile failure under static load, resulting in a coal split. Meanwhile, the
vertical stress distribution was similar to that of the horizontal stress. After the roadway
excavation, the surface tensile stress was dominant, and the local compressive stress was
concentrated at the corners. After that, the concentration degree and range of the tensile
stress on the roadway surface gradually increased with the bend and subsidence of the
red bed above the goaf, while the compressive stress gradually decreased, and thus the
stability of the roadway reduced. It can be indicated that the stress around the roadway was
redistributed after the excavation of the roadway, and it was gradually close to the critical
instability state. After that, when the overlying thick-hard strata broke and produced strong
tremors, the roadway was likely to fail and experience instability under the strong dynamic
load disturbance superimposed by high static stress.
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Figure 2. Stress distribution of overlying strata before and after goaf formation: (a) Vertical stress
before goaf formation; (b) Vertical stress after goaf formation; (c) Horizontal stress before goaf
formation; (d) Horizontal stress after goaf formation.

Influence of Tremors on Roadway

The velocity propagation cloud diagrams after the occurrence of a strong mining-
induced tremor in the thick-hard rock layers are shown in Figure 4.

From Figure 4, the velocity diffused outward in an arc from the four corners of the
rectangular source and gradually intersected into a circle with the increasing propagation
distance, with a maximum velocity of 10 m/s. At 40 ms, the stress wave reached the
roadway, resulting in the rapid increase in speed from 0 m/s to 2 m/s around the roadway.
As shown in Figure 5, the kinetic energy rapidly reached the peak value of 7.5 x 10° ] within
10 ms, and then begins to decrease gradually. At 106 ms, the stress wave excited by the
source transmitted to the roadway, and the kinetic energy of the roadway began to increase
and reach a peak of 3.1x 10* J at 148 ms. Then, under the effect of damping, the kinetic
energy of the roadway gradually decreased to 0. Obviously, the propagation disturbance
of the tremor input a large amount of kinetic energy to the roadway. Under the strong
disturbance of the tremor, the stress of the surrounding rock of the roadway was sharply
adjusted, resulting in a gradual increase in the vibration speed. Finally, the surrounding
rock was ruptured suddenly. The maximum vibration speed reaches approximately 10 m/s,
and a rockburst was inevitably triggered.
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Figure 3. Stress redistribution surrounding the roadway before and after goaf formation: (a) Horizon-
tal stress before goaf formation; (b) Horizontal stress after goaf formation; (c) Vertical stress before
goaf formation; (d) Vertical stress after goaf formation.
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Figure 4. Velocity cloud diagram after mining-induced tremor: (a) 10 ms; (b) 20 ms; (c) 30 ms;
(d) 40 ms.
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Figure 5. Kinetic energy curves of roadway and source after mining-induced tremor.

2.3.2. Evolution of Stress, Displacement and Fracture

The variations in maximum principal stress around the roadway due to the disturbance

of a mining-induced tremor are shown in Figure 6.

(©)

(d)

Figure 6. Evolution of maximum principal stress around the roadway: (a) 0 ms; (b) 100 ms; (c) 200 ms;

(d) 300 ms.
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As seen in Figure 6, the stress on the surface of both sides of the roadway transformed
from the compressive to tensile state after the stress wave reached the roadway at 100 ms.
At 200 ms, the tensile stress on the roadway surface gradually increased. When the tensile
stress reached the tensile strength of the surrounding coal and rock, the coal mass on the left
side ruptured. Subsequently, it fell and ejected into the roadway, and a rockburst inevitably
occurred. At 300 ms, the stress of the surrounding coal and rock mass of the roadway
redistributed, and the compressive stress continued to transfer to the roadway surface and
return to the initial stress state. Figure 7 shows the variations in vertical stress, displacement,
and crack number around the roadway during the whole process of tremor disturbance.
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Figure 7. Variation curves of vertical stress, displacement and crack number around the roadway.

As seen in Figure 7, the stress, deformation velocity, displacement of the roadway,
and the crack number around the roadway during the roof caving process (the monitoring
points are shown in Figure 1) were recorded. Obviously, the initial vertical stress on the
right side of the roadway was only 40 MPa, and began to rise gradually when the primary
roof began to fracture and sink. Due to the high load, the surrounding coal and rock
of the roadway were gradually damaged, the crack number began to increase, and the
displacement of the roadway also increased accordingly. When the calculation step was
76,000, the movement of the primary roof had basically reached stability. At this time, the
vertical stress did not increase and basically remained stable. As the calculation step reached
157,000, the stress wave arrived at the roadway. The vertical stress of the monitoring point
dropped sharply, which may have been caused by the tensile stress generated by the stress
wave. The vertical stress at this point was originally compressive stress, and decreased
after tremor disturbance. Subsequently, the total number of cracks suddenly increased, and
the corresponding vibration velocity fluctuated violently, indicating that the monitoring
point was subjected to the repeated tensile and compressive actions of the focal stress wave.
Finally, the number of cracks around the roadway reached a peak, which indicated that the
damage to the roadway was more serious.

2.3.3. Analysis of Main Influencing Factors
Rupture Form

According to the previous analysis, after the primary roof fall was completed, the
central part of the red bed would be unloaded and the tensile stress would be concentrated,
while the shear stress at the two ends supported above the goaf would be concentrated.



Appl. Sci. 2022,12,11151

9of 14

Therefore, the tensile and shear rupture may have occurred in the middle and at two ends of
the red bed, respectively, which would generate tremors. In order to compare the rockburst
risk in these two cases, the central tensile strength and the end shear strength of the red bed
were respectively reduced to 0 in order to excite the tremors, so as to compare the kinetic
energy changes of the source and the roadway.

As seen in Figure 8a, when the calculation step was 1000, the peak kinetic energy was
7.5 x 10° J. However, the energy in the middle tensile failure zone was 3.7 x 10° J at the
3000th calculation step, and the stress threshold of tensile fracture was lower than that of
the shear fracture. At the same time, the tensile strength of the rock was far lower than the
shear strength, the energy radiated by the source was smaller, and the shear deformation
accumulated more elastic strain energy, resulting in stronger tremors. Accordingly, under
the shear rupture condition, the kinetic energy of the roadway was 3.1 x 10* J at the
12,000th calculation step, while the peak energy was 6.5 x 10° ] under the tensile fracture
condition (89,000th calculation step). Compared with the shear fracture, it took longer for
the roadway kinetic energy to reach the peak value in the tensile fracture zone, which was
obviously caused by the relative position between the failure and the focal.

5 7
7.0%10° T T T 3.5x10% 5.0x10 T T T T 1.0%10
Ten51l§ fracture Tensile fracture
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(a) (b)

Figure 8. Kinetic energy change curves of source and roadway under different fault forms: (a) Source
kinetic energy; (b) Roadway kinetic energy.

Rock Properties

From the above analysis, it can be seen that the occurrence of tremors was mainly
caused by the shear fracture of thick-hard roof, and the strength of the red bed fracture
inevitably affected the energy of the source. Therefore, three groups of simulations were
conducted on the basis of the original model, and the ratios of shear strength were set to
be 1.2, 0.8, and 0.6, respectively. Meanwhile, the kinetic energy radiated from the source
during the whole process of roof rupture was monitored and analyzed. Figure 9 shows the
kinetic energy curves of the roof fracture with different shear strengths.

As seen in Figure 9, the peak value of energy radiated by the source gradually de-
creased with the decreasing shear strength of the thick-hard roof. When the ratio of shear
strength reduced from 1.2 to 1, the peak energy reduces from 8.3 x 10° J to 7.5 x 10° J,
and the decrease was 0.8 x 10° J. When the ratio decreases from 1 to 0.8, the peak energy
decreases by 5.9 x 10° ]. The peak energy dropped by 1.55 x 10° ] when the ratio decreased
from 0.8 to 0.6. Therefore, the energy radiated by the source obviously increased with the
increase in shear strength. However, the energy of the source would have hardly risen with
the continuous increase in the shear strength of the rock, which may have been related to
the energy storage limit of the rock.
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Figure 9. Kinetic energy curves of roof fracture with different shear strength.

3. Field Observations and Verification

The 73upper07 working face of the Baodian coal mine is located in the No. 7 mining
area, with an average burial depth of 591.8 m. The working face is close to the boundary
coal pillar between the Baodian and the Dongtan coal mines, and is adjacent to the goaf of
the 73ypper05 working face and the 73upper09 working face in the south and north directions,
respectively. The mining seam of the working face is the 3ypper coal seam, with an buried
depth of —536 m——565 m and a thickness of 3.00-5.55 m (the average is 5.38 m). The
immediate roof of the 73pper07 working face is mudstone, with an average thickness of
1.20 m, which has low strength and can easily fall. The primary roof #1 is sandstone with an
average thickness of 18.60 m. The primary roof #2 is mudstone with an average thickness
of 40.28 m, and upper statum is the red bed with a thickness of 250-300 m. In addition,
the red bed has high strength, huge thickness, and does not easily deform or break. A MS
monitoring system was installed in the Baodian coal mine, which could accurately locate
and record MS events by receiving the elastic waves radiated by coal and rock ruptures.
Figure 10 shows the plane and spatial distributions of mining-induced tremors in the coal
and rock during the mining process of the 73pper07 working face.

According to the borehole column of rock strata in the 73ypper07 working face, the
immediate roof and the primary roof 2# were mudstone, and the primary roof 1# was
relatively fractured. Therefore, the low-level roof strata could break and fall quickly after
goaf formation. The red bed stratum was mainly composed of fine sandstone, with higher
strength and thickness, which is not easy to fracture synchronously with the low-level rock.
Based on the previous simulation results, the high tensile stress and compressive stress may
be easily concentrated in the middle and at two ends of the red bed, respectively. When
the concentrated stress reaches the strength limit of the rock, the rock would fracture, and
a strong tremor would occur. As seen in Figure 10a, high-energy events were generally
concentrated in the primary roof 2# and the red bed. In addition, the 73ypper07 working
face is adjacent to the 73ypper 05 goaf. Under the action of lateral abutment pressure,
the headentry of the 73,pper07 working face was in a state of high static stress. When the
superimposed stress of static load and dynamic load by strong tremor exceeded the strength
limit of the surrounding rock, the risk of rockburst increased sharply. As seen in Figure 10b,
the high-energy events at the headentry near the 73ypper 05 goaf were significantly more
than that at the tailentry, indicating that the area was in a state of high stress concentration.
Previous studies have shown that the dominant frequency of seismic wave has a significant
difference with different breaking scales of the source. The lower the dominant frequency
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of the source was, the larger the rupture scale would be. To further study the fracture
characteristics of the red bed, the event 1# with the maximum energy in the red bed was
selected to conduct spectrum analysis, and the results are shown in Figure 11.

As seen in Figure 11a, the duration of this strong tremor was long, and the energy
attenuation was slow. As seen in Figure 11b, the spectrum distribution characteristics of the
event received by different geophones were similar and the dominant frequency was lower.
The dominant frequencies of the waveforms received by #3, #4, #5, and #6 geophones
were 2.9 Hz, 5.3 Hz, 3.0 Hz and 4.3 Hz, respectively. In addition, the energy was mainly
concentrated in the frequency range of 0-10 Hz, indicating that large-scale rupture occurred
in the red bed, due to local stress concentration. When the amplitude was constant, the
frequency of the stress wave was lower, the attenuation of the energy in the propagation
process was slower, and the energy transmitted to the roadway was higher. Meanwhile, the
large-scale rupture of the red bed may have induced the overall activity of the fractured
strata, and caused sudden increases in the roadway stress, which could induce large and
violent deformation of the roadway, support damage, and other dynamic phenomena.
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by different geophones; (b) Spectrum distributions.

4. Conclusions

@
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After the formation of the goaf, the tensile stress in the middle of the thick-hard
stratum was concentrated, and the compressive stress on both sides of the goaf was
concentrated. Therefore, the central and end parts easily produced tensile and shear
failure, respectively.

The whole process of roadway failure induced by the superposition of dynamic and
static loads was simulated in detail. First, the state of the roadway surface changed
from compressive to tensile stress once the goaf was formed. After the arrival of the
stress wave generated by a tremor, the tensile stress on the roadway surface further
increased until it exceeded the tensile strength, and the surrounding coal and rock
gradually broke and led to a rockburst occurring.

The influencing laws of the source rupture form of the thick-hard strata and corre-
sponding shear strength on the tremors were analyzed in detail. It was found that
the released energy of the shear failure was greater than that of the tensile failure. In
addition, with the increase in the shear strength of the thick-hard rock, the released
energy from the source also increased.

Using field observations, the strong tremors in the 73yppper07 working face in the
Baodian coal mine were analyzed. Spectrum analysis showed that the dominant fre-
quency of the tremor was lower, the duration was longer, and the energy attenuation
was slower, indicating a large-scale rupture of the red bed. When the high static load
near the roadway was superimposed with dynamic disturbance by tremors, it was
very likely to induce a rockburst.
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