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With the increase in mining depth, coal bursts have become a major challenge
in the safe mining of steeply inclined and extra thick coal seams (SIETCSs). Based
on a typical mining induced seismicity triggered coal burst (MSTCB) in SIETCS, a
large-scale numerical model was developed using the Universal Distinct
Element Code. The numerical model was calibrated and validated by
laboratory results and field observations. The stress evolution, crack
development and ejection velocity patterns in the MSTCB were analysed,
and the effect of mining induced seismicity vibration velocity on the MSTCB
was discussed. The results show that a triangular static stress concentration
zoneis formed in the coal on the roof side. And the high-energy mining induced
seismicity leads to high dynamic stresses in the coal at the roof side rib and top
of the headentry. Coal bursts occur under the superposition of static and
dynamic stresses. The MSTCB results in tensile failure near the headentry
surface and shear failure in the depth. The vibration velocity has a significant
effect on the roof side rib and top of the headentry, while it has only a slight
effect on the working face rib and bottom of the headentry. The dynamic stress
and ejection velocity in the roof side rib and top of the headentry are positively
correlated with the vibration velocity. Finally, measures for MSTCB prevention
were proposed. The findings presented in this study can provide guidance for
the prevention and control of MSTCBs in SIETCSs.
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1 Introduction

As a violent dynamic failure in underground coal mining,
coal bursts occurred worldwide with the increasing mining depth
(Jiang et al, 2017; Ptacek, 2017; Mark, 2018), causing many
casualties (Zhang et al., 2017) and other disasters (Du et al., 2020;
Wang and Du, 2020). Coal bursts can be classified into self-
initiated and remotely mining-induced seismicity triggered based
on its mechanisms (Dou and He, 2001; Mottahedi and Ataei,
2019). Seismic events occur frequently in large-scale mining due
to roof breakage, fault slip, coal pillar failure, etc. (Dou and He,
2001; Stec, 2007). Compared to self-initiated coalburst, mining-
induced seismicity triggered coal bursts (MSTCBs) are more
likely to occur in coal mines (Dou and He, 2001). In recent years,
MSTCBs have been reported during horizontal section mining of
steeply inclined and extra thick coal seams (SIETCSs) in China
(Wangetal,, 2019b; He et al., 2020). It is significant to investigate
the mechanism and control of MSTCBs in SIETCSs.

To reveal the mechanism of MSTCBs, (Dou et al., 2015)
proposed the coupled theory of static and dynamic stresses from
the perspective of stress changes during coal bursts. He et al.
(2017) analyzed the stress distribution during rockburst triggered
by mine tremors and proposed a method to evaluate rockburst
risk in mining. According to Cai et al. (2021), the dynamic stress
from fault activation is a key factor in the coal burst triggered by
fault. Dai et al. (2021) investigated the MSTCB theoretically and
developed a critical index system to descript the remotely
triggered coal bursts quantitatively. And many prevention
measures had been applied in the field to control MSTCBs,
such as optimization of mining design (Dou and He, 2001;
Jiang et al., 2017), destress blasting in the roof (Konicek et al.,
2011; Konicek et al., 2013), as well as hydraulic fracturing of hard
and thick rock (Shapiro et al., 2006; He et al., 2012a). However,
current studies mainly focus on horizontal and gently inclined
coal seams. Due to the special geological conditions and mining
methods, MSTCBs caused by horizontal section mining of
SIETCSs are significantly different from those of horizontal
and gently inclined coal seams. (Wang et al., 2019¢). reported
an MSTCB occurred on the working face in SIETCS and
mechanically investigated its mechanism, results showed that
abutment pressure near the roof was the main source of static
stress. Xie et al. (2019) observed the roof deformation caused by
mining two adjacent working faces in SIETCS based on physical
simulation and found that mining of the lower working face led
to a secondary movement of the roof. Yang et al. (2020b).
analyzed the temporal-spatial evolution characteristics of
in SIETCS identified the
concentration areas around the roadway. Wang et al. (2022)

dynamic failure and stress
studied the stress redistribution caused by horizontal section
mining in SIETCS, and found that there is high shear stress in the
bottom coal under the effect of “shear-clamping”. Dynamic stress
plays a critical role in MSTCBs (He et al., 2012; Dou et al., 2014).

Yun et al. (2017) performed field monitoring of support pressure
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in the working face and observed that the dynamic load
coefficients caused by roof breakage varied between 1.45 and
1.52 during mining of the SIETCS. He et al. (2020) investigated
the rock burst mechanism of two adjacent working faces in
SIETCS, and the results indicated that fractures of the roof and
rock pillar were the main dynamic stress sources of rock bursts.
Yang et al. (2019) concluded that topping-slumping failure
would occur after mining in SIETCS, resulting in strong
dynamic loads. Lai et al. (2021) found that the roof structure
in SIETCS would experience periodic “balance-instability”
during mining, which is accompanied by energy accumulation
and release. Cao et al. (2020) used numerical simulation to study
the development of roof structure and the evolution of stress
during mining in SIETCS, and concluded the sources of static
and dynamic stress. Cui et al. (2019) proposed a surface filling
technology to reduce the risk of dynamic hazards caused by
mining of SIETCS. In addition, there are also some studies on
precursory warnings for coal bursts in SIETCSs based on field
monitoring (He et al., 2019; Wang et al., 2020; Li et al.,, 2021b).

The above-mentioned studies have enriched our understanding
of MSTCBs in SIETCSs. At present, many meaningful results have
been derived, such as the asymmetric distribution of mining-
induced stresses, the periodicity breakage of the steeply inclined
roof, as well as the identification of static and dynamic stress sources,
etc. However, more details of the dynamic failure process of
MSTCBs in SIETCSs need to be further investigated, including
stress evolution, the development of cracks, ejection velocity
patterns, and the effect of the mining induced seismicity strength
on MSTCBs. Studies in these aspects also are important for the
prevention and control of MSTCBs in SIETCSs.

Taking an MSTCB that occurred in a typical SIETCS as the
engineering background, this paper investigates the mechanism
and control of MSTCBs in SIETCSs by using the Universal
Distinct Element Code (UDEC) software (Itasca 2014). First,
the engineering background and damage characteristics of the
MSTCB were present. Second, a large-scale numerical model to
reproduce the complete process of the MSTCB was developed.
Third, the stress evolution, crack development and ejection
velocity during the MSTCB were analysed, and the effect of
the vibration velocity of mining induced seismicity on the
MSTCB was studied. Finally, the mechanism and prevention
measures of the MSTCB in SIETCS were proposed. Field
monitoring indicates that the measures significantly decrease
the risk of MSTCB in SIETCS.

2 Engineering background and
damage characteristics
2.1 Engineering overview

The thickness of the SIETCS in Yaojie No.3 Coal Mine is in
the range of 36-115 m, with an inclination angle of about 60°.
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perpendicular to mining advance, and (D) geological profile.

According to the classification standard of coal seams in China,
coal seams with a thickness greater than 8 m are classified as extra
thick coal seams. Coal seams with an inclination angle greater
than 45° are classified as steeply inclined coal seams. Thus, the
coal seam in Yaojie No.3 Coal Mine is a typical SIETCS. The
horizontal section full-mechanized top-coal caving mining
technology is adopted, and a longwall working face is
arranged in each horizontal section. As shown in Figure 1A,
the 5,521-20 working face is located in a section with a height of
12 m, and the mining to caving height ratio is 1:3. The design of
the 5,521-20 working face is shown in Figures 1B,C, the width of
the 5,521-20 working face is variable due to the change in coal
seam thickness, the maximum width is about 60 m. The
5,521-20 headentry and the 5,521-20 tailentry are set in the
coal seam near the roof and floor respectively and there is a coal
pillar with a width of 6 m between the headentry and the roof.
The mining depth of the 5,521-20 working face is 470-530 m. In-
situ stress measurements were carried out, and the results showed
that the initial horizontal and vertical stresses were 22 MPa and
13 MPa, respectively. The geological profile is shown in
Figure 1D, there are thick sandstone and oil shale in the roof,
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and a 44 m thick oil shale is the main key layer according to the
key layer theory (Qian et al,, 2000). With the increase of mining
depth, the upper gob became larger, and the number of mine
tremors caused by the roof breakage increased, which eventually
caused a serious coal burst in the headentry.

2.2 Coal burst in the headentry

On June 29, 2016, accompanied by a high-energy seismic
event in the roof, an MSTCB occurred in the headentry of the
5,521-20 working face. Figure 2 shows the location of the MSTCB
and some in situ recorded photos. As shown in Figure 2A, a total
of 44 m of the headentry in front of the working face was
damaged, including a 10 m area near the working face that
was severely damaged. Under the effect of the seismic event
on the roof, some equipment overturned, and some artificial
support units failed, as shown in Figure 2B, and it is worth noting
that both the rollover of equipment and the sliding of support
units have the same direction from the roof side to the working
face side. As illustrated in Figure 2C, the MSTCB resulted in large
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deformation on the roof side and top of the headentry, and the
cables and wire mesh were damaged by the fractured coal, and it
can be seen that the deformation of the roof side wall was mainly
concentrated on the upper part. The bottom coal was heaved. In
addition, a large number of single-props failed. After the MSTCB
occurred, field measurements were carried out on the headentry.
A sketch (see Figure 3) of the headentry before and after the
MSTCB illustrates the damage and deformation pattern. Before
the MSTCB, the width and height of the headentry were 4 m and
3 m respectively, as shown in Figure 3A. The sketch of the
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headentry after the MSTCB is shown in Figure 3B, we divided
the coal around the headentry into four zones, they are the top,
bottom, roof side range (RSR), and working face range (WFR).
According to the field measurement results, the maximum
deformation of the top, bottom, RSR, and WFR were 0.7, 0.5,
0.8, and 0.15 m respectively, and the convergence of the roof to
the bottom and the RSR to the WER reached 1.2 and 0.95m
respectively. It is also notable that the maximum deformation of
the bottom is located on the roof side. It can be concluded that
the damage to the headentry caused by the MSTCB has
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significant asymmetric characteristics, and the main large
deformation areas are the RSR, top, and bottom of the
headentry. Compared with the area on the WFR, more severe
dynamic damage occurred in the area near the roof. When the
MSTCB occurred, the pressures of the hydraulics arranged near
the roof were observed to increase significantly. The pressures of
25# and 30# hydraulic were up to 46 and 44 MPa, respectively. In
comparison with the previous day, the pressures increased by
360% and 340%, respectively, indicating that strong dynamic
stress was developed in the coal on the roof side.

3 Numerical simulation

3.1 Modelling method

UDEQC, a two-dimensional numerical program, simulates the
quasi-static or dynamic response to the loading of a
discontinuous medium. The simulated coal and rock consist
of a number of deformable blocks and contacts between the
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blocks. The failures of the contacts are controlled by the stresses
acting at the contact and the failure criterion (Itasca 2014). There
are two main failure modes for the contacts: shear cracking and
tensile cracking. The penetration of contact cracks leads to the
formation of macroscopic failure. In this study, the blocks were
divided into triangles according to the UDEC-Trigon method
(Gao and Stead, 2014). It was shown that the UDEC-Trigon
model can successfully reproduce the failure processes including
conventional brittle damages or nonlinear dynamic failures
caused by mining at the field scale (Gao et al., 2014; Gao and
Yang, 2021).

3.2 Model configuration and modelling
procedure

Based on the geological data of the 5,521-20 working face, a
large-scale numerical model was developed using UDEC. The width
of the numerical model is 160 m and the height is 80 m, which
consists of the roof, coal and floor, as shown in Figure 4A. The
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inclination angle and thickness of the coal seam were set to 60° and
60 m respectively. In the UDEC simulation, if a larger size of the
block is chosen, it will be possible to get the wrong failure pattern
and mechanism. However, a small block size will be a high
computational requirement and time-consuming. To solve this
problem, different block sizes were used in different areas in this
study, and the small block sizes were used in the areas that need
attention. Triangular blocks were used in the coal seam, while
rectangular blocks were used in the roof and floor. The average
size of the smallest block around the headentry was 0.3 m, which was
similar to the size used in the simulation at the field scale (Gao and
Stead, 2014), and the size of the blocks in the outer area gradually
increased. The gravitational acceleration was set to 9.8 m/(s®). The
static and dynamic calculation modes were employed in order to
simulate mining and the MSTCB, respectively. The boundary
conditions in the two calculation modes are different. In the
static calculation, initial horizontal stress of 22 MPa and initial
vertical stress of 13 MPa was applied to the numerical model
according to the in-situ stress measurements. The boundaries on
both sides as well as the bottom were fixed. Vertical stress of 12 MPa
was applied to the upper boundary considering the gravity of the
overlying rock layers. In the dynamic calculation, the boundary
conditions were changed to viscous boundaries to avoid incorrect
results caused by the wave reflection on outer boundaries. The stress
increase in the surrounding rock caused by the mine tremor is due to
the propagation of seismic waves. In addition, the velocity and
duration of the seismic waves can be obtained by a microseismic
monitoring system in the field. Therefore, a triangular vibration
wave is used in this study, and it should be noted that the structural
changes caused by the mine tremor are not considered. As shown in
Figure 4B, a triangular vibration wave was applied to the roof to
simulate the disturbance caused by roof breakage with a peak
velocity of 4 m/s and duration of 0.08s. In this study, Rayleigh
damping was adopted. A small value of the damping ratio (e.g.,
0.5%) is recommended when large deformation may occur (Itasca
2014). As we know, coal bursts result in large displacement and
ejection of coal. Therefore, Rayleigh damping of 0.5 % is employed.
In order to quantitatively investigate the stress, velocity, and
displacement changes around the headentry during the MSTCB,
a large number of monitoring points were set up, as shown in
Figure 4C. There are six monitoring points in the top, bottom, RSR,
and WER of the headentry, respectively, and the distance between
adjacent monitoring points is 1 m.

A combination of static and dynamic calculation modes was
adopted to reproduce the MISTCB in SIETCS. The simulation
was divided into two stages. The first stage was carried out in the
static calculation mode, in which the upper section located above
the 5,521-20 mining section was first excavated after the model
was calculated to equilibrium under the given initial conditions,
and then, the headentry was excavated. This part focuses on
studying the redistribution of stresses and micro-cracking caused
by mining. In the second stage, the calculation mode was changed
to dynamic, and the vibration wave was applied to the roof. In
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this section, the MSTCB process is investigated to identify its

failure characteristics and mechanisms, including stress

evolution, crack development, and velocity patterns.

3.3 Model calibration

The micro-properties of simulated rocks and coal were calculated
theoretically and calibrated by laboratory results. First, we obtained the
mechanical properties of the rocks and coal in the laboratory, which
were referred to as the intact rock properties. Then, considering the
difference between the properties of the rock mass and the intact rock,
the mechanical properties of the rock mass were estimated
theoretically and were the target value for calibration. In this study,
the elastic modulus of the rock mass was calculated by the RQD
method (Zhang and Einstein, 2004), as shown in Eq. 1, and the
uniaxial compressive strength of the rock mass was calculated by the
empirical formula proposed by Singh and Seshagiri Rao (2005), and
the tensile strength of the rock mass was estimated as 1/10 of the
uniaxial compressive strength, as shown in Eq. 2. The properties are
shown in Table 1. After obtaining the mechanical properties of the
rock mass, two critical micro-properties of the rock mass, normal
stiffness and shear stiffness, were calculated by Eqs. 3, 4 (Itasca 2014).
Finally, the micro-properties obtained from the above theoretical
calculations were calibrated by performing a series of simulated
uniaxial compressive tests (UCS-test) and Brazilian tensile tests
(BT-test). The UCS-test model was 10 m long and 5m wide, and
the diameter of the BT-test model was 5 m, as shown in Figure 5. The
average size of the blocks in the calibration numerical model was also
set to 0.3 m, which was same as that of the region of interest. The
calibrated micro-properties are presented in Table 2. The rock mass
properties obtained from the calibrated simulation tests with the target
values are shown in Table 3. It can be seen that the errors between the
numerical results, including elastic modulus, uniaxial compressive
strength and tensile strength, and the target values do not exceed 4%,
indicating that the calibrated micro-properties are reasonable.

o]

m .186RQD-1.91
100 86RQ. 9

E_r= (1)

where E,,, and E, are the elastic modulus of rock mass and intact

E.\" 1
=|—, Oyn = —0,
o, Er tm 10 cm

where 04, 0c and oy, are the uniaxial compressive strength of rock

rock, respectively.

@

mass, the uniaxial compressive strength of intact rock, and the tensile
strength of rock mass, respectively. #=0.63 was used in this study.

c - En _ B
"U3(1-2u) " 2(1+p)

(©)

where K,, and G,, are the bulk and shear moduli of rock mass. y

is Poisson’s ratio.
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TABLE 1 Properties of intact rocks and rock masses.

10.3389/feart.2022.1042539

Rock Strata Intact Rock o.(MPa) RQD Rock Mass 0 (MPa) 01 (MPa)
E, (GPa) E,, (GPa)

sandstone 9.5 61.2 90 5.5 43.5 3.62
Siltstone 6.9 454 85 32 282 2.35
Sandy mudstone 3.8 26.4 82 1.5 15.1 1.26
Coal 3.1 253 79 112 134 1.12

Ao SaRdSERE Velocity = 0.01m/s B s Sandhonc Velocity = 0.01m/s

— Oil shale L Oil shale
40 - Coal Coal

5 7 6f

= =

= &
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FIGURE 5

Calibration of mechanical parameters in the UDEC-Trigon model: (A) axial stress-strain curves for UCS-tests, and (B) vertical stress-strain

curves for BT-tests.

TABLE 2 Calibrated micro-properties for UDEC-Trigon model.

Rock Matrix Contact Properties k, (GPa/m)
Strata Properties Poisson’s
E(GPa) Ratio
sandstone 9.5 0.26 225.0
Siltstone 6.9 0.25 129.0
Sandy 3.8 0.21 58.8
mudstone
Coal 3.1 0.21 84.3

Peak and residual value.

k—n K, + (4/3)G,,
" AZ min

] (1<n<10), k, = (0.25 - 0.4k, (4)

where k,, and ks are the normal stiffness and shear stiffness,
respectively, AZ i, is the smallest width of zone.

3.4 Model validation

The numerical model was validated by comparing the

simulation results with the field measurements. Three
important aspects are included in the validation: (1)
Frontiers in Earth Science
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ks (GPa/m) Cohesion Friction Tensile

(MPa) Angle () Strength (MPa)
67.5 14.1/0* 43/31* 3.30/0*
323 10.3/0* 39/32* 2.20/0*
212 5.6/0* 37/31% 1.16/0*
30.4 5.1/0* 36/31* 0.98/0*
deformation caused by the headentry excavation, (2)

displacement of the top, bottom, RSR, and WEFR of the
headentry due to the MSTCB, and (3) failure characteristics of
the headentry induced by the MSTCB. The simulated deformation
caused by the excavation of the headentry was compared with the
results measured during the field development, as shown in
Figure 6A. It can be seen that they have the same trend, the
rate of deformation decreased gradually, and the convergence
between the top and bottom is greater than that between RSR
and WFR. Deformation characteristics of the headentry after
excavation are different from those in horizontal coal seams (Li
et al,, 2022). This is due to the fact that the top and bottom of the
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TABLE 3 Target values and final simulation results for rock mass for UDEC-Trigon model.

Rock strata E,, (GPa) 0 (MPa) 0, (MPa) Calibrated  Error (%)
Target  Calibrated  Error (%)  Target Calibrated  Error (%)  Target
sandstone 55 5.2 5 43.5 44.2 2 3.62 3.73 3
Siltstone 32 3.1 3 28.2 27.9 1 2.35 2.31 2
Sandy mudstone 1.5 1.5 0 15.1 15.7 4 1.26 1.28 2
Coal 1.12 1.05 6 13.4 13.7 2 1.12 1.15 3
A Time after field development (d) B
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FIGURE 6

and (D) measured results of the MSTCB.

headentry in this study are coal, rather than rock. The thickness of
the top coal is greater than the width of the coal pillar in the RSR.
Large deformation will occur in the top and bottom coal with
increasing stress. As shown in Figure 6B, the simulated and
measured results for the displacements of the top, bottom, RSR,
and WER of the headentry induced by the MSTCB are also very
close, with the largest displacement of coal in the RSR. The failure
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characteristics of the simulated and in-situ coal burst are shown in
Figures 6C, D, respectively. The same failure characteristics are
shown with severe dynamic damage mainly at the top and RSR,
and only minor damage in the WFR. The simulation results are in
good agreement with the field measurements, indicating that the
numerical model and simulation procedures adopted in this study
can well reproduce the MSTCB process.
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4 Results and analysis
4.1 Stress evolution

The horizontal stresses and vertical stresses after the
excavation of the upper mining section and the headentry are
shown in Figure 7A and 7 B. The mining of the upper section
resulted in a large stress decrease zone in the coal seam. However,
the stress increase zone appeared in the roof due to the gradual
falling and deforming of the roof caused by mining, and there
were three stress increase zones in the coal around the headentry
under the compression of the roof, they were the horizontal stress
increase zone at the top, the horizontal stress increase zone at the
bottom and the vertical stress increase zone located in the RSR. A
large amount of elastic energy would accumulate in the stress
concentration zone in the roof and coal, resulting in a potentially
high risk of coal bursts. The above high coal burst risk zones have
been validated by the MSTCB that occurred on June 29.

The propagation of the mining induced seismicity will cause
stress changes in the rock or coal. As expected, the stresses in the
coal around the headentry were changed under the action of the
mining induced seismicity. Figure 8 presents the stress records of
all the monitoring points after the dynamic calculation mode is
activated, including the seismic wave propagation stage before
the dynamic time of 0.06 s and the MSTCB stage after the
dynamic time of 0.06 s. During the propagation stage, most of
the monitoring points were recorded the stress increase caused by
the seismic wave. These increased stresses are called dynamic
stresses. As shown in Figures 9A,C, large dynamic stresses were
recorded at each monitoring point at the top of the headentry and
in the RSR, indicating that the mining induced seismicity in the
roof had a significant effect on these two regions. The largest
dynamic stresses were observed in the RSR, and accordingly, the
most severe coal burst damage occurred in the RSR. The dynamic
stresses at the bottom and shallow WEFR (e.g., W1, W2 and W3)
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were small, indicating that the mining induced seismicity in the
roof had a minor effect on these areas. However, the stresses at
the monitoring points located in the deep part of the WER (e.g.,
W4, W5 and W6) were not increased, indicating that the action
range of the mining induced seismicity in the roof was limited in
the WFR. As we know, the stresses will decrease significantly after
a failure occurs. The stress drop is associated with the sudden
penetration of cracks (Xue et al., 2020). During the MSTCB, the
stresses at most of the monitoring points decreased, except for
T3, B3, W4, W5, and W6. The stresses at W4, W5, and
W6 increased because the coal burst occurred only in a
limited shallow area in the WFR, causing the stresses to be
transferred to the deeper part. The stresses in T3 and B3 did not
decrease, probably due to some individual stress concentrations
that occurred in localized areas during the MSTCB.

4.2 Cracking development

Many studies have shown that the microstructure of coal is
influenced by many factors, resulting in a complex process of
crack development (Xue et al., 2022; Zou et al., 2022; Xue et al.,
2023). Figure 9A illustrates the distribution of cracks after
mining of the upper section, with blue colour indicated tensile
cracks and red colour shear cracks. The coal can be divided
into two zones according to the majority of crack types: (1)
shallow zone and (2) deep zone. In the shallow zone, most of
the cracks were of the tensile failure type, which was due to the
deformation of the coal in the shallow zone towards the upper
mining area. However, in the deep zone, the coal was not only
clamped by the roof and floor, but also constrained by the coal
in the shallow zone. Therefore more shear slip occurred in the
deep coal, resulting in most of the cracks being of shear failure
type. In addition, it should be noted that the cracks did not
extend to the area where the headentry is located, forming a
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triangular area where cracks are not developed. This is because
the coal in the triangular area is subjected to compressive
stresses under the clamping of the roof and floor, which has a
higher strength.

Figures 9B-E present the crack development in the coal
around the headentry during the MSTCB. As shown in
Figure 9B, at the beginning of the MSTCB, a large number of
shear cracks appeared first in the coal under the superposition of
the initial high static stress and dynamic stress. When the
dynamic time is 0.072's, the shear cracks developed from the
area near the headentry surface to the deeper part, as shown in
Figure 9C. The dominant direction of crack development was
west-east, which was the area of the top and RSR crossover, and
this is because the static stress and dynamic stress in this area are
both higher. In addition, the number of tensile cracks near the
headentry surface gradually increased. Coal plate bending started
to appear. As time increased, tensile cracks developed from the
area near the headentry surface to the deeper part, as shown in
Figure 9D. Eventually, the tensile failure zone near the headentry
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surface and the shear failure zone located at the deeper part were
formed.

4.3 Ejection velocity patterns

Figure 10 illustrates the velocity vectors around the headentry at
different dynamic times during the MSTCB, including the
amplitude and direction of the ejection velocities. When the
dynamic time was 0.066 s, the main high-velocity areas were the
top and the RSR of the headentry, and the direction of the velocity
vector radiated from the top to the headentry, indicating that the
initial coal burst occurred at the top and the RSR under the action of
the seismic wave from the roof. When the dynamic time was 0.072 s,
the velocity of the headentry bottom located near the roof started to
increase. As time increased, the range of the bottom coal burst and
the amplitude of the ejection velocity gradually increased, indicating
that the bottom coal burst occurred. There was no significant change
in the velocity of the WFR during the MSTCB. Despite the small
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Crack development: (A) the cracks after mining of the upper section, (B) dynamic time is 0.066s in the MSTCB, (C) dynamic time is 0.072s in the
MSTCB, (D) dynamic time is 0.078s in the MSTCB, and (E) dynamic time is 0.084s in the MSTCB.
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time interval, the bottom coal burst occurred later than the top and
RSR coal bursts in the MSTCB.

Figures 11A,B show the horizontal velocity and vertical
velocity of the MSTCB obtained from the simulation. The
high horizontal velocity region was the RSR and was larger
compared to the WFR. The high vertical velocity regions were
the top and the bottom near the roof. The regions of high ejection
velocity due to the MSTCB were mainly the RSR, the top, and the
bottom near the roof, which is consistent with the regions where
severe dynamic failures were observed to occur in the field.
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5 Discussion
5.1 Effect of the mining induced seismicity

Many studies have shown that high-energy mining induced
seismicity plays an important role in coal bursts (He et al,, 2012b;
Wang et al., 2019a; Si et al., 2020). The vibration velocity of mining
induced seismicity increases with the increase of its energy (He et al.,
2015). In this study, numerical simulation results and analysis
confirm that the dynamic stress caused by the mining induced
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Ejection velocities of fragments in the MSTCB: (A) the horizontal ejection velocity, and (B) the vertical ejection velocity.

seismicity has an important effect on the MSTCB. It can be predicted
that the dynamic stress will increase with the increase of the mining

induced seismicity vibration velocity. However, the MSTCB in
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different areas of the headentry had significantly different failure
characteristics. For example, quite severe coal bursts occurred at the

top and in the RSR, while only a small amount of low-velocity
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Dynamic stresses around the headentry considering different vibration velocities: (A) at the top, (B) at the bottom, (C) at RSR, and (D) at WFR.

ejections occurred in the WER. Therefore the effect of the mining
induced seismicity on coal bursts in different areas of the headentry
needs to be further discussed. This can provide guidance for the
determination of the critical areas for the MSTCB control in the
headentry.

Figure 12 illustrates the relationship between dynamic
stresses in different areas of the headentry and the vibration
velocity of the mining induced seismicity, for any area, all six
monitoring points are included. As shown in Figures 12A,C, the
dynamic stresses in the top and RSR increased with the vibration
velocity, indicating that the mining induced seismicity in the roof
has a significant effect on the dynamic stresses in the top and RSR
of the headentry. In addition, the growth rate of dynamic stress in
the RSR is greater than that in the top. Therefore, the risk of the
MSTCB in the RSR will increase significantly with the increase of
vibration velocity. It is worth to be noted that the dynamic
stresses in the bottom and WFR did not increase with increasing
vibration velocity, and there was no significant change in the
dynamic stresses in the bottom and WFR under different
vibration velocities, as shown in Figures 12B,D. This is

Frontiers in Earth Science

13

probably because the dynamic stresses in the bottom and
WEFR are mainly caused by the coal bursts in the top and
RSR, rather than propagation of the seismic wave.

Figure 13 illustrates the relationship between ejection
velocity and the vibration velocity in different areas of the
headentry, for any area, all six monitoring points are included.
As shown in Figures 13A and 13C, the injection velocity in the
top and RSR increased with increasing vibration velocity,
which is consistent with the results obtained in the
laboratory (Li et al., 2021a). The result indicates that the
mining induced seismicity in the roof is a key factor
affecting the occurrence of coal bursts in the top and RSR
of the headentry. However, the ejection velocity in the bottom
and WFR did not increase significantly with increasing
vibration velocity, as shown in Figures 13B and 13D. The
reasons for the failures in the bottom and the WFR may be the
transfer of stress and energy due to the development of the
coal bursts at the top and the RSR. The maximum ejection
velocity always occurs in the RSR, indicating that the RSR is
the most dangerous area in the MSTCB.
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Many studies have reported the ejection velocity of coal
fragments in coal bursts based on experimental observations or
theoretical analysis. For example, (Yang et al., 2020a) proposed an
ejection velocity estimation method and applied it to analyze a coal
burst in an Australian coal mine, and found that the ejection velocity
of fragments in the coal burst ranged from 26.55 to 26.62 m/s. Frith
et al. (2020) analyzed a development coal burst and concluded that
3.8%10* kg of coal was ejected at a velocity of 22 m/s during the coal
burst. (Li et al., 2021a). measured the ejection velocity of fragments
during coal bursts in the laboratory, and the results showed that
most of the ejection velocities were in the range of 10-30 m/s. In this
study, the maximum ejection velocities of coal fragments in
MSTCBs under different vibration velocities were 12.47, 16.18,
1945, 22.84, 25.82, and 27.53m/s. The simulation ejection
velocities are in good agreement with the mentioned findings.

5.2 Failure mechanism

As shown in Figure 14, a large destress zone is formed
except for a triangular zone on the roof side. The coal burst
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risk in the destress zone is significantly reduced. There is a
high initial static stress o,_; in the triangular zone under the
clamping of the roof and floor, causing a high risk of coal
bursts. A steeply inclined cantilever beam is formed in the roof
and the length of the cantilever beam gradually increases with
the section mining, resulting in a tendency for the cantilever
beam to rotate toward the gob. However, the rotation is
restricted by the coal in the triangular zone. Therefore,
additional static stress will be formed in the triangular
zone, which is called mining-induced static stress o,_,,. The
superposition of the initial static stress and the mining-
induced static stress leads to the formation of high static
stresses in the coal on the roof side. In addition, high-
energy mining induced seismicity often occurs during the
mining of SIETCS. The propagation of high-energy mining
induced seismicity causes dynamic stress o4. The MSTCBs
occur when the superposition of the initial static stress, the
mining-induced static stress and the dynamic stress exceeds
the ultimate strength of the coal o,, as shown in Eq. 5.

Os-i+ 05y + 0420, (5)
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where 0,_;, 05—, and o4 are the initial static stress, the mining-
induced static stress and the dynamic stress. And o, is the
ultimate strength of the coal.

5.3 Coal burst control in the headentry
The high risk areas for MSTCBs in the headentry were identified

as the top, RSR, and the bottom near the roof. Accordingly, the
MSTCB prevention measures were proposed, as shown in
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Figure 15A. High-energy mining induced seismicity in the roof
plays a critical role for MSTCBs. Therefore, pre-splitting blasting
was applied to the roof to avoid the occurrence of high-energy mining
induced seismicity caused by a large-scale breakage of the roof. In
addition, a number of measures including large diameter drilling and
blasting in the coal were employed to create destress zones. It should
be noted that the spacing of the boreholes in the RSR is smaller
compared to the WFR. The design parameters are shown in Table 4.

Mining induced seismicity monitoring was performed at the
5,521-20 working face through a micro-seismic monitoring system.
As shown in Figure 15B, the change in total energy presents a
periodical characteristic, which is related to the periodic adjustment
of the structure in the roof. The total energy increases significantly
when the structure experiences change. After the application of pre-
splitting, the number of seismic events with energy greater than 10* ]
decreased significantly and the number of low-energy seismic events
increased. This is because pre-cracks formed in the roof after pre-
splitting blasting, which will develop under abutment pressure. The
sudden large scale fracturing is replaced by the development of pre-
cracks. The stress in the coal will increase under the effect of high-
energy seismic events. In addition, the failure of the structure is more
likely to be triggered by high-energy seismic events. Thus, the
decrease in high-energy seismic events indicates a reduction in
coal burst risk. Mining practice at the 5521-20 working face
demonstrates that the measures are effective for the prevention
and control of MSTCBs in SIETCSs.
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Prevention measures for MISTCB and monitoring results of the mining induced seismic events: (A) prevention measures for MISTCB, (B)

monitoring results of the mining induced seismic events.

TABLE 4 Design parameters for boreholes 1#—6# (see Figure 15A).

Number Angle () Distance between Diameter of
Boreholes (m) Borehole (mm)
1 20 20 75
2 30 20 75
3 45 20 75
4 30 5 75
5 0 5 110
6 0 10 110
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Length of Explosive Charge Sealing Length
Borehole (m) Length (m) (m)

40 15 25

30 13 17

25 10 15

6 35 25

6 / /

15 / /
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6 Conclusion

In this paper, the dynamic failure process of the MSTCB in
SIETCS is investigated using UDEC simulation based on a coal
burst accident. And the effect of mining induced seismicity
vibration velocity on MSTCBs in SIETCSs is discussed. The
main conclusions are as follows.

1) A large destress zone is formed in the SIETCS after section
mining, except for a triangular area on the roof side. The
triangular area is undeveloped with cracks and has a good
capacity for storing stress and energy, which causes a high
coal burst risk. During the MSTCB, a large number of shear
cracks appear first near the roadway surface. Then, the cracks
develop rapidly to the depth. Eventually, the MSTCB leads to the
formation of a tensile failure zone near the roadway surface and a
shear failure zone at the deeper part, respectively.

2) The mechanism of the MSTCB is: under the effect of the
cantilever beam rotation, as a pivot point, the coal on the
roof side in SIETCS is in high static stress. And high-energy
mining induced seismicity in the roof causes additional dynamic
stress on the coal, especially at the RSR and top of the roadway.
MSTCB occurs as the superposition of the static stress and the
dynamic stress exceeds the ultimate strength of the coal.

3) The vibration velocity of mining induced seismicity in the
roof has a significant and asymmetric effect on the MSTCB in
SIETCS. The dynamic stress and mean ejection velocity in the
RSR and top of the roadway are positively correlated with the
vibration velocity. However, the vibration velocity only has a
weak effect on the WFR and bottom of the roadway.
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