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The occurrence of coal burst in underground coal mines is complex, abrupt, and diverse, and the evaluation and prediction of coal
burst hazard is the premise of effective prevention and control of coal burst. In this study, a coal burst carrier system model under
the synergistic action of roof, coal seams, and floor was established, and the evolution of coal burst in underground coal mines was
discussed based on the stress-vibration-energy coupling principle. On this basis, an integration method of bursting strain energy
and seismic velocity tomography for coal burst assessment was proposed. With the deep and complex panel in a mine as the
research object, the coal burst risk of the panel during excavation was evaluated in time and space domains, respectively.
Results showed that the bursting strain energy and the active seismic velocity tomography technology can accurately identify
both the positive anomalies and the negative anomalies of stress field and energy field in the mining period. Moreover, the
method can not only evaluate the coal burst risk of the panel in the temporal domain but also predict the area with potential
strong seismic events in the spatial domain. The research conclusions can accurately illustrate the whole complex evolution
process of coal burst in underground coal mines.

1. Introduction

Coal burst refers to the sudden, rapid, and violent release of
elastic deformation energy accumulated in coal or coal mea-
sure rocks triggered by coal mining, thus causing strong
vibration, casualties, equipment destruction, roadway fail-
ure, and dust explosion [1, 2]. In China, as recent years have
witnessed a rising mining depth and mining intensity,
underground mining space is faced with unprecedented
high-stress environment and complex mining layout.
Accordingly, the frequency and intensity of coal burst acci-
dents have also jumped, and coal burst has become one of
the most severe dynamic disasters threatening deep coal
mining [3–5]. How to break through the technical limits of

poor underground exploration and opaque geology of the
mining space and realize the evaluation and prediction of
coal burst hazards is an important topic in the accurate pre-
vention and control of coal burst.

In recent years, a growing number of theories and tech-
nologies based on geophysical methods to evaluate coal
burst hazard have been widely in underground mines used
for coal burst assessment. Representative studies include as
follows: Srinivasan et al. believed that the total frequency ∑
N and total energy ∑E of microseismic events in a fixed time
window could predict seismic events in the future [6].
Gutenberg and Richter et al. held that a significant decrease
in b value agreed well with an increase in the number of
strong seismic events [7, 8]. Cao and Cai et al. continuously
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monitored the relatively high-stress areas of coal mine panel
by the passive tomography technology and then evaluated
the burst hazard of the panel [9, 10]. He et al. investigated
the rock burst (including the source location, energy, dam-
age range, and modes of ensuing damage) and the temporal
and spatial evolution laws of the monitoring parameters of
microseismic (MS) and acoustic emissions (AE) [11]. Based
on the bed separation telemetry and electromagnetic radia-
tion, Zhao et al. proposed the long-term and short-term pre-
diction model of rock burst in coal seam with hard roof [12].
Zhang et al. proposed comprehensive weight and extension
methods to research the rockburst prediction [13]. By link-
ing stress, strain, damage, and microseismic energy release,
Cai et al. proposed a new index called “bursting strain
energy (BSE)” to quantitatively evaluate the bursting hazard
of coal, which is a useful tool to quickly identify and analyze
the stress distribution and the anomaly degree of burst haz-
ard [14, 15]. Feit et al. developed a method for estimating the
outburst and rock burst hazard of coal seams and faces of
mine workings on the basis of determination of rock-mass
energy [16].

From the perspective of mechanics, the whole process
(incubation, triggering, and disaster) of coal burst is essen-
tially a process of deformation, damage, and failure (instabil-
ity) of the seismogenic body under the action of force, which
is basically consistent with the deformation and fracture
process of loaded coal and rock mass [17, 18]. Considering
that the occurrence of coal burst are subject to complex
and different influencing factors which are coupled with
each other, the precursory information of coal burst induced
by different geological and mining conditions might differ.
Resultantly, a single evaluation index and method can
merely describe the hazard of coal burst from one perspec-
tive, failing to fully reflect the spatially multidimensional
information that induces coal burst. Previous research
results mainly focused on single mining-induced stress,
vibration, or energy. The single index proposed on this basis
can hardly be further improved after its prediction efficiency
reaches a certain degree. Therefore, it is necessary to quanti-
tatively evaluate the coal burst hazard during the mining
process of panels under complex mining conditions from a

comprehensive perspective of mining-induced stress, vibra-
tion, and energy.

In this study, the evolution process of coal burst in
underground coal mine based on the stress-vibration-
energy coupling principle was discussed. Furthermore, a
detection scheme integrating the active seismic velocity
tomography (SVT) technology and the BSE was proposed.
With a deep and complex panel as the research object, the
whole process of burst hazard of the panel was evaluated
in time and space domains, respectively. The research con-
clusions can ensure the safety and prevent coal burst hazard
in deep and complex working face.

2. Internal Mechanism and Methods

2.1. Interpretation of Coal Burst Process Based on the Stress-
Vibration-Energy Coupling Principle. As shown in Figure 1,
during the mining of the underground longwall panel, the
static stress environment of the coal and rock mass in front
of the working face is in an originally quasi hydrostatic pres-
sure state. Under mining disturbance, the vertical stress (i.e.,
abutment pressure) in the coal seam gradually increases to
the peak stress; then it enters the pressure-relief state with
the damage of the coal body and finally decreases to the uni-
directional residual strength state at the coal wall of the
working face.

In underground mining, the stress response of coal and
rock mass to mining activities is reflected by the dynamic
load of mining disturbance (such as coal cutting, support
moving, mechanical vibration, blasting, roof and floor
breakage, instability of coal and roof structure, gas outburst,
coal blasting, fault, and slip); it is then superimposed with
the abutment stress (static load) of the coal body around
the stope and roadway. Once the superimposition exceeds
the bearing limit of the coal body, coal and rock dynamic
disasters are likely to occur [19]. The mechanism of coal
burst induced by the superposition of dynamic and static
loads can be expressed by

σs + σd ≥ σb min, ð1Þ
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Figure 1: Schematic diagram of coal burst induced by the superposition of static and dynamic stresses.
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where σs is the static load stress of coal and rock mass, σd is
the dynamic load stress of mining disturbance, and σb min is
the critical stress of coal burst.

The model of the coal burst carrier system is composed
of a roof, a coal seam, and a floor (Figure 2). The roof and
floor, which can be regarded as complete surrounding rock,
have a much greater stiffness and strength than the coal
seam. The loaded stress-strain relationship of roof and floor
is described by the left curve, while that of the coal body in
front of the panel is described by the right curve. In
Figure 2, U1 is the released elastic energy of the surrounding
rock during bursting; U2 is the consumption of the released
elastic energy of the surrounding rock by the coal seam dur-
ing bursting; U3 is the residual elastic energy released by the
whole system during bursting; U4 is the additional input
energy.

According to the mechanism of coal burst induced by
the superposition of dynamic and static loads under the
influence of the mining-induced quasi-static load (σs) [20],
when the coal seam generates a strain increment (Δε2), the
corresponding strain increment (Δε1) generated by the sur-
rounding rock of the roof and floor is

Δε1 =
k2
k1

Δε2, ð2Þ

where k1 and k2 are the stiffnesses of the surrounding rock
and the coal seam, respectively. The total strain increment
(Δε) generated by the whole system of roof-coal seam-
floor is

Δε = Δε1 + Δε2 =
k1 + k2
k1

Δε2, ð3Þ

where the ratio of the strain increment of the coal seam
to the strain increment of the whole surrounding rock
system is

Δε2
Δε

= 1
1 + k2/k1ð Þ : ð4Þ

The conversion of microseism-stress-strain energy in the
failure process of the whole roof-coal seam-floor coal burst
carrier system can be expressed by the following equation,
and its criterion is U3 > 0. Thus, the released energy of
microseism is directly proportional to the squares of the
stress drop and strain increment.

U3 =U1 −U2 ≈ −
k1 + k2
2k1

∙ σa + σbð Þ∙Δε2 =
k1 + k2
2k1∙k2

∙ σ2
a − σ2b

� �
,

ð5Þ

E = η∙U3 = σa − σb

σa + σb
∙U3∝ σa − σbð Þ2 ∝ Δεð Þ2, ð6Þ

where σa and σb are stress before and after coal burst, Δε2 is
indicated in Figure 2, and E and η are the microseismic
energy and efficiency, respectively.

With reference to Figure 2 and Equations (4) and (6), the
force in the whole process of coal burst evolution (incuba-
tion-triggering-appearance-end) can be explained as follows:

2.1.1. AB Stage. Both k1 and k2 are above 0 and remain
unchanged, so k1 + k2 > 0; the value of Δε2/Δε also remains
unchanged. The surrounding rock (i.e., the roof and floor
F) and the coal seam are in the elastic energy storage stage,
which belongs to the incubation stage of coal burst.

2.1.2. BD Stage. k2 gradually decreases to 0, and k1 remains
the same; moreover, k1 + k2 > 0. The value of Δε2/Δε rises
with the decrease in the value of k2/k1; the surrounding rock
of roof and floor continues to accumulate elastic energy, but
the coal body begins to experience plastic deformation. At
this stage, microcracks begin to emerge, incubate, and
expand in the coal body, resulting in the phenomena of
microseism/acoustic emission. This is the precursory stage
of coal burst.
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Figure 2: Stress-energy principle of coal burst process [21, 22].

3Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2022/2070540/5684164/2070540.pdf
by guest
on 16 December 2022



2.1.3. DS1 Stage. k2 is less than 0 and gradually decreases,
while k1 remains unchanged; currently, k1 + k2 ≥ 0 and
U3≤ 0. When k1 + k2 = 0, it corresponds to point S1 in
Figure 2; meanwhile Δε2/Δε⟶∞, corresponding to the
triggering moment of coal burst.

2.1.4. S1E Stage. k2 is below 0, and it decreases first and then
increases. k1 remains unchanged, and the state changes from
k1 + k2 < 0 (U3>0) to k1 + k2 > 0 (U3<0); as the value of k2/k1
decreases first and then increases, the value of Δε2/Δε rises
first and then declines, corresponding to the stage from the
appearance of coal burst to the end.

2.2. Active SVT Technology. Numerous studies show that a
coal burst may occur when the stress within coal-rock mass
reaches a certain critical stress level [23, 24]. Velocity tomog-
raphy technology relies on the propagation law of seismic
waves, especially P-waves in a rock mass to determine the
relative state and stress redistribution of the rock mass. It
boasts a wide detection range and high accuracy; moreover,
it does not damage the target area. High-velocity and low-
velocity areas in a homogeneous rock mass indicate rising
stress and falling stress, respectively [25–27]. According to
the types of generating sources, velocity tomography can
be divided into active velocity tomography and passive
velocity tomography [28, 29]; the former uses vibrators, such
as hammering, blasting, equipment, and cutting, while the
latter takes the microseismic events induced by mining as
the triggering sources of seismic waves. Studies have proven
that the active velocity tomography technology is more reli-
able in areas that require high detection accuracy of stress
distribution [30, 31]. The essence of active SVT to solve
the stress field distribution in a mining area lies in finding
an optimal wave velocity field to minimize the difference
between the calculated wave velocity and the recorded one.
The arrival time of the calculated vibration wave can be
expressed by [32]:

ti =
ð
Γi

1
V x, y, zð Þ dx

!t0 =
ð
Γi

S x, y, zð Þdx! + t0, ð7Þ

where Vðx, y, zÞ is the velocity field of the vibration waves,
m/s; ti is the arrival time of the calculated vibration waves,
s; t0 is the triggering moment of the active source, s; and
Γi is the ray path; Sðx, y, zÞ = 1/Vðx, y, zÞ is the slowness field
of the vibration waves, s/m.

An initialization wave velocity model of three-
dimensional grid based on the mining area that shall be
detected is established. In the model, the propagation time
of the i -th ray is

ti = 〠
M

j=1
Sjdij + t0 i = 1,⋯Nð Þ, ð8Þ

where dij is the length of the i-th ray passing through the
j-th grid; Sij is the slowness of the i-th ray propagating in
the j-th grid; and M and N are the total numbers of grids
and rays, respectively. Thus, an equation system including

N equations and M variables was established, which might
be underdetermined or overdetermined. Synchronous itera-
tive reconstruction technology (SIRT) is considered an effec-
tive method to solve and operate the equation system [33].

The prediction of coal burst hazard is based on the deter-
mination of the stress state and stress concentration degree
in coal and rock strata. Generally, in areas with a high stress
level and high concentration degree, positive anomalies of
P-wave velocity are more notable than in other areas. To
further quantitatively evaluate the burst hazard reflected
by the active SVT, an evaluation index (An) for wave
velocity anomaly was proposed. The relationship between
the positive anomaly of wave velocity and the degree of
stress concentration is shown in Table 1. It is calculated
as follows:

An =
vp − vap
vap

, ð9Þ

where vp is P-wave velocity of a certain point and vap is the
average velocity of the model.

2.3. BSE Index. Coal burst is caused by strain energy released
from the surrounding rock, plus the additional energy input
provided by the superposition of static and dynamic stresses
[34, 35]. According to the continuum damage mechanics,
the stress in the loaded coal can be described by

σ = Eε 1 −Dð Þ, ð10Þ

where σ is the stress, MPa; ε is the strain; E is the Young’s
modulus, GPa; and D is the damage variable.

To establish relationships between the redistributed
stress based on the on-site microseismic monitored data
and the dynamic and static load stresses of the coal burst
carrier system in Figures 1 and 2, the damage variable
defined with reference to the Benioff strain [36] is as follows:

D = 1 − exp −
εE
εF

� �
, ð11Þ

where εE =∑
ffiffiffiffiffiffiffiffi
USE

p
is the cumulative Benioff strain; εF is the

average value of εE, which can be determined by assuming
that the complete damage state corresponds to the critical
damage (D = 0:95). DF and εEF are substituted into Equa-
tion (11) to calculate εF:

εF = −
εEF

ln 1 −DFð Þ : ð12Þ

Equation (12) is substituted into Equation (11); then the
redistributed stress can be obtained:

σI = Eε exp −
εE
εF

� �
: ð13Þ
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Therefore, a new BSE index is defined [14]:

BSE =
1 − D −

σI
σP

����
����,

D,

8><
>: ð14Þ

where 0≤BSE≤1; σP is the peak value of the redistributed
stress. To apply this index to on-site coal burst hazard pre-
diction, this index is defined as four different prediction
levels (i.e., 0-0.25, 0.25-0.5, 0.5-0.75, and 0.75-1), corre-
sponding to four coal burst hazard levels (i.e., none, weak,
moderate, and strong). As shown in Table 2, different coal
burst control measures can be taken according to the index
value. BSE is explored, redistributed, and extracted from
the on-site basic microseismic data reflecting the vibration
field of coal and rock mass. Considering both this fact and
the evolution of the energy field of the whole coal burst pro-
cess (from incubation, triggering, appearance to end), BSE
can reflect the seismic field and energy field of coal and rock
mass. The rationality of this index is verified by field
application.

3. Field Application

3.1. Site Description. The 0250 fully mechanized longwall
panel (hereafter referred to as Panel 0250) is the third panel
of the No. 5 coal seam of the South No. 5 mining area of a
deep mine in Hebei Province, China. According to
Figure 3(a), parameters of Panel 0250 are as follows: the
dip length of 150m, the strike length of 568m, the average
thickness of the coal seam of 2.8m, the average dip angle
of 20°, and the buried depth of the coal seam is about
697m-835m. From south to north, the northwest side of
the panel is Goafs T1450, T1453, T1452, and T1451, respec-
tively; the east side is Goafs 0251 and 0253, and the lower
part of the middle part of the panel is Goaf 0290. There
are two interior key strata and one main key stratum above
the No. 5 coal seam in Panel 0250 (Figure 3(b)). The three
strata are medium sandstone, siltstone, and siltstone with
thicknesses of 6.98m, 13.99m, and 22.98m, respectively,
and they are 0m, 6.98m, and 78.69m away from the No. 5
coal seam, respectively. According to the measurement of
physical and mechanical parameters, the coal seam and its
roof and floor in the No. 8 and No. 9 seams are prone to coal
burst. According to Figure 3(c), there are 9 faults (F1-F9) in

the panel, four of which (i.e., F6, F7, F8, and F9) expose the
panel roadway, exerting a significant impact on excavation.

As shown in Figure 4, an MS microseismic monitoring
system was installed in the Panel 0250. Microseismic sen-
sors, which could capture the location and energy level of
microseismic signals in the mining process and realize a
real-time monitoring of the vibration field and energy field
of the panel, were arranged in the centralized roadway on
Panel 0250 and its northwest side.

3.2. Assessment Scheme of the Active SVT Technology. For
monitoring the stress field of Panel 0250, active SVT detec-
tion was carried out in Nov. 2019. The portable distributed
test system (GeoPen SE2404NTM three-dimensional telem-
etry seismic acquisition system) was composed of a main
control unit, a data acquisition station, a cross station,
an instantaneous detonator, data transmission composite
cables, a geophone, and a remote blasting decoder. The fre-
quency range was 225-233MHz/7W/16 channel, and the
data flow port was 1 Mbps. The system was connected in
series (Figure 5(a)). The construction and subsequent analy-
sis are shown in Figure 5(b). In this detection, 60 signal
receiving points were set at the chute of Panel 0250, with a
spacing of 10m; a total of 75 blasting shots were set in the
air duct of Panel 0250 with a spacing of 8m. The parameters
(sampling frequency of 5,000Hz, the number of sampling
points of 8 k, and the single recording time length of 1.6 s)
meet the requirements of complete record of waveforms.

Among the 75 active vibration signals that were excited
in the detection, only 70 signals were successfully received
due to underground noise, humidity, and equipment insta-
bility. After preliminary screening, 2,048 effective waveforms
were reserved. The formed ray group can well cover the
whole panel to ensure the accuracy and reliability of the
detection results.

The arrival time of the first wave of the collected wave-
forms were marked in turn by the GeoWave software. Most
waveforms were clear, which helped to accurately identify
the arrival time of the first wave. Considering that the active
signals were excited by a single detonator and obvious delay
occurred between the initiation times of different active
sources, the delay error determined to be 6.96ms by the
minimum two division method. The velocity of the first
wave was distributed in the range of 3.13-4.12 km/s, and a
uniform wave velocity model whose initial wave velocity
was 3.6 km/s was established. The propagation path of the
active source in the middle of coal and rock was determined
by the straight ray tracing method. To improve the calcula-
tion efficiency, the numbers of grids in the X, Y , and Z direc-
tions are 30 × 103 × 4, the grid size being 6m × 6m × 137m.
A total of 15 rounds of cyclic inversion were performed with
the aid of the SIRT, and the current slowness was adjusted
and modified in each calculation cycle until the remaining
time became acceptable or the number of iterations reached
the threshold.

3.3. Periodic Detection of BSE. Based on long-term theoreti-
cal research, laboratory tests, and field tests, it is concluded
that the mechanism of the whole coal burst process of

Table 1: Relationship between positive anomaly in wave velocity
and stress concentration.

Coal
burst hazard

Stress
concentration

Positive velocity
anomaly, an (%)

Stress
concentration
probability

0 None <5 <0.2
1 Weak 5 ~ 15 0.2~0.6
2 Moderate 15 ~ 25 0.6~1.4
3 Strong >25 >1.4
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“incubation-triggering-appearance-end” should meet three
conditions (strength, energy, and coal burst proneness); the
latter two are sufficient conditions, while the first is a neces-

sary condition; that is, coal burst will not occur if the stress
of the coal and rock mass does not exceed its strength [14].
Therefore, with reference to Figure 2, the determination of

Table 2: Relationship between the BSE index value range, the coal burst risk level, and the corresponding guidelines on coal burst control
measure.

BSE index value range Coal burst hazard level Control measures

0≤BSE<0.25 None All mining operations can be carrying out normally

0.25≤BSE<0.50 Weak
More attention should be focused on monitoring and forecasting of coal burst in the

process of mining operations

0.50≤BSE<0.75 Moderate
Stress relief measures should be taken to alleviate and eliminate the coal burst risk

in the process of mining operations

0.75≤BSE<1 Strong

Production should be paused, and workers must be evacuated from the risk regions
immediately. Further mining operations cannot be restored until the coal burst risk
has been eliminated by taking the measures and being guaranteed again with the

monitoring results
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Figure 3: Mining engineering plan of Tangshan Coal Mine. The surface shows the coal seam floor. (a) Layout of LW 0250. (b) The overlay
strata profile. (c) Geological structure near LW 0250.
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the peak strength D point of the coal and rock mass is the
key to accurately predict the occurrence of coal burst. Based
on the MS microseismic monitoring system arranged in
Panel 0250 (Figure 4), signals of fractures in the coal and
rock mass during mining were collected as the data basis
of BSE prediction index.

As shown in Figure 6(a), the excavation of Panel 0250
began in Dec. 2019 and ended in Jan. 2021. The mining was
halted in Aug. and Sep. 2020 due to management factors. Its
burst hazard was detected periodically monthly. Figure 6(b)
shows the flow diagram to calculate the BSE. The burst hazard
prediction based on BSE is divided into the time domain
and the space domain. In field implementation, generally,
3-month historical microseismic data serve as the basic data-
base for training to obtain hazardous seismic events and crit-
ical burst strain values, respectively. Then, the BSE index is
obtained through normalization index processing.

4. Results and Discussion

4.1. Assessment Results of the Active SVT Technology.
Figure 7(a) shows the wave velocity distribution of Panel
0250 with the aid of the active SVT technology. Obviously,
the wave velocity of the whole panel is not evenly distrib-
uted. Instead, several obvious high-wave velocity anomaly
areas (the wave velocity in the range of 2.0-6.5 km/s) can
be observed, indicating that some areas are in the state of
stress concentration and correspond to high coal burst haz-

ard. In contrast, some areas are in the state of stress-relief,
corresponding to low burst hazard.

Specifically, there are three high-wave velocity zones
(Zones A, B, and C) and one low-wave velocity zone (Zone
D). The peak wave velocities in Zones A, B, and C reach
6.0 km/s, 5.2 km/s, and 6.5 km/s, respectively. All of them
are positive anomaly zones of wave velocity. In contrast,
the peak wave velocity in Zone D is merely 2 km/s, indicat-
ing a negative anomaly zone of wave velocity. This shows
that the burst hazards follow the order: Zone C>Zone
A>Zone B>Zone D, and the range of the wave velocity
anomaly zones follow: Zone D>Zone A>Zone B>Zone
C. Zone A is close to the side of open-off cut and chute
and is obviously affected by the cutting of adjacent faults,
such as F6, F7, F8, and F9. Zone B is on the goaf side of the
single “square” stage, suggesting that roof suspension leads
to a certain stress concentration. Zone C is close to the inter-
section of the stopping line and main roadway, and it is close
to the “peninsula” coal pillar area formed by multi-face
goafs, with high coal burst hazard. Zone D is located above
the goaf of the underlying Panel 0290. As the lower No. 9
coal seam is mined, the stress is effectively released, display-
ing a good “unloading-pressure relief” effect and showed low
coal burst hazard.

According to the research results, zones with potential
burst hazard include high-wave velocity anomaly zones
and anomaly zones that are witnessing the transformation
from a high-wave velocity to a low=wave velocity. Those
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wave velocity anomaly zones determined accordingly are the
focus of monitoring and pressure relief in the excavation
process.

According to the wave velocity anomaly coefficient An,
the coal burst hazard clods is given in Figure 7(b). The wave
velocity anomaly coefficients of Zones A, B, and C are 0.65,
0.45, and 0.85, respectively. They all reach the level of strong
burst hazard. Before mining approaches these three zones,
pressure-relief measures should be taken, such as large-
diameter drilling in coal, roof blasting, and roof cutting.
Mining can be resumed only after they reach the coefficient
of safe stress concentration by effect verification. The wave
velocity anomaly coefficient of Zone D reaches -0.40, the
lowest coal burst hazard. Advancing excavation at a constant
speed can prevent coal burst. Therefore, the stress-field-
based active SVT technology can not only identify positive
anomalies of stress field, but also accurately reflect its nega-
tive anomalies. And this evaluation result completely corre-
sponds to the actual mining conditions on site.

4.2. Assessment Results of BSE. The process flow in
Figure 6(b) was implemented for real-time continuous mon-
itoring of the vibration field of Panel 0250 during mining.
First, by regarding the 3-month historical database before

mining as the basic data, data training with 75% prediction
efficiency was performed. With the aid of the linear correla-
tion coefficient method proposed by Cai et al. [10], the com-
plete damage state of the critical hazard seismic event was
determined as 11,296 J, and the background value of the seis-
mic event was 6,241 J. It was assumed that the coal and rock
mass is completely damaged when D equals 0.95. Under
such an assumption, the critical Benioff strain was deter-
mined, i.e., εF = 6,241 J1/2 and the correlation coefficient of
strain and seismicity (α) was assumed 0.00072. The redis-
tributed stress in the spatial domain was calculated.
Figures 8(a)–8(i) give the nephrograms of spatial distribu-
tion of monthly BSE index during excavation in Panel 0250.

According to Figures 8(a)–8(c), like the detection results
of active SVT, the BSE distribution near the panel at the ini-
tial stage of mining can be classified into different zones. The
excavation of multiple roadways in the north of Panel 0250
was conducted in Dec. 2019, resulting in more concentrated
BSE distribution in this area (a-A and b-A). Subsequently,
the stress concentration weakened as the excavation ended.
Faults F6-F9 were successively exposed on the side of the
transportation trough during excavation. Mining distur-
bance broke the friction balance at the fault plane, leading
to fault instability and rapid reduction of shear stress and
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normal stress, as well as a sudden release of a large amount
of accumulated elastic strain energy. In the early mining
stage, the active SVT technology detected the existence of
anomalies in the stress field of this area. Therefore, during
excavation, a special pressure-relief measure of large-
diameter drilling of the coal body was implemented on the
solid coal side within 155m of the air duct ahead of the
panel (Zone A in Figure 8(n)). The specific parameters are
as follows: the spacing of 1.5m, the depth of over 20m,
and the diameter of 150mm. The active pressure-relief mea-
sure results in a normal BSE distribution in this area (c-B).
At this stage, the anomaly area of stress is mainly distributed
near the fault outside the roadway, which has little impact
on the coal burst hazard of the working face. This suggests
that the detection method based on active SVT technology
and BSE index can effectively guide pressure-relief measures.

As shown in Figure 8(d), at this time, the panel is
approaching a “square” stage. The burst hazard inside the
panel rises as a result of the frequent activities of the overly-
ing roof and the dense distribution of BSE. To weaken the
kinetic energy released by roof breakage during the “square”
period, before excavation, a special relief measure of roof
deep hole blasting pressure was implemented towards the
solid coal side and the goaf 0251 side within 105m of the
chute ahead of the panel (Zone B in Figure 8(n)). The spe-
cific parameters are as follows: the spacing of 10m, the depth
of 36m, and the charge weight of 85 kg. In contrast, thanks
to the pressure-relief measure for the roof adopted in the
chute in advance, the distribution of the BSE near the chute

is relatively stable during excavation. And the relatively dan-
gerous position is the middle area of the panel where the
roof is not managed (d-B). As shown in Figures 8(e)–8(h),
at this stage, Panel 0250 is above the underlying goaf 0290,
and the overburden structure is damaged due to the caved
zone and fractured zone formed by the excavation of No. 9
coal seam. First, the ranges of overburden fracture and slip
during No. 5 coal seam excavation greatly narrow, and the
concentration of stress and abutment pressure is effectively
controlled. Second, the loose and broken coal and rock
structure raise the attenuation coefficient of vibration wave
propagation, and the vibration energy is significantly weak-
ened. Therefore, at this stage, the BSE and burst hazard near
the panel tend to stabilize, which indicates that the excava-
tion of the lower protective layer has played a good effect
of “load reduction-vibration reduction-energy absorption”.
As shown in Figures 8(i)–8(m), at this time, Panel 0250 is
near the stopping line, and the advance abutment stress of
the panel is superimposed with the high static load stress
caused by the dense roadways on the northwest side, result-
ing in high concentration of BSE and high burst hazard,
which is basically consistent with the zones of strong burst
hazard that were previously determined by active SVT tech-
nology. Before excavation, a special pressure relief measure
of large-diameter drilling was taken on the coal on both sides
of the roadway within 125m of the air duct ahead of the
panel (Zone C in Figure 8(n)). The construction parameters
are identical with those of Zone A. At this stage, the distribu-
tion of BSE inside the panel is relatively stable, and the
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concentrated positions are mainly the dense cross roadway
areas outside the panel (i-A-m-A). In addition, at this stage,
multiple roadways in the north of Panel 0250 were exca-
vated, resulting in significant concentration of BSE near
the stopping line (e-A-h-A).

In conclusion, the results of static stress field detected
based on active SVT before excavation well agree with the
results of mining vibration field detected based on BSE dur-
ing excavation. The active SVT technology not only reflects
the positive anomaly state of stress concentration caused
by fault structure, panel “square,” and adjacent dense road-
ways, but also reveals the negative anomaly state of stress
relief caused by “protective layer” mining. The reliable and
accurate detection results provide a new idea for formulating
reasonable pressure-relief parameters and testing the pres-
sure relief effect.

4.3. Prediction Results of BSE. The research finds that under
complex geological conditions and mining layouts, the main
control factors and occurrence mechanism of coal burst are
complex, and the precursory information of the incubation-
triggering disaster remains unclear. Therefore, a detection
method that integrates BSE and active SVT should realize
both periodic qualitative detection and quantitative burst
hazard evaluation of the panel. Figure 9(a) shows the burst
hazard distribution determined by BSE from Nov. 1, 2020
to Nov. 31, 2020. The red marks are the microseismic events
from Dec. 1, 2020 to Dec. 31, 2020; and the yellow one is a

strong seismic event near the stopping line of Panel 0250
on Dec. 18, which released 6:5 × 105 J energy (Figures 9(b)
and 9(c)). The strong seismic event caused local roof caving
ahead of the air duct and block ejection on sides in local con-
necting roadway, and it was felt by workers. Figure 9(d)
shows the evolution of BSE index of the panel in the time
domain.

According to Figure 9(a), the anomaly area of BSE from
Nov. 1 to Nov. 31, 2020 is the area where microseismic
events are centralized before the “12.18” strong seismic
event, and the strong seismic event occurred in the corre-
sponding high burst hazard area. This indicates that the loca-
tion of potential high-hazard seismic event of theworking face
in the next mining stage can be roughly determined based on
active SVT technology and BSE index, which can guide timely
pressure-relief measures. According to Figure 9(d), almost all
the main shocks (dangerous seismic events) occur when the
BSE index is greater than or equal to 0.75, i.e., the correspond-
ing burst hazard is above themoderate level. Especially before
the “12.18” strong seismic event, the BSE index remained at a
strong burst hazard level. Two dangerous seismic events
occurred successively one day before the occurrence of strong
seismic event, indicating that the BSE index can also play a
good prediction effect in terms of the time domain of burst
hazard.

To sum up, considering the occurrence of strong seismic
events like the “12.18” seismic event, it is necessary to detect
the static stress field in the mining area with the aid of active
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SVT technology in the early stage of excavation. The real-
time burst hazard state and hazard level of local locations
in time and space domains need to be determined with the
aid of BSE index driven by theory and data during mining.

Finally, the area and time with potential bursts can be deter-
mined based on the detection results. This can help to take
reasonable targeted pressure-relief measures to ensure the
safety of the working face excavation.
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5. Conclusions

In this study, the whole evolution process of coal burst
induced by dynamic and static loads was expounded first.
On this basis, an integrated detection technology that inte-

grates the BSE index and the active SVT technology was
proposed. Furthermore, the burst hazard was assessed by
taking the whole excavation process of a deep panel under
complex conditions as the object. The main conclusions
are as follows:
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(1) The evolution process of coal burst in coal mines
under the superposition of dynamic and static loads
can be divided into four stages, i.e., incubation-
triggering-appearance-end, which suggests that the
occurrence of coal burst is closely related to the
stress field and energy field of the mining space of
coal and rock. The monitoring and early warning of
coal burst hazard in the mining space should also
be conducted from the perspectives of stress and
energy

(2) The active SVT technology can not only identify the
positive anomaly state of stress concentration caused
by fault structure, panel “square,” and adjacent dense
roadways, but also reflect the negative anomaly state
of stress relief caused by the mining of the upper
protective layer. This technology can serve as a reli-
able method to detect the regional stress field before
excavation

(3) The BSE index can not only determine the occur-
rence time of potential strong seismic events in the
time domain, but also accurately evaluate the burst
hazard level and state of local areas. It can regularly
and effectively detect the coal burst risk in the exca-
vation process
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