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ABSTRACT Deep-sea mining extracts ores on the ocean floor. During this process the sea water may flood
into the mine due to rockburst hazards. This study proposes an effective method to assess rockburst hazards
using a self-developed real-time microseismic monitoring system in Sanshandao goldmine (the first undersea
mine in China). In addition, the wave dissimilation patterns of this mine have been elucidated by analyzing
the signals obtained by the geophones embedded in a similar material model. The monitoring work started
in December 2014 and ended in March 2015 in Sanshandao goldmine. To assess rockburst hazards, this
study proposes several indexes including spatial-temporal distribution of microseismic events, microseismic
activity rate, energy release rate, continuity index, and average daily energy. The results show that the
surrounding rock went through the stationary, active, secondary stationary, and secondary active periods
before rockburst occurrence. Compared with the stationary period, a sudden change of the continuity index
and average daily energy can be observed in the active period in which minor rockbursts constantly occurred.
Rockburst accidents are very likely to occur in the secondary active period. However, before this period,
there usually exists a secondary stationary period without rockburst risk. This study proposes a workflow
for designing and applying microseismic monitoring systems.

INDEX TERMS Rock burst, similar material simulation, microseismic monitoring, elastic wave, propaga-

tion, wave dissimilation.

I. INTRODUCTION
Rockburst is a violent dynamic disaster caused by the sudden
failure of the rock mass and is always associated with a
large amount of seismic energy release [1]. Usually, rockburst
hazards occur locally without influencing the general stability
of the mine but can induce a variety of secondary hazards
such as water burst, gas burst and dust explosion [2]-[4].
The past few decades have seen a number of rockburst acci-
dents, which have caused many casualties and considerable
economic loss [5], [6].

As some ore deposits are buried under the ocean
floor, deep-sea mining has been developed to retrieve
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these minerals. In these mines, rockburst induced by min-
ing activity may cause seawater to flood into the mine.
Therefore, it is necessary to predict rockburst hazards in
undersea mines in real time. By now, real-time microseis-
mic monitoring techniques have been widely used during
mining in many fields such as rock slope engineering [7],
mining engineering [8], [9], tunneling [10] and hydrofrac-
turing [11]-[13]. This technique can obtain spatial location,
time, and magnitude of the microseismic events by analyzing
the recorded acoustic signals. The mining-induced rock mass
failure can then be predicted by using the obtained infor-
mation [14]-[16]. Compared with the onshore deep mine,
the water inflow of the deep-sea mine is much larger. The sea
water is rich in halide, and therefore the vapor will corrode
the devices in elevated temperatures. To address this problem,
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the devices of the microseismic monitoring system need to be
specially designed for anti-corrosion purpose.

In the practice of microseismic monitoring, the static wave
velocity is usually adopted; that is, the wave velocity between
the focus and each geophone is equal, which results in a large
location error [17]. The complex geological conditions in a
mine will cause wave dissimilation such as attenuation of
velocity and amplitude and disorder of first arrivals. There
are three main factors that cause microseismic wave dissim-
ilation: first, engineering defects, such as goafs, roadways,
caverns, etc.; second, geological defects, such as faults, joints,
bedding, subsided columns, etc., and third, lithological dis-
similation, such as rock mass erosion, rock intrusion and
lithological variation [18]. If the microseismic wave dissimi-
lation is not taken into account, the fracture source of the rock
cannot be located accurately [19], [20].

However, the rock mass in a mine is not ideal to study
wave dissimilation quantitatively due to complex geological
conditions. To address this problem, a similar material model
is used to simulate the mine prototype in a laboratory scale.
Generally, similar materials include sand, lime, gypsum and
other additives. These materials are mixed at a certain pro-
portion and then compressed and cured to simulate any rock
formation in mines [21], [22]. The material mix proportions
were studied by Hu et al., which can be used as guidelines
for designing similar material simulation experiments for coal
mining [23].

In this study, a self-developed microseismic monitoring
system is emloyed to monitor and predict rockburst disasters
in Sanshandao goldmine during mining. In addition, to guide
the future mining work in the unexplored zone of this mine
with complex geological conditions, the wave dissimilation
patterns have been elucidated using the similar material sim-
ulation test.

Il. GEOLOGICAL SETTING OF SANSHANDAO GOLDMINE
Sanshandao goldmine is located in the northwestern edge of
the Jiaodong Peninsula situated along the southeastern edge
of the North China Craton (NCC) that is the oldest and largest
craton in China [24], shown in Fig. 1. The northwestern
part of the Jiaodong Peninsula is occupied by over 50%
of mesozoic granitoids which hold more than 95% of gold
resources. In this region, two principle deformation phases
have been identified during the Mesozoic. One is distin-
guished by northwest—southeast oblique compression, prob-
ably associated with the subduction of the Izanagi—Pacific
plate [25]. The other one contains half-graben basins, accom-
panied by intrusion of mafic dikes and hydrothermal gold
mineralization.

The orebody strikes about N. (20—40°) E and dips approx-
imately 35-70 degrees towards SE, and extends offshore into
the Bohai Sea. The Sanshandao deposit is composed of four
major lithological groups [26]: (1) Jurassic Linglong gran-
ite; (2) Archean Jiaodong Group; (3) Cretaceous Guojialing
granodiorite and (4) Cretaceous mafic dikes (Fig. 1). The
Sanshandao—Cangshang fault zone controls the Sanshandao
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FIGURE 1. Geological profile and stope layout of Sanshandao goldmine.
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FIGURE 2. Roadway damage caused by high shearing stress.

gold deposit with the Linglong granite/Guojialing granodi-
orite in the footwall and the Linglong granite in the hang-
ing wall. Six orebodies with lenticular or tabular shape
have been identified. The No. 1 orebody has the largest
amount of reserves (69%) and is situated in the middle
to upper part of the main fault footwall. This orebody is
1020 m long and 6.4 to 10.3 m thick with an approx-
imate depth of 1450 m. The mining shaft has extended
1200 m from the surface and the operational depth will
exceed 2000 m since a new large gold orebody with gold
reserve larger than 500 t has been found by geological
exploration [27].

In deep-sea mines, the rock strata may fracture due to
high in-situ stress and mining activity, which may cause
rockburst and mine flooding [28]. To address this problem,
the goaf was backfilled using cemented paste backfill (CPB)
with a much lower strength and density than the surrounding
rock. The propagation patterns of microseismic waves in the
particular geological conditions of undersea mines need to be
further studied to develop and apply microseismic monitoring
systems. The stope at level -780 m was mined using cut and
fill method, as shown in Fig. 1.

According to the results of the geostress measurement,
the maximum and minimum principal stresses are 33 MPa
and 17 MPa, respectively. A large shearing stress is gen-
erated by the large difference of the two principal stresses,
which may be the main cause of roadway deformation and
failure [29], as shown in Fig. 2.
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TABLE 1. Proportion of the similar materials.

Signal cable
to computer

Volume Sand Gypsum  Dry weight  Water
Strata 3 Lime (kg)
(m”) (kg) (kg) (kg) (kg)
Lower 0.18 300 52.5 22.5 374 41.60
Orebody 0.05 78 18.2 7.8 104 11.56
Upper 1 0.025 44 4 4 52 5.78
Upper2  0.428 712 89 89 891 98.92
Total 0.683 1134 163.7 123.3 1421 157.85
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A mine prototype can be downscaled to a much smaller
experimental model based on similarity theory for conve-
nient analysis. Geometric similarity, kinematic similarity and
dynamic similarity must be satisfied when designing the sim-
ilar material model [30]-[34]. To prepare the similar material
model, dry sand was used as the aggregate; gypsum and lime
were selected as the cementitious materials. Any rock forma-
tions with different strengths can be simulated by varying the
proportions of the cementitious materials. The proportion of
the materials (see Table 1) was calculated according to the
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FIGURE 5. Sensitivity versus excitation frequency for three types of
geophones.

previous literature [34]. Based on the prototype of Sanshan-
dao goldmine, a similar model was designed in laboratory
(Fig. 3). To fabricate the model, a mould was prefabricated
using steel plates. Inside the model, one end of the steel plate
was fixed, while the other end can be adjusted to adjust the
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FIGURE 6. Excavation (a), backfill (b) and excavation sequence (c).
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FIGURE 7. Wave velocity versus depth.

dip of the strata. The required materials were weighed and
then poured into a mixer for mixing (10 min) until a uniform
paste was formed. The paste was then poured into the mould
and compacted. After that, the model was placed in a moist
room for curing with a relative humidity of 95 &+ 5%, and
an ambient temperature of 20 + 1 °C for 28 days. In order
to distinguish each rock stratum clearly, the front surface of
the model were painted. In the meantime, circular pieces of
paper were bonded to the positions where the geophones were
buried (Fig. 3).

The large water content during curing may corrode the
geophone and cause a short circuit between the positive and
negative electrodes. To address this problem, the geophones
were wax-sealed for waterproofing before use. Then the wax-
sealed geophones were embedded in the model and connected
to the data acquisition instrument by a signal cable. Acquired
microseismic signals were analyzed in a desktop PC system
(Fig. 4).

To achieve the best waveform during monitoring, three
types of geophones with frequencies of 4.5 Hz (low sensi-
tivity), 10 Hz (medium sensitivity) and 60 Hz (high sensitiv-
ity), were tested for their sensitivity (S) using the following
formula by a vibration sensor calibrator:

_ (A1 +A2)

S
24/2A

ey

VOLUME 7, 2019

20
L % . — o— Average amplitude
@l Sy
PR
PO
1 P N\
—~14 P
= 4 RS N <
- ]
£ KX ~
o 7 B =
]
o, ] KX = -~
S 10 o0 ey
= PRI P
— J .0.0‘0‘ .‘.Q <A
=3 P 95058
£ 8- KA XS
00008 Retede
< %0 <K
d
6 LA KRR
RRXA PR
1 KXXA A
XX PSS
ek A
i R R
| PR RS
24 Poe%e:
PR
] PR
2
0

No.7 No.8 No.9 No.2 No3 N

o
>

No.12 No.13 No.14

FIGURE 8. Variation of amplitudes influenced by the fauit.

77 ANo 4 No.14

400 -

350 +

W

o

o
1

250

200

Wave velocity (m/s)

150

100

unexcavated Excavated Backfilled

FIGURE 9. Wave velocity influenced by excavation.

where A; is the measured maximum amplitude; A is the
measured minimum amplitude; A is the excitation amplitude.
Fig. 5 shows the sensitivity of the geophone versus excita-
tion frequency. It can be seen that the 10-Hz geophone has the
best working linearity in the range between 30 Hz to 600 Hz.
Therefore, the 10-Hz geophone (medium sensitivity) with a
sampling rate of 8 k/s, sampling time of 2s, and number of
compensation points of 1000 was used in this study.
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During monitoring, the seismic focus was knocked to
generate elastic waves in the strata. The wave velocity (v)
versus depth was firstly measured using the following
equation:

s
v=" )

where s is the propagation distance, and ¢ is the propagation
time. Then the influence of the fault was analyzed by com-
paring the amplitudes of the waves above the fault (No.7,
No.8 and No.9) and below the fault (No.2, No.3, No.4, No.12,
No.13 and No.14). Finally, the wave velocity influenced by
excavation and backfill was studied. After area 1 was exca-
vated (Fig. 6b), the wave velocities between the focus and
No.4 geophone as well as the focus and No. 14 geophone were
compared, respectively to elucidate how the wave velocity is
influenced by the goaf. Area 1 was then backfilled (Fig. 6¢)
and area 2 was excavated. Following this order, six areas
were excavated and backfilled, successively. Before the next
area was excavated, the previous one was backfilled. The
wave velocity and amplitude versus excavation position was
studied.
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B. RESULTS OF THE SIMILAR MATERIAL

SIMULATION TEST

To study the change of the wave velocity with depth in strata
before excavation, the seismic focus was knocked to generate
elastic waves. Fig. 7 shows the change of the average wave
velocity between two adjacent geophones during propaga-
tion. It can be seen that the average wave velocity increases
with depth. The possible reason is that the density of the lower
strata was larger due to better compaction.

Fig. 8 shows the variation of wave amplitudes received by
the geophones under the influence of the fault. It can be seen
that in each group the amplitude decreases with increasing
the distance from the seismic source. In addition, it can be
observed that after the elastic waves propagated through the
fault to the geophones in the orebody (No.2, No.3 and No.4)
and lower strata (No.12, No.13 and No.14), its amplitude
decreases significantly. This is probably due to the energy
attenuation caused by the loose medium in the fault [35], [36].

As can be seen from Fig. 9, before excavation, the wave
velocity between No. 4 and the seismic focus is slightly
larger than that between No.14 and the seismic focus. How-
ever, after mining, the former (closer to the goaf) velocity
decreases significantly. This indicates that the goaf can cause
large velocity attenuation to the wave during propagation.
After backfill, the velocity increases again but is smaller than
the original velocity as the density of the backfill material is
smaller than that of the rock. The influence of the position of
the goaf on the wave propagation is also studied. It should be
noted that the former goaf had been backfilled before the next
goaf was formed. It is found that the tail and duration of the
waveform is elongated with increasing the distance between
the goaf and the geophone (Fig. 10). In addition, both the
amplitude and velocity increase with increasing the distance
from the goaf (Fig. 11), indicating significance influence of
the goaf to the nearby geophones.

The obtained propagation patterns are used to guide the
deployment of the geophones in the mine. The influence of
geological defects such as faults and goafs on elastic waves
has been considered when installing geophones in the stope.
In addition, the propagation patterns of microseismic waves
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can be used to detect undiscovered geological structure dur-
ing future mining.

IV. MICROSEISMIC MONITORING IN

SANSHANDAO GOLDMINE

A. DEVELOPMENT OF THE MICROSEISMIC

MONITORING SYSTEM

1) HARDWARE STRUCTURE OF THE MICROSEISMIC
MONITORING SYSTEM

The microseismic monitoring system was developed by our
group and installed in Sanshandao goldmine (see Fig. 12).
The system is composed of ten uniaxial geophones, a sub-
station for data acquisition and processing, power supply and
signal transmission cables. The maximum output, frequency
and sensitivity of the geophones are —5V~+5V, 5-50 kHz
and 30 V/g, respectively. The substation containing a 24-bit
analog-to-digital (A/D) converter has an acquisition of
20000 Hz. The geophones were installed at the end of the
rock bolt at a height of 2.5 m from the floor. The rock bolts
(2.5 min length) were anchored in boreholes on the sidewalls
using rapid-hardening hydraulic cement. The included angle
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between the borehole and the horizontal direction is 25~30°
(see Fig. 13). This system includes the underground part and
above ground part. The underground part is composed of
geophones, monitoring substation and monitoring host com-
puters. Each substation has 12 monitoring channels which
can connect 12 geophones. During monitoring, the elastic
waves generated by rock fractures are detected by the geo-
phones and transmitted through signal cables in the form
of analog signals. Then the analog signals are digitized in
the substation and transmitted into the web server through
optical fibers and the industrial ring net. The digital data
are then automatically recorded and displayed in the host
computer.

2) SOFTWARE STRUCTURE OF THE MICROSEISMIC SYSTEM

The software system consists of the data acquisition soft-
ware, data processing software and locating software. The
data acquisition software is used to monitor and record the
microseismic events. The data processing software is able
to display microseismic waves, pickup first arrivals, and
calculate microseismic energy. The function of the locating
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software is to display the microseismic events based on its
occurring time, space and energy.

B. ANTICORROSIVE DESIGN OF MONITORING
EQUIPMENT

As stated before, the inflow of the sea water rich in halide will
corrode the devices in elevated temperatures. Therefore, the
corrosive environment must be taken into consideration when
designing geophones and computer cases.

To prevent corrosion, the chip of the geophone is firstly
wrapped by a plastic shell and a metal inner shell. An anti-
corrosive outer shell is then applied to protect the whole
structure of the geophone, as shown in Figs. 14 and 15.

C. IDENTIFICATION AND LOCATION OF

MICROSEISMIC EVENTS

Ten geophones were installed at levels —690 m, —765 m,
and —780 m, respectively, as shown in Fig. 16. A variety of
microseismic signals were received during tunneling, among
which a large proportion were interfering signals induced
by blasting, electric pulse and the electric fan, as shown in
Fig. 17. The microseismic signals can be recognized and
filtered out by comparing the wave forms and conducting
spectral analysis. Then, the source location was calculated
using the filtered microseismic signals trough the Geiger
iteration algorithm [37]:

JE— P+ 0= 32+ =P =t —1) 3

where (x;, yi, zi,) and (x, y, z, t) are the coordinates of the
i-th geophone and seismic source, respectively; v, represents
the P-wave velocity. The initial coordinate of the seismic
source is randomly assigned and iterated using least square
algorithm until the required accuracy is achieved. The P-wave
velocity is calculated by calibration blasting in Sanshandao
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FIGURE 15. Bare Geophone (a); geophone with anticorrosion shell (b);
packaged underground monitoring station (c) and inner structure of the
monitoring station (d).

goldmine. From the calibration results, the P-wave velocities
ranged from 4500 m/s to 5500 m/s. The average location error
of X, y and z coordinates versus wave velocity was compared
to select the optimum P-wave velocity for the microseismic
monitoring system (see Fig. 18). It can be seen that the opti-
mum P-wave velocity is 5000 m/s with the smallest location
error of 10.2 m.

D. ROCKBURST RISK ASSESSMENT BASED ON
MICROSEISMIC MONITORING

1) ROCKBURST RISK ASSESSMENT BASED ON
SPATIAL-TEMPORAL DISTRIBUTION OF

MICROSEISMIC EVENTS

The microseismic monitoring system was installed in
December, 2014. Fig. 19 demonstrates the spatial-temporal
distribution of the microseismic events during mining from
December, 2014 to March, 2015. It can be seen that 36 and
30 events were captured by the microseismic monitoring
system in December, 2014 and January, 2015, respectively,
among which a large proportion are low-energy events. This
indicates that the rock mass at this mining level is sta-
ble. In February, 2015, only 14 microseismic events with
low energy were recorded (see Fig. 19c¢). This is because
secondary reinforcement was conducted in the roadways.
In March, 2015 several large-energy microseismic events
were recorded near the crosscut (Fig. 19d), which induced
a rockburst accident on 31, March, 2015. Some anchors,
cables and rock mass were damaged seriously in this accident,
as shown in Fig. 20.

2) ROCKBURST RISK ASSESSMENT BASED ON
MICROSEISMIC ACTIVITY RATE AND ENERGY RELEASE RATE
In order to ensure mining safety, it is insufficient to ana-
lyze the spatial-temporal distribution of the microseismic
events only. The microseismic monitoring system is required
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to be able to analyze the change of event count and
energy in real time to predict the possible time of rockburst
occurrence.

The microseismic activity rate and energy release rate are
the changes of the event number and event energy, respec-
tively [38]. The sudden increase of microseismic event num-
ber indicates that the rock mass is fracturing. It can be seen
from Fig. 21 a—d that the event energy is positively correlated
with the event number. Rockburst is very likely to occur when
both the event number and event energy increase simulta-
neously. Also, the energy saltation always lags behind the
number saltation of the microseismic events. Usually, sudden
changes in energy often indicate the occurrence of rockburst
disasters. Therefore, real-time analysis of microseismic activ-
ity rates can obtain the trend of the energy release rate, which
is convenient for predicting the occurrence time of rockburst.
It can be observed from Fig. 21e that the whole period from
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December 2014 to March 2015 can be divided into four sub-
periods: stationary period, active period, secondary stationary
period and secondary active period. In the stationary period,
the total number and energy of microseismic events are small
because there are no tunneling and mining activity in this
period; in the active period, the total number and energy of
microseismic events increase suddenly due to tunneling; in
the secondary stationary period, the total number and energy
of microseismic events fluctuate within a small range due to
shotcrete support; and in the secondary active period, the total
number and energy of microseismic events increase suddenly
again due to mining at level —780 m. The results agree well
with the mining activity in the mine.
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2015; (d) March 2015.
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FIGURE 20. Photos of the rockburst accident.

3) ROCKBURST RISK ASSESSMENT BASED ON CONTINUITY
INDEX AND AVERAGE DAILY ENERGY

If microseismic events are continuously generated for a
period of time, rockburst is likely to occur. In order to char-
acterize the daily continuity of microseismic events, the con-
tinuity index is introduced in this study. It is defined as
the ratio of the total number of events received since the
system was established to the number of days, which can be
expressed as:

_2M
== @)

where Np is the total number of microseismic events on the
Dth day; D is the number of continuous monitoring days.
It is known that rockburst is induced mainly by large-energy
microseismic events. Large daily energy release may not
cause rockburst if there exists a large number of small-energy

U
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events. To address this problem, this study introduces average
daily energy:

Elp =

)

Np
where ) EI is the total daily energy of microseismic
events; Np is the total daily number of microseismic
events.

Fig. 22 shows statistics of continuity index and average
daily energy from December, 2014 to March, 2015, which
can be also divided into four periods (the same as Fig. 21).
A sudden change of continuity index and average daily
energy can be observed in the active period in compari-
son with the stationary period. Minor rockbursts constantly
occurred, which induced roadway spalling, rock bolt failure
and roadway deformation. In the secondary stationary period,
the continuity index constantly decreases and the average
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daily energy fluctuates within a small range, indicating no
risk of rockburst. In the secondary active period (after, 10,
March, 2015), the continuity index and average daily energy
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increase again and, indicating this mine was facing high
risk of rockburst. The rockburst that occurred on 31, March,
2015 agrees with the analysis.
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V. CONCLUSIONS

Rockburst hazards were monitored using a self-developed
microseismic monitoring system in a deep-sea mine. In addi-
tion, the propagation patterns of microseismic waves influ-
enced by geological defects have been studied using a similar
material simulation model.

The following conclusions are drawn:
« A microseismic monitoring system with anticorrosive

equipment is developed for assessing rockburst hazards
in undersea mines.

o Geological defects (goafs and faults) will cause ampli-
tude and velocity attenuation of elastic waves, while
after back filling, the wave attenuation can be reduced,;

o From microseismic monitoring results, the surround-
ing rock went through four periods: stationary, active,
secondary stationary and secondary active periods.
Compared with the stationary period, a sudden change
of continuity index and average daily energy can be
observed in the active period in which minor rockbursts
constantly occurred. Rockburst accidents are very likely
to occur in the secondary active period. However, before
this period, there usually exists a secondary stationary
period without rockburst risk.

The microseismic monitoring results obtained in this study
agree well with feedback of rockburst accidents that occurred
in Sanshandao goldmine. This method is applicable in other
deep-sea mines with similar geological conditions. How-
ever, various geological factors can affect microseismic wave
propagation, such as joints, bedding, subsided columns, rock
intrusion and lithological variation. The wave propagation
patterns need to be further analyzed when applying the micro-
seismic monitoring system in mines with such geological
conditions. In the future work, other seismic parameters,
such as energy index, cumulative apparent volume, Schmidt
number, etc. will be further investigated to predict rockburst
hazards.
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