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The evolution characteristics of high-energy and low-energy microfracture events play an important role in the brittle failure
mechanism of rock and reasonable microseismic (MS) monitoring and acoustic emission (AE) monitoring. The bimodal
distribution (BMD) model is commonly used to observe the evolution characteristics of high-energy and low-energy MS events;
however, its precise mechanism remains unclear. The evolution characteristics of high-energy and low-energy microfracture
events are assessed in this study based on a BMD model. MS monitoring results from the No. 22517 working face of the
Dongjiahe Coal Mine are studied, and AE monitoring results of a biaxial compression experiment of a granite specimen are
analyzed. High-energy MS events in the No. 22517 working face are found to be generated by an increase in the failure scale of
the overlying rock mass upon exiting the insufficient mining stage and entering the sufficient mining stage. The change
characteristics of the high-energy AE hits are positively correlated with crack evolution characteristics in the granite specimen
and negatively correlated with changes in the Gutenberg-Richter b value. A precise high-energy and low-energy AE hit
evolution mechanism is analyzed based on the microscopic structure of the granite specimen. Similarities and differences
between high-energy MS events and low-energy AE hits are determined based on these results. Both are found to have bimodal
characteristics; an increase in the failure scale is identified as the root cause of the high-energy component. The bimodal
distribution of AE hits is far less obvious than that of MS events.

1. Introduction

In a study on the recurrence of large seismic events in Polish
mines, Gibowicz and Kijko [1] found that the pattern of
empirical distributions of the largest seismic events is more
complex than expected based on the most general theoretical
considerations (e.g., Gumbel distributions) [2]. The observed
distributions possess bimodal distribution (BMD) character-
istics, as shown in Figure 1 BMD has also been observed in
the underground coal mines of Upper Silesia, Poland, at the

Doubrava coal mine of the Ostrava-Karvina Coal Field,
Czechoslovakia, and in the copper ore mines of Lubin
Copper Basin, Poland [1]. The seismicity associated with
the eruption of Mount St. Helens, Washington, in May
1980 obeyed the BMD as confirmed by the distribution of
characteristic periods in the maximum amplitude signals
and by the frequency-magnitude relations [3]. Another strik-
ing example of BMD was found in New Madrid, Missouri,
and interpreted as a result of the superposition of two distinct
seismogenic source types observed in the area [4].
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The BMD results from the mixing of random variables
generated by two different phenomena. The first phenome-
non is responsible for the low-energy component and the
second one for the high-energy component of the distribu-
tion. At present, the BMD is considered an important
method for observing the evolution characteristics of high-
energy and low-energy microseismic (MS) events.

Despite many valuable contributions to the literature, the
precise mechanism of the BMD is not yet known. The tradi-
tional view is that the BMD obeys at least three statistical dis-
tributions. The first was proposed by Stankiewicz [5], who
assumed that at any moment, the state of the rock mass can
be described by a stress that increases linearly in time in the
absence of a seismic event and drops to a certain value from
the interval if an event occurs. The other two statistical distri-
butions were proposed by Gibowicz and Kijko [1]. Under the
second statistical distribution, high- and low-energy seismic-
ity are independent of each other. Under the third statistical
distribution, the high-energy seismicity is dependent on the
low-energy seismicity. Monitoring data can be well fitted to
these three statistical distributions, but none fully character-
izes the BMD mechanism.

There are two hypotheses as to the nature of the two sets
of events discussed above [6]. The first states that BMD is a
result of the inhomogeneous and discontinuous structure of
the rock mass. The second states that the low-energy compo-
nent of the distribution is a result of mine-induced stress
release, while the high-energy component is a result of the
interaction between mine-induced and residual tectonic
stresses in the area. The first hypothesis is acceptable in cer-
tain mining districts and the second hypothesis in others,
where geologic factors play by far the most important role
in the generation of seismic events in mines.

The early warning mechanism of mine disaster is closely
related to the rock and fissures, and the evolution character-
istics of high-energy and low-energy microfracture events
monitored by microseismic early warning are of great signif-
icance to the failure mechanism of rocks [7, 8]. Many previ-
ous researchers have conducted laboratory and in situ
research by acoustic emission (AE) and MS monitoring tech-
nologies. In the field of MS monitoring, Xiao et al. [9], Feng
et al. [10], Xu et al. [11], and Yu et al. [12, 13] studied the rela-

tionships between monitored MS activities and rockburst
events in tunnels; rockburst events can be predicted by cap-
turing MS events produced during the excavation of a rock.
Zhang et al. (2017), Wang et al. [14], and Cheng et al. [15]
studied the relationship between the MS event distribution
and strata movement caused by underground mining. Cao
et al. [16, 17] and Li et al. [18] investigated the relationship
between MS activities and rockburst events to predict possi-
ble rockburst locations in coal mines. Lu et al. [19] and Li
et al. [20] studied the relationship between the distribution
of MS events and coal-gas outburst in a coal mine. Li et al.
[7], Zhang et al. [21], and Wang et al. [14] studied the rela-
tionship between MS monitoring results and water inrush.
They found that fractured zones in rock masses, which may
form water inrush channels, can be determined according
to the spatial distribution of MS events.

Xu et al. [22], Dai et al. [23], and Salvoni et al. [24] carried
out MS monitoring during the excavation of slopes and to
find that ground deformation and MS data reflect rock dam-
age at various depths as well as mechanisms of rock mass
instability. Previous studies have also shown that the occur-
rence of MS events is closely related to failure rock mass
and related disasters. AE evolution characteristics have been
analyzed based on six main factors: number and energy [25–
27], frequency [28, 29], spatial location [30–32], spatial cor-
relation length [33], fractal dimension [34, 35], and moment
tensor [36]. Dixon et al. [37, 38] and Smith [39, 40] used AE
monitoring for slope deformation and stability predictions.
These previous studies provide a workable basis for studying
the evolution characteristics of high-energy and low-energy
microfracture events related to the BMD mechanism.

Inspired by previous research results, MSmonitoring was
carried out in No. 22517 working face in the Dongjiahe Coal
Mine in this study. A biaxial compression experiment was
also performed with a granite specimen in the laboratory.
The MS monitoring and experimental results were analyzed
to determine the evolution characteristics of high- and low-
energy microfracture events. The relationship between the
evolution characteristics and various failure scales were
observed to determine the BMD mechanism. Finally, the
similarities and differences between high-energy MS event
and low-energy AE hit evolution characteristics were deter-
mined as discussed in detail below.

2. Evolution Characteristics of High-Energy and
Low-Energy AE Hits

2.1. Experimental System. The biaxial compression experi-
mental system used in this study is composed of a rock
mechanic testing system, an AE monitoring system, and an
observation system (Figure 2(a)). The experiment was con-
ducted on a servocontrolled rock testing machine (RLW-
3000). The loading was applied in both horizontal and verti-
cal directions. The maximum axial loading was 3000 kN, the
maximum horizontal loading was 1000 kN, and the measure-
ment error of loading force was less than 1%.

The AE activities were recorded on an eight-channel
PCI-2 AE monitoring system (Physical Acoustic Corpora-
tion). The bandwidth of the AE acquisition card is 3 kHz-
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Figure 1: Probability distribution of the monthly occurrence of
maximum magnitude tremors at the Lubin copper mine, Poland,
for the period 1972-1980 [6].
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3MHz. An R6a sensor was used which has working temper-
ature from -65-175 degrees Celsius, size of 19∗22mm, fre-
quency range of 35-100 kHz, and center frequency of
60 kHz. The magnification is adjustable to 20, 40, and 60 dB
over three gears. The observation system consists of a CCD
high-speed camera, a high-resolution video surveillance sys-
tem, and a digital video camera which can obtain images dur-
ing crack development and rock failure.

The test granite specimen in this experiment was a cube
with side length of 100mm and a 15mm-diameter circular
opening in the middle (Figure 2(b)). Before AE monitoring
began, the horizontal and vertical loads were gradually
loaded to 10 kN by stress loading. The vertical load was
stopped as the horizontal load continued to 100 kN and was
held unchanged by the servocontrol system. AE sensors with
40 dB threshold and 1MHz sampling frequency were then
arranged on the specimens for AE monitoring. The loading
applied at the upper side increased from 10kN until failure
of the granite specimen. The bottom end was prevented from
displacement in the vertical direction. The sampling fre-
quency of the high-speed video was 100 frames per second.

2.2. Experimental Results

2.2.1. Axial Load-Displacement Curve and Fracture Evolution
Process. The axial load-displacement curve was determined
as shown in Figure 3. Based on the biaxial compression
load-displacement curve, three feature points (A, B, and C)
were identified. Point A is the critical point from the compac-
tion stage to elastic deformation, point B is the critical point
from elastic deformation to inelastic deformation, and point
C is the peak stress of the load-displacement curve. At Point
A, the axial loading force of the granite specimen was equal to
the lateral loading force. Li et al. [18] showed that when the
stress increases to 78.2% of the peak loading value, critical
cracks initiate in the tensile stress concentration zones under
uniaxial loading conditions; similar results were also reached

by Zhong et al. [41]. Based on previous research, the axial
loading force at Point B was determined to be 80% of the
peak stress under biaxial loading.

As shown in Figure 3, the axial force was 100.14 kN at
Point A, 677.29 kN at Point B, and 846.59 kN at Point C.
The ratio of the lateral loading force to the axial loading force
was defined as the lateral pressure coefficient. During the
experiment, the lateral pressure coefficient decreased as the
axial load force increased continuously. In region OA, the lat-
eral pressure coefficient was greater than 1. The axial load-
displacement curve of the granite specimen shows deforma-
tion characteristics in the compaction stage. In region AB,
the lateral pressure coefficient decreased from 1 to 0.148
and the axial load-displacement curve of the granite speci-
men exhibited elastic deformation characteristics. In region
BC, the lateral pressure coefficient decreased from 0.148 to
0.120 and the axial load-displacement curve of the granite
specimen showed plastic deformation characteristics.

2.2.2. AE Hit and Energy Distribution Characteristics. The
number and total energy of AE hits in each time window
were counted over the course of the experiment as shown
in Figure 4. Both indicators increased until reaching a peak
at about 30 s, then decreased until 100 s. From 100 s to
360 s, they remained basically unchanged. The selection of
Point A could be revised at 100 s; the axial force was 15% of
the peak stress, 130 kN.

As shown in Figure 4, the number of AE hits increased in
a fluctuant manner while the total energy of AE dropped
slightly from 560 s to 590 s, which is congruous with the char-
acteristics of the number and total energy of AE hits. The
number of AE hits decreased rapidly and the total energy
released by AE hits increased rapidly after 590 s. The selec-
tion of Point B could be revised accordingly at 590 s; the axial
force was 85% of the peak stress, 720 kN.

The region AB can be divided into three phases. In the
first phase (from 100 s to 360 s), the number and total energy
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(b) Size and loading conditions of experiment

Figure 2: Biaxial compression experiment using AE monitoring.
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of AE hits was small and relatively constant. In the second
phase (from 360 s to 510 s), the number and total energy of
AE hits increased in a fluctuant manner. In the third phase
(from 510 s to 590 s), the number of AE hits increased in a
fluctuant manner while the total energy of AE slightly
decreased. The region BC extended from 590 s to 699 s. Gao
et al. [42, 43] carried out similar experiments to obtain simi-
lar stress-strain curves and generation characteristics of AE,
which confirms the repeatability of these experimental
results.

Ai et al. (2011) examined the spatial-temporal evolution
of AE locations under triaxial compression to find that the
number of and energy released by the AE hits first increases
and then decreases as axial stress reaches the confining pres-
sure value. This is the so-called “confining pressure effect” of
AE. The peak of the number and total energy of AE hits dur-
ing the OA stage should be also attributed to the confining
pressure.

2.3. Evolution Characteristics of High-Energy and Low-Energy
AE Hits

2.3.1. Definition of High-Energy and Low-Energy AE Hits

(1) Average Energy Logarithm Evolution Characteristics of
AE Hits. Ten seconds were selected as a time window
and the AEL was calculated to analyze the AE hit energy
evolution over the course of the rock specimen failure pro-
cess. The change curve of AEL versus time during the
biaxial compression experiment is shown in Figure 5. This
curve can be divided into three stages. In the first stage
(from 0 s to 360 s, corresponding to the region OA and
the first phase in the region AB), AEL fluctuated around
3.75. In the second stage (from 360 s to 590 s, correspond-
ing to the second and third phases in the region AB), the
AEL fluctuated while trending upward. In the third stage
(from 590 s to 705 s, corresponding to the region BC),
the AEL began to increase rapidly from 4 to 8.23. The
average energy corresponding to a given AE hit in the
time window increased with some fluctuation after 360 s
and significantly increased after 590 s.

(2) Energy Distribution Evolution Characteristics of AE Hits.
The energy distribution evolution characteristics of AE hits
were analyzed as shown in Figure 6. As shown in Figure 7,
the density of AE hits versus the logarithm of AE energies
obeys a Burr distribution from 0 s to 670 s. However, it did
not obey the Burr distribution from 670 s to 705 s. The den-
sity function of the Burr distribution can be expressed as fol-
lows:

f x ∣ a, c, kð Þ = kc/að Þ x/að Þc−1
a + x/að Þc½ �k+1

, x > 0, a > 0, c > 0, k > 0, ð1Þ

where α is a scale parameter, c is a parameter of inequality, x
is the logarithm of energy, and k is a shape parameter.

The peak density as per the AE hit energy distribution
increased from 10E2:4 aJ to 10E3:0 aJ between 0 s and 670 s.
Although the density of AE hits versus the logarithmic AE
energies did not obey the Burr distribution from 670 s to
700 s, the peak density increased from 10E3:0 aJ to 10E5:6
aJ. The energy of AE hits ranged from 10E1:8 aJ to 10E5:6
aJ before 490 s (corresponding to the region OA and the
first/second phases in the region AB). After 490 s (corre-
sponding to the third phase in the region AB and the region
BC), AE hits with energy larger than 10E5:6 aJ began to
appear, then increased in proportion as the loading time pro-
gressed. The AEL evolution characteristics are closely related
to the number of AE hits with energy larger than 10E5:6 aJ.

(3) Evolution Characteristics of Cracks in Granite Specimen.
The evolution of cracks during the biaxial compression
experiment is shown in Figure 8. As shown in Figure 8, no
obvious microcracks were observed before 477 s. Between
477 s and 587 s, microcracks emerged and developed along
the primary structural planes (e.g., interfaces between the
groundmass and phenocryst) but did not connect with each
other (Figure 6). After 587 s, these microcracks expanded
into tensile cracks (PTC), remote cracks (RC), and shear
cracks (SC) around the circular opening due to the stress
concentration around the opening. The SC continuously
expanded and gradually connected with the RC and PTC
over the loading time, as similarly observed by Dzik et al.
[44], Martin et al. [45], and Zhu et al. [46].

By comparing the energy distribution evolution charac-
teristics of AE hits and the evolution characteristics of cracks,
the increase in AE hits with energy >10E5:6 aJ was found to
be attributable to the evolution and growth of microcracks
and cracks in the granite specimen. Thus, AE hits with
energy < 10E5:6 aJ were defined as “low-energy AE hits”
and those >10E5:6 aJ as “high-energy AE hits.”

2.3.2. Evolution of High-Energy and Low-Energy AE Hits

(1) Evolution Characteristics of High-Energy and Low-Energy
AE Hits. The energy distribution of AE hits over the course of
the experiment is shown in Figure 9(a). The energy of AE hits
was mainly distributed in the low-energy range during the
experiment. The energy distribution of high-energy AE hits
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Figure 3: Curve of axial force versus axial displacement.
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is shown in Figure 9(b). There were fewer high- than low-
energy hits, but some did remain in the later stages of the
experiment.

AE hits with energy ranging from 10E2:4 aJ to 10E2:6
aJ were selected to analyze the low-energy hit evolution
characteristics during the experiment; hits ranging from
10E5:8 aJ to 10E6:0 aJ were selected to analyze the high-
energy hit evolution characteristics during the experiment.
As shown in Figure 10(a), the energy evolution character-
istics of low-energy AE hits was approximately the same
as that of all AE hits. As shown in Figure 8(b), the energy
evolution characteristics of high-energy AE hits were quite
different from that of low-energy hits and can be divided
into three stages: basically negligible in the first loading

stage (before 360 s), increasing slightly in the second load-
ing stage (from 360 s to 490 s), and increasing rapidly in
the third loading stage (after 490 s).

The distribution of AE hits and energy monitored dur-
ing the experiment were mainly dependent on the low-
energy AE hits. There also were some similarities among
the evolution characteristics of high-energy AE hits and
the AEL evolution characteristics of the hits; an increase
in the number of the high-energy AE hits is the root cause
of an increase in AEL. The evolution characteristics of
high-energy AE hits also are in close agreement with the
evolution characteristics of cracks in the granite specimen.

(2) Evolution Mechanism of High-Energy and Low-Energy AE
Hits. The granite specimen used in the experiment has a

0

0 100 200 300 400 500 600 700

1000

2000

3000

4000

5000

6000

7000

8000 11

10

9

8

7

6

5

lg
 (E

) (
un

it 
of

 E
: a

J)

N
um

be
r o

f A
E 

hi
t r

at
e

Number of AE hit rate
lg (E)

Time (ss)

O A B C

Figure 4: Curves of AE hit rate and energy during loading process.

0 100 200 300 400 500 600 700 800

3

4

5

6

7

8

9

Time (ss)

Av
er

ag
e e

ne
rg

y 
lo

ga
rit

hm
 (A

EL
)

The second stage The third
stage

The first stage

Figure 5: Change curve of AEL during the experiment process.

5Geofluids



porphyritic texture and is composed of two different sizes of
granules. Large granules (or “phenocrysts”) were scattered
among the small granules (groundmass). The groundmass
is composed of microlite, crystallite, cryptocrystalline, or
glassy material. In the local region, there were several closely
packed, interconnected phenocrysts. Phenocrysts and their
interfaces constituted the framework of the granite specimen.
The diameter of phenocrysts ranges from 1mm to 5mm
while that of groundmass granules is less than 1mm. The
evolution mechanism of high-energy and low-energy AE hits
can be summarized as per the microscopic structure of the
granite specimen, evolution characteristics of cracks in the
granite specimen, and the evolution mechanism of high-
energy and low-energy AE hits.

In the early stage of the loading process (before 490 s, cor-
responding to the region OA and the first/second phases in
the region AB), low-energy AE hits caused by failure of the
small groundmass occurred in the granite specimen. Though
groundmass failure had little effect on the damage of the
granite specimen, it led to the stress concentration in the
specimen’s framework (which did not fail in this stage). As
the loading increased, the interfaces of one phenocryst to
another phenocryst or to the groundmass failed and pro-
duced high-energy AE events. The granite specimen entered
the midstage of the loading process at this point (from 490 s
to 590 s, corresponding to the third phase in the region
AB), where the number of low-energy AE hits was much
higher than that of high-energy AE hits.

As the number of the failed interfaces continued to
increase, stress transferred to the phenocrysts in the granite
specimen and caused them to fail alongside the emergence
of high-energy AE events. Failure of both the interfaces and
phenocrysts damaged the granite specimen. Once a certain
amount of damage had accumulated, the granite specimen
entered the later stage of the loading process (from 590 s to
705 s, corresponding to the region BC). Phenocrysts inside
the specimen failed and quickly penetrated the primary
structural planes, which ultimately led to the failure and
instability of the whole specimen. A rapid increase in the
number of high-energy AE hits (with still relatively few
low-energy hits) is an important indicator that this stage
has begun. The evolution mechanism of high energy and
low energy AE hits explains this phenomenon that the closer
to failure AE data are used as initial input into the AE data-
driven model to simulate the rock failure process, the better
the model predictions of failure are by Wei et al. [47].

(3) Relationship between Evolution Mechanism and
Gutenberg-Richter b Value. The Gutenberg-Richter b value
was calculated over the loading process. Ten seconds was
selected as a time window representative of the whole biaxial
compression experiment. The b value in each time window
was calculated to determine its variations with time as shown
in Figure 11. The b value fluctuated around 0.83 before 490 s
(corresponding to the region OA and the first/second phases
in the region AB) and decreased slightly from 490 s to 590 s
(corresponding to the third phase in the region AB), then

(a) 259 s (b) 477 s

(c) 477 s

Figure 6: Trace of an example microcrack.
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Figure 7: Continued.
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Figure 7: Continued.
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declined rapidly after 590 s (corresponding to the region BC).
At 490 s, the axial loading force increased to 72% of the peak
loading value. At 590 s, the axial loading force increased to
85% of the peak loading value (corresponding to Point C in
the axial load-displacement curve).

The high-energy AE hit evolution characteristics were
inversely proportional to the Gutenberg-Richter b value of
the granite specimen during the loading process. The
increase in low-energy AE hits did not cause the
Gutenberg-Richter b value to change, but the increase in
high-energy hits caused the Gutenberg-Richter b value to
decrease. A larger b value decreasing rate created a larger
increasing high-energy AE hit rate. This further validates
the high- and low-energy AE hit evolution mechanism
presented above.

3. High-Energy and Low-Energy MS Event
Evolution Characteristics

3.1. Engineering Geology and MSMonitoring System. General
geological information for the Dongjiahe Coal Mine and MS
monitoring system used in this study is given in a previous
publication by Cheng et al. [15]. Briefly, the Dongjiahe Coal
Mine is located in northwestern China. The No. 22517 work-
ing face is a typical advancing mining face which has a length
of 1217m, width of 185m, and dips from east to west. The
inclination angle of the working face is approximately 3°,
making it nearly horizontal. The open cut is located at
1217m and the mining stop line at 100m. The coal seam in
the working face varies in thickness from 2.5m to 4.1m with
an average thickness of 3.3m. The schematic sketch of the
No. 22517 working face is shown in Figure 12. The advance-
ment schedule of the No. 22517 working face is given in
Table 1.

According to the drill histogram of No. 22517
(Figure 13), the rock mass strata around the working face
is, according to the ages of formation from old to new,
as follows: middle Ordovician System, Fengfeng Forma-
tion; upper Carboniferous System, Taiyuan Formation;
lower Permian System, Shanxi Formation; lower Permian
System, Xiashihezi Formation; and Quaternary System
overburden soil.

Geophones with 43.3V/m/s sensitivity were adopted in
the MS monitoring system used in this study. The response
frequency of geophones ranges from 15 to 1000Hz. The geo-
phone placement scheme for MS monitoring is given in
detail by Cheng et al. [15]. The Geiger location method was
used here to localize the MS. The P-wave velocity was esti-
mated at 2800m/s and the S-wave velocity at 1800m/s based
on artificial blasting tests. The ESG microseismic monitoring
system is used for signal acquisition, including Paladin
underground digital signal acquisition system, Hyperion sur-
face digital signal processing system, and MMVTS-3D visu-
alization software. The system can monitor continuously 24
hours in real time. Many focal parameters such as time-
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space coordinates, errors, magnitude, and energy of micro-
seismic events can be obtained. The collected data can be fil-
tered, and the complete waveform and spectrum analysis
chart of source information can be provided. At the same
time, it can automatically identify the type of microseismic
events and eliminate noise events by filtering, threshold set-
ting and bandwidth detection.

3.2. Evolution Characteristics of High-Energy and Low-
Energy MS Events. Basic MS monitoring results are given
in the previous publication by Cheng et al. [15]. The energy
and moment magnitude of MS events over coal seams
caused by mining activities were analyzed based on this
information; the results are shown in Figure 14. As shown
in Figures 14(a) and 14(b), the energy distribution and the
moment magnitude distribution of MS events conformed
in this case to the BMD. The energy of low-energy MS
events was less than 158.5 J, while the energy of high-
energy MS events was greater than 158.5 J (Figure 14(a)).
The moment of low-energy MS events was less than -0.1,
while the energy of high-energy MS events was greater than
-0.1 (Figure 14(b)).

The average energy logarithm (AEL) was defined to fur-
ther analyze the difference between high- and -low-energy
MS event components. The AEL is a logarithm of the ratio
of the total energy to the number of all MS events in a one-
day period (Formula (2)). Its physical meaning corresponds
to the average energy of MS events in a given day. The curve
of AEL versus time is given in Figure 14(c), where AEL
mainly varied between 0.5 and 2.0 from Nov. 25, 2014, to
Feb. 25, 2015, and between 2.8 and 4.1 from Feb. 25, 2015,
to Oct. 10, 2015. The high-energy MS event components
appear to have increased rapidly after Feb. 25.

AEL = lg Ew/Nwð Þ, ð2Þ

where AEL is the average energy logarithm, Nw is the num-
ber of MS events in a day, and Ew is the sum of energy of
MS events in a day.

Cheng et al. [15] introduced time-, location-, and energy-
related evolution characteristics of MS events in the roof of
the Dongjiahe Coal Mine. Based on their monitoring results,
new MS events added monthly fell into the region from 30m
behind the mining face to 220m in front of the mining face
along the horizontal direction and in the region from the ele-
vation of +320m to +500m along the vertical direction after
Mar. 6, 2015 [15]. Most of the newMS events added monthly
were concentrated in the coal pillar supporting zone, the sup-
port and bed-separation zone along the horizontal direction,
and from the top of the fractured zone to the bottom of the
continuous zone along the vertical direction. Based on the
conceptual model proposed by Qian et al. [48], the rock mass
was in a state of near failure or had already failed in the zone
where these new monthly MS events occurred. By Feb. 25,
2015, the working face had advanced 360m (about twice
the width of the working face) from the open cut to the stop-
ping line.

The MS monitoring data suggests that the working
face was in the insufficient mining stage (in the stage, only
the collapse zone is formed but the fracture zone is not
formed in the process of rock failure; the maximum subsi-
dence value of the strata continues to increase) before Feb.
25 and that the height of the fracture zone caused by min-
ing did not develop to the final height. After Feb. 25, the
working face was in the sufficient mining stage (in this
stage, the size of the goaf is large enough and the maxi-
mum subsidence value of the strata does not increase)
and the fracture zone developed to the final height. Thus,
the high-energy MS events occurred beginning on Feb. 25,
because the failure scale of the overlying rock mass
increased upon the working face entering the sufficient
mining stage.
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Figure 10: Energy evolution characteristics of low-energy and high-energy AE hits.

0 40 80 120 160 200 240 280 320
Loading time (s)

360 400 440 480 520 560 600 640 680 720
0.1

0.3

0.5

0.7

0.9

1.1

b
 v

al
ue

Figure 11: Change of b value of Gutenberg-Richter during loading process.

12 Geofluids



4. Discussion

There are some similarities among the evolution characteris-
tics of high-energy MS events and low-energy AE hits. Both

have bimodal characteristics and can be divided into the
high-energy and low-energy components. An increase in
the failure scale is the root cause of an increase in the high-
energy component. There is also a significant difference
between the two: the bimodal distribution of AE hits is far
less obvious than that of MS events. There are two potential
reasons for this.

The first reason involves differences in the monitoring
equipment. The frequency range of the R6a sensor in the
AEmonitoring system extends from 35 kHz to 100 kHz while
that of the geophone in the MS monitoring system is from
15Hz to 1000Hz. The bandwidth of the AE monitoring sys-
tem is much larger than that of the MSmonitoring system. In
addition, the scale of the AE monitoring system monitoring
object is far smaller than that of the MS monitoring system
monitoring object. Therefore, the AE monitoring system
serves to detect AE events caused by the full-scale micro-
cracks of rock specimens during the experiment while the
MS monitoring system cannot detect the MS events caused
by small-scale microcracks, which are the main components
of low-energy MS events.

The second reason involves differences in the monitoring
object. In this study, the object of the AE monitoring system
is a granite specimen while that of the MS monitoring system
is sandstone/mudstone. Granite is an igneous rock; sand-
stone and mudstone are sedimentary. The diagenesis of igne-
ous rock material differs from that of sedimentary rock
materials, so there are substantial differences between the
microstructures of granite and sandstone and mudstone.
The rock specimen used in the laboratory was not designed
with consideration of its structural plane, though the in situ
rock mass contains a large number of original structural
planes. These factors may have made the BMD of AE hits less
obvious than that of MS events.

5. Conclusions

Microseismic and acoustic emission monitoring are always
carried out in engineering rock masses and experimental
rocks, and the evolution characteristics of high-energy and
low-energy events occurring in the deformation of the rock
are instructive for optimizing monitoring and understanding
the failure mechanism. In this study, combining the granite
specimen biaxial compression experiment and the MS mon-
itoring results of the 22517 working face in the Dongjiahe

3739
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Figure 12: Schematic sketch of coal seam of No. 22517 working face.

Table 1: Mining schedule, No. 22517 working face of Dongjiahe
Coal Mine [15].

Date (year/month/day) The mining face (pitch distance)

2014/12/23 1005m

2015/01/09 981m

2015/01/19 942m

2015/01/30 917m

2015/02/09 885m

2015/02/15 856m

2015/02/27 847m

2015/03/09 803m

2015/03/19 779m

2015/03/30 760m

2015/04/09 714m

2015/04/18 700m

2015/04/29 694m

2015/05/08 688m

2015/05/19 681m

2015/05/30 750m

2015/06/09 745m

2015/06/19 736m

2015/06/29 730m

2015/07/09 720m

2015/07/18 677m

2015/07/30 665m

2015/08/08 657m

2015/08/15 648m

2015/08/19 642m

2015/08/30 628m

2015/09/08 615m

2015/09/19 603m

2015/09/29 592m

2015/10/09 578m
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Coal Mine, the evolution characteristics of microseismic
events were analyzed based on the bimodal distribution
(BMD) model, and the following conclusions were obtained:

(1) The MS monitoring results of No. 22517 working
face in Dongjiahe Coal Mine show unimodal energy
and moment magnitude distributions from Nov. 25,

Stratigraphic
unit No. Elevation

unit: m
Thickness

unit: m Lithology

Cenozoic
The upper
Permian
System

The Upper
Shihezi

Formation in
upper

Permian
System (P2s)
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The Shanxi
Formation

in lower
Permian

System (P1s)
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Figure 13: Drill histogram of No. 22517 working face [15].
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2014, to Feb. 25, 2015; the distributions were bimodal
from Feb. 25, 2015, to Oct. 10, 2015. High-energy MS
events were generated due to an increase in the failure
scale of the overlying rock mass once the working
face crossed into the sufficient mining stage from
the insufficient mining stage

(2) Biaxial compression experiments were conducted on
a granite specimen to observe various characteristics
of low- and high-energy AE hits. The whole loading
process was divided into three stages. In the first
loading stage, only low-energy AE hits occurred.
In the second loading stage, high-energy AE hits
began to appear and slowly grew more common.
In the third loading stage, the quantity of high-
energy AE hits increased rapidly until the speci-
men failed. Low-energy AE hits were more com-
mon than high-energy AE hits throughout the
whole loading process, but the change characteristics

of the high-energy hits appeared to be positively cor-
related with the evolution of cracks in the granite
specimen and negatively correlated with changes in
the Gutenberg-Richter b value. The high-energy and
low-energy AE hit evolution mechanism was defined
here based on the microscopic structure of the granite
specimen

(3) This paper discussed the similarities and differences
between the evolution of high-energy MS events
and low-energy AE hits. Both were found to have
bimodal characteristics and can be divided into
high-energy and low-energy components. An
increase in the failure scale is the root cause of the
increase observed in the high-energy component.
The bimodal distribution of AE hits was far less obvi-
ous than that of MS events, which is likely attribut-
able to differences in the monitoring equipment and
monitoring object
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