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Some industrial activities in mines, such as underground coal mining, destress blasting for
preventing rockburst, and ground blasting for mining, can causemicroseismic occurrence.
The microseismic waveform contains abundant information on the hypocenter and
propagation path, which is valuable to study the microseismic mechanism and
propagation. Therefore, this study adopts the multifractal detrended fluctuation analysis
(MF-DFA) and the Hilbert–Huang transform (HHT) method to study the nonlinear and
time–frequency–energy characteristics of different types of microseismic waveforms. The
microseismic waveform induced by mining and destress blasting has a higher dominant
frequency (above 100 Hz) and shorter duration (less than 0.5 s) than ground blasting-
induced microseismic waveforms (dominant frequency below 25 Hz and duration more
than 3 s). Furthermore, for destress blasting-induced microseismic waveforms, the
waveform is characterized by rich spectrum, complex energy attenuation, developed
coda wave, and clear multifractal characteristics, which indicate that the waveform is more
complex and variable. The complex underground geological environment and the
superposition effect of blasting stress and mining stress are the main reasons.
Moreover, the propagation distance and source energy of microseismic waveforms
also greatly affect waveform characteristics. The results show that the waveform
information of destress blasting-induced microseismic waveforms can describe the
release process of blasting stress and mining stress. Based on this, a blasting
efficiency index Be was proposed to evaluate the effect of pressure relief, and the
classification system was developed. Then, the evaluation index was successfully
applied to 63 rounds of destress blasting in the Yutian coal mine. The research results
can provide a certain reference for some work such as the identification of different
microseismic, rock dynamic failure process analysis, and evaluation of the destress
blasting effect.
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INTRODUCTION

Microseismic emission during the rock failure process is a
common phenomenon in mines around the world. The elastic
vibration wave will be produced in the failure process of rocks
under external disturbance (such as blasting, drilling, hydraulic
fracturing, and mining), which will propagate in the rock and be
recorded by microseismic sensors. In general, most induced
microseismic events with small magnitude are unfelt and
nondestructive. However, more and more engineering
practices have shown that microseismic events with large
magnitude occur in mines due to coal mining, fracture of the
hard roof, or destress blasting. These large-magnitude
microseismic events may cause the destruction of
underground structures or even induce the dynamic disaster
of rockburst and casualties (Li et al., 2007; Dou et al., 2018;
Yin et al., 2020; Cai et al., 2021). For example, in August 2007, a
magnitude 3.9 seismic event induced by the coal pillar burst
occurred in the Utah coal mine, resulting in casualties (Dreger
et al., 2008; Pechmann et al., 2008). Microseismic events induced
by hydraulic fracturing for the development of gas and
geothermal resources or the massive rupture of underground
rock strata are also pervasive in mining countries around the
world (Bao and David, 2016; Brudzinski and Kozłowska, 2019;
Tan et al., 2020). Destress blasting for preventing rockburst in
coal mines also induces large-magnitude microseismic events,
which may cause damage to roadway and equipment (Konicek
and Waclawik, 2018; Drover and Villaescusa, 2019). Research
studies on induced microseismic events have been carried out
fruitfully in recent decades. For example, Zhu et al. (2016), He
et al. (2017), Cai et al. (2019), andWojtecki et al. (2021) predicted
rockburst based on mining-induced microseismic event
parameters (source energy, frequency, and location) in coal
mines. They found that the occurrence of a microseismic
event is highly correlated with the coal and rock failure
processes, and microseismic data can provide valuable
information for the prediction of rockburst. Moreover, the
microseismic waveform induced by destress blasting was also
used to evaluate pressure-relief effects, which can guide the
parameter design of destress blasting (Wojtecki and Konicek,
2016; Wen et al., 2020). Therefore, it is essential to study induced
microseismic waveforms deeply, which can improve the
understanding of the destruction process of large-magnitude
microseismic events or the utilization of microseismic data for
some useful work.

Microseismic signals can be regarded as the response of rock
medium to the dynamic disturbance at the microseismic source,
which means it contains rich information of the hypocenter and
propagation medium property. Different types of induced
microseismic waveforms have different focal mechanisms and
propagation characteristics due to different induced factors and
propagation medium properties. Amplitude, frequency, and
duration are the three basic parameters of microseismic
waveforms, which have been concerned by many researchers.
In the past few decades, the fast Fourier transform (FFT), short-
time Fourier transform (STFT), and wavelet analysis theory have
been successively used to study the time–frequency

characteristics of natural earthquakes or induced microseismic
waveforms (Stockwell et al., 1996; Chen et al., 2002; Mucciarelli
et al., 2004; Salajegheh and Heidari 2005; Yin et al., 2018).
However, the aforementioned methods have limitations in the
analysis of nonlinear and non-stationary waveforms. To
overcome this weakness, some new analysis methods, such as
the Wigner–Ville distribution, Hilbert–Huang transform, and
machine learning, have been developed for analyzing the
microseismic waveforms and obtained many encouraging
results (Huang et al., 1998; Li and Zheng, 2007; Reynen and
Audet, 2017; Shang et al., 2017; Dong et al., 2020). Fan et al.
(2017) and Danqing Song et al. (2020) investigated the
time–frequency characteristics of the earthquake waveforms
and the seismic failure mechanism using the HHT method.
Liu and Gao (2020) and Ma et al. (2021) used the HHT
method to study tunnel blasting vibration signals. Guangdong
Song et al. (2020) used convolutional neural networks and the
Stockwell transform to identify microseismic and blasting signals.
Dong et al. (2015, 2016) established discriminators for mine
seismic events and blasts using the Fisher classifier, naive
Bayesian classifier, and logistic regression. In addition, as a
powerful tool to describe nonlinear and unstable signals,
multifractal analysis has been widely used to study
microseismic signals generated during rock fracture. Qiu et al.
(2020) and Li et al. (2020b) obtained rock failure signals at
different loading stages in the laboratory and analyzed the
nonlinear characteristics of signals by multifractal theory. Li
et al. (2017, 2021) analyzed the multifractal characteristics of
mining and blasting signals and then proposed a discriminant
model to distinguish the microseismic events induced by coal
mining and blasting. Li et al. (2020a) combined HHT and
multifractal methods to analyze the waveform characteristics
of three types of induced microseismic waveforms (natural
earthquakes, microseismic induced by hydraulic fracturing,
and mining activities). Based on the results mentioned before,
a foundation for the understanding of the focal mechanism,
assessment of seismic damage effects, and identification of
different microseismic events was constructed.

Compared to natural earthquakes, due to the diversity of
production operations (coal mining, destress measures, and
ground blasting) and complex underground geological
conditions in coal mines (roadway, gob, geological structure,
joint, etc.), the induced microseismic in coal mines is more
complex in the focal mechanism and propagation process.
However, research on induced microseismic events in coal
mines has just been unfolding. At present, there is little
literature that makes systematic research on waveform
characteristics of induced microseismic and analysis of the
influencing factors. Therefore, by taking the Yutian coal mine,
Xinjiang province, China, as an example, this study investigated
waveform characteristics (time–frequency, attenuation, and
nonlinear characteristics) of some typical induced
microseismic in coal mines (microseismic induced by coal
mining, ground blasting, and destress blasting) through
multifractal and HHT methods. Furthermore, the internal
relations among waveform characteristics with focal
mechanisms, microseismic source energy, and propagation
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distance were also discussed. Finally, a blasting efficiency index Be
was proposed to evaluate the effect of pressure relief, and the
classification system was developed. This research is meaningful
for further revealing the failure mechanism of microseismic
waveforms, distinguishing different types of microseismic
events, and evaluating pressure-relief effects of destress blasting.

DATA PREPARATION AND
PREPROCESSING

Data Acquisition and Selection
The induced microseismic waveforms were collected in the
Yutian coal mine, which locates in the middle west of the
Kerjian mining area of Xinjiang province, China. In this coal
mine, the coal seam 3-3# with 400–600 m depth and 4.5 m height
was mainly mined. By October 2019, longwall panel (LW) 1103 is
being mined, LW 1101 and 1102 have been mined, and LW 1104
and 1105 are planned to be mined later (see Figure 1A). There are
multiple thick and hard sandstone above the 3-3# coal seam (see
Figure 1B). In coal mines, the microseismic signal can be divided
into two types according to the source; the first is generated by
human production operations, such as blasting for mining and
destress measures. The second is induced by mining activities,
such as coal-rock failure, strata caving, and fault slip. However,
influenced by the propagation medium and environment, the
microseismic signal with the same type of source may also show

great differences. At this time, the microseismic signals need to be
further divided. In this research, three types of induced
microseismic waveforms were divided as follows. First, coal
and rock mass are destroyed accompanied by the release of
accumulated elastic energy during coal mining. At this time,
microseismic events are generated and propagated. This type of
microseismic event can be named as the mining-induced
microseismic event (see Figure 1C). Moreover, LW 1103
suffers from a severe rockburst risk under the thick and hard
conglomerate roof during mining, and underground destress
blasting was implemented to prevent rockburst. Blasting in
rocks will cause elastic vibration of rock around the blasting
location, which propagates outward in the form of elastic waves.
This type of microseismic event belongs to destress blasting-
induced microseismic (see Figure 1D). In addition, there are
multiple layers of the shallow coal seam in the Kerjian mining
area, and coal seam outcrops are distributed in the Yutian coal
mine. It is easy to cause spontaneous combustion in coal seam
outcrops, resulting in environmental pollution, resource waste,
and threats to personnel safety. Therefore, blasting in coal mine
outcrops areas was carried out to remove the coal and avoid its
spontaneous combustion (see Figure 1E). Similarly, ground
blasting will also produce seismic waves, which are received by
underground microseismic sensors and can be recorded as
ground blasting-induced microseismic waveforms.

Since July 2015, a microseismic monitoring system
“ARAMIS M/E” has been installed in the Yutian coal mine.

FIGURE 1 | Related information of 3-3# coal seam in the Yutian coal mine. (A) 3–3# coal mine floor and layout of longwall panel; (B) roof structure; (C) coal mining
and roof breakage; (D) destress blasting in the roof; (E) ground blasting in coal outcrop; and (F) microseismic monitoring system.
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This system includes underground microseismic sensors
(G-series geophone and SPI-70 seismometer) and the
ground analysis system (power supply and data receiving
system, recording system, and data processing system). The
underground hardware allows for automatic triggering and
recording of various induced microseismic events. The piece of
software enables data processing to obtain source location and
energy calculation information of microseismic events (see
Figure 1F). For destress blasting or ground blasting, the
blasting operator will inform the technicians who operated
the monitoring system information about the blasting
position, time, and type in advance. Then, the
corresponding microseismic event will be marked and
saved. The waveform received by each microseismic sensor

can be recorded and exported. The following study focuses on
the microseismic waveform characteristics of different types of
induced microseismic waveforms (microseismic induced by
coal mining, ground blasting, and destress blasting). Two
ground blasting-induced microseismic events (GB-M-1 and
GB-M-1), two mining-induced microseismic events (M-M-1
and M-M-2), and four destress blasting-induced microseismic
events (DB-M-1, DB-M-2, DB-M-3, and DB-M-4) were
selected as research objects. The information of eight
induced microseismic events is shown in Table 1.

Figure 2 shows the waveforms of some typical induced
microseismic events in Table 1. For all the induced
microseismic waveforms, the arrival time of the P wave can
be accurately picked. However, limited by the coal mine

TABLE 1 | Information of induced microseismic events.

Number Microseismic event type Source energy/J

1 Ground blasting-induced microseismic (GB-M-1) 1.1 × 106

2 Ground blasting-induced microseismic (GB-M-2) 8.6 × 105

3 Mining-induced microseismic (M-M-1) 7.5 × 106

4 Mining-induced microseismic (M-M-2) 7.2 × 106

5 Destress blasting-induced microseismic (DB-M-1) 1.5 × 107

6 Destress blasting-induced microseismic (DB-M-2) 1.7 × 107

7 Destress blasting-induced microseismic (DB-M-3) 2.9 × 107

8 Destress blasting-induced microseismic (DB-M-4) 3.9 × 107

FIGURE 2 | Waveforms of different types of induced microseismic waveforms. (A) Ground blasting-induced microseismic (GB-M-1); (B) mining-induced
microseismic (M-M-1); and (C) destress blasting-induced microseismic (DB-M-1).
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conditions, both the source rupture scale and the distance
between the microseismic sensors and the source are
relatively small, resulting in a small-time difference in the
arrival of P and S waves to microseismic sensors. Therefore,
the exact arrival time pickup of the S wave is a challenging task.
The duration of the ground blasting-induced microseismic
waveform is generally 3–4 s, which is far longer than that of
mining and destress blasting-induced microseismic
waveforms (less than 0.5 s). The waveform appearance of
the ground blasting-induced microseismic is more clear,
simple, and regular. Existing research studies show that
microseismic waveforms are related to the magnitude,
propagation distance, propagation medium, and sensor
property. Due to the existence of underground roadway,
gob, and fault structures, the propagation path of
microseismic in the underground is more complicated.
Moreover, the distance between the source of microseismic
induced by mining and destress blasting and the sensor is
relatively small (generally 30–500 m), which leads to the
microseismic wave being greatly affected by the
propagation medium and path. However, the distance
between the source of ground blasting-induced
microseismic and the sensor is relatively far (more than
1000 m), and the rock structure and properties along the
propagation path are more stable and uniform. Therefore,
in terms of the propagation medium and path, the
microseismic waveforms induced by mining and
destress blasting are usually more complicated.

Data Preprocessing
In general, there are lots of machines used for production
activities in underground roadways, including the shearer,
transport machine, drilling machine, and microseismic
monitoring system. These machines are usually powered by
alternating current or AC/DC transformers. During the
operation of the microseismic monitoring system, it is
inevitable to be interfered by the power frequency of the
aforementioned machines, which leads to the distortion of
microseismic signals. For instance, a waveform recorded by
one of the sensors in the microseismic induced by
underground destress blasting is shown in Figure 3A. There
are noise signals with fixed amplitude in the original waveform.
FFT was performed on the original signal. The result shows that
there is an interference signal with a frequency of 50 Hz
(Figure 3B). Therefore, the noise signals in the microseismic
waveforms need to be filtered out before the formal analysis. This
study used the complete EEMD with adaptive noise
(CEEMDAN) and the wavelet packet threshold de-noising
method to de-noise. The signal de-noising steps are as follows
(Wang et al., 2021; Zhao et al., 2021). The method first uses the
CEEMDAN method to decompose the original signal and obtain
the finite number of modal components. Then, the correlation
coefficient between the modal component and the original signal
is calculated. Next, the modal components with high correlation
are retained, and the modal components with low correlation are
removed. The retained modal components are reconstructed to
obtain a new signal. Finally, the wavelet packet threshold method

FIGURE 3 |Waveform and frequency spectrum of original and de-noising waveform. (A) Original waveform; (B) frequency spectrum of the original waveform; (C)
de-noising waveform; and (D) frequency spectrum of the de-noising waveform.
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was used to perform noise reduction on the reconstructed signal.
The waveform and frequency spectrum of the de-noised signal by
the aforementioned method are shown in Figures 3C,D,
respectively. The results show the interference signals have
been removed, and the main characteristics of the original
signal are retained.

TIME–FREQUENCY–ENERGY AND
MULTIFRACTAL CHARACTERISTICS OF
WAVEFORMS
Hilbert–Huang Transform Theory
The microseismic signals are typically nonlinear and non-
stationary random signals, which have the characteristics of
instantaneousness and fast mutation, so it is particularly
important to analyze the local characteristics of the
microseismic signal. HHT is a time–frequency local analytical
method suitable for nonlinear and unstable signals. The HHT
method first uses EMD to decompose a complex signal into finite
inherent mode functions (IMF), and then performs the Hilbert
transform on the decomposed IMF components to obtain the
time–frequency distribution. The calculation steps of the EMD
and Hilbert transform algorithm are as follows (Huang et al.,
1998; Peng et al., 2005; Li et al., 2016).

All the maximum andminimum points of signal time–velocity
curve X(t) are found first, and then, the upper and lower
envelopments of the original sequence are fitted using the
cubic spline function. Second, a new sequence h1(t) can be
created by subtracting the mean of the upper and lower
envelopments m1(t) from X(t):

h1(t) � X(t) −m1(t). (1)
The IMF must meet the following two conditions: first, the

extreme point of the signal is equal to the number of zero-
crossing points or at most one difference, and second, the average
value between the upper and lower envelopes defined by the local
extreme points is zero. If h1(t) satisfies the aforementioned two
conditions, then h1(t) is an IMF. Otherwise, repeat the screening
process k times until the h1k(t) becomes a certain IMF:

h1k(t) � h1(k−1)(t) −m1k(t). (2)
The first eigenmode function component c1 is obtained, which

represents the highest frequency of the data sequence X(t).
A new data sequence r1(t) can be constructed by subtracting c1

from X(t):

r1(t) � X(t) − c1(t). (3)
r1(t) has performed the aforementioned decomposition to
obtain the second eigenmode function component c2, and
this process is repeated until the last data sequence rn
cannot be decomposed. At this time, rn represents the trend
of the data sequence X(t).

Multiple IMF components are obtained by EMD
decomposition of signal X(t), and each IMF component is
subjected to the Hilbert transform:

H[c(t)] � 1
π
PV∑+∞

−∞
c(t′)
t − t′dt′, (4)

where PV denotes the Cauchy principal value and then constructs
the analytical signal Z(t):

Z(t) � a(t)ejϕ(t), (5)
a(t) � ��������������

c2(t) +H2[c(t)]√
, (6)

ϕ(t) � arctan
H[c(t)]
c(t) . (7)

The instantaneous frequency is defined as follows:

ω(t) � dϕ(t)
dt

. (8)

The Hilbert spectrum can be calculated as follows:

H(ω, t) � Re∑n

i�1ai(t)e
j∫ωi(t)dt

. (9)
The Hilbert marginal energy spectrum E(ω) and Hilbert

instantaneous energy spectrum IE(t) can be obtained by
integrating the square of H (ω, t) in the time and frequency
domain, respectively.

E(ω) � ∫
t

0

H2(ω, t)dt, (10)

IE(t) � ∫
ω

H2(ω, t)dt. (11)

Multifractal Detrended Fluctuation Analysis
Method
Fractal theory, first proposed byMandelbrot, is an effective tool to
describe unstable and complex signals. Fractal establishes the
relationship between the local-scale characteristics and global
characteristics of signals. Multifractal analysis has been applied to
study the nonlinear characteristics of natural earthquakes and
induced microseismic signals. However, the current multifractal
analysis based on the partition function method is not enough to
highlight the local singularity feature of non-stationary signals.
Kantelhardt et al. (2002) proposed the MF-DFA method, which
can effectively analyze the multifractal property of non-stationary
signals. Xu et al. (2011) and Fu et al. (2020) introduced the MF-
DFA method into the analysis of blasting signal and rock failure
signals. This research used the MF-DFA method to analyze the
nonlinear characteristics of different types of induced
microseismic signals.

The induced microseismic signals are one-dimensional time
series. For a nonlinear and non-stationary microseismic signal xk
with length N, the steps of the MF-DFA method are as follows
(Telesca et al., 2004):

1) Removing the mean value of xk and constructing a sum
sequence.
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yi � ∑i

k�1(xk − �x), i � 1, · · ·, N, (12)
�x � 1

N
∑N

k�1xk. (13)

2) Dividing y(i) into Ns non-overlapping segments with length s.
Because the signal data length N is usually not a multiple of s,
the remainder segment of data is unusable. Therefore, the
same division is performed for the reverse sequence of the
signal, and the 2Ns segment is obtained.

3) Using the least square method to local trends on each
subinterval v (v = 1, ..., 2Ns). Then, the variance of each
segment is calculated after removing the fluctuation trend.

F2(v, s) � 1
s
∑s

i�1{y[(v − 1)s + i] − yv(i)}2, v � 1, · · ·, Ns, (14)

F2(v, s) � 1
s
∑s

i�1{y[N − (v −Ns)s + i] − yv(i)}2, v
� Ns + 1, · · ·, 2Ns. (15)

4) Calculating the average value of fluctuation function with
q-order.

F(q, s) � ⎧⎪⎨⎪⎩
1

2Ns
∑2Ns

v�1 [F2(v, s)]q2⎫⎪⎬⎪⎭
1
q

. (16)

5) If the microseismic signal xk has self-similar characteristics,
there is an exponential relationship between F (q, s) and s.

F(q, s)∝ sh(q), (17)
where h(q) is the generalized Hurst exponent. If the microseismic
signal xk is a multifractal time series, h(q) will change with q.

6) The multifractal scaling exponent τ(q) can be calculated based
on h(q).

τ(q) � qh(q) − 1. (18)
Two parameters describing multifractals can be obtained by

the Legendre transformation.

α � h(q) + qh′(q), (19)
f(α) � q[α − h(q)] + 1. (20)

Multifractal spectral width Δα (Δα = αmax − αmin) can describe
the unevenness degree of microseismic waveforms. The greater
the value, the more severe is the fluctuation of the microseismic
waveform. Otherwise, the microseismic waveform fluctuates
stably. Δf(α) = f(αmax) − f(αmin) represents the ratio of large
and small peaks in the microseismic waveform. When Δf(α) < 0,
the large amplitude occupies a higher proportion, and when Δf(α)
> 0, the proportion of small amplitude is higher.

To prove microseismic waveforms can be studied using the
MF-DFA method, one of the waveforms in the GB-M-1
microseismic event was analyzed. The MF-DFA results of the
microseismic waveform are shown in Figure 4. The q-order
fluctuation function F(q, s) has a power-law relationship with

time scale s, which indicates that the time series of the
microseismic waveform has scale invariance in a certain scale
or has fractal characteristics. Moreover, the q-order Hurst
exponent is a decreasing function, that is, h(q) varies with q.
The curve of the q-order mass exponent shows a concave shape,
and the relationship between τ(q) and q is nonlinear. Therefore,
the time series of the microseismic waveform not only has scale
invariance but also has multifractal characteristics. In the
multifractal spectrum, the opening width of the curve
represents the degree of inhomogeneity of the microseismic
waveform, and the curve shape (left hook and right hook) can
reflect the proportion of small and large amplitude.

Time–Frequency–Energy and Multifractal
Characteristics ofMicroseismicWaveforms
For any induced microseismic, the vibration intensity decreases
with the increase of the propagation distance, and its effect on the
near-field area is the objective for researchers. In addition, the
influence of the underground complex environment (roadway,
gob, geological structure, and joint) on vibration propagation
should be avoided as far as possible. Therefore, the waveforms
received from microseismic sensors close to the source in each
induced microseismic event are selected in Table 1. The Hilbert
spectrum and multifractal spectrum of the selected waveforms
were obtained using HHT and MF-DFA methods. Figure 5
shows the original waveform 1), Hilbert spectrum 2), marginal
energy spectrum 3), instantaneous energy spectrum 4), and
multifractal spectrum 5) of different induced microseismic
waveforms.

First, the frequency characteristic of different types of the
induced microseismic waveforms was analyzed. The frequency
distribution range of the ground blasting-induced microseismic
waveform is 0–25 Hz, and the dominant frequency of the GB-M-
1 and GB-M-2 waveform is 3 Hz. However, the dominant
frequency of mining-induced microseismic waveform (M-M-1
and M-M-2) is 131 and 131.5 Hz, respectively, while those of
destress blast-induced microseismic waveform (DB-M-1, DB-M-
2, DB-M-3, and DB-M-4) is 126.5 Hz, 121 Hz, 128 Hz, and 43 Hz,
respectively. For the DB-M-4 waveform, the first dominant
frequency is 43 Hz, but the high-frequency components
account for a large proportion, and the second dominant
frequency is 133 Hz. Therefore, the dominant frequency of
mining and destress blasting-induced microseismic waveform
is much higher than that of the ground blasting-induced
microseismic waveform. Moreover, the dominant frequency
difference between the mining and destress blasting- induced
microseismic waveform is small, but there are great differences in
the marginal energy spectrum. The frequency band of the
mining-induced microseismic waveform is narrow, ranging
from 120 to 160 Hz, which accounts for almost all the signal
energy. The marginal energy spectrum is relatively concentrated
and follows the unimodal distribution. However, the frequency
band of destress blasting-induced microseismic waveforms is
relatively wide, ranging from 1 to 160 Hz. Compared with
mining-induced microseismic waveform, the proportion of
low-frequency components increases significantly, and multiple
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peaks appear in the marginal energy spectrum. There is even no
absolute dominant frequency in the DB-M-2 waveform. The
aforementioned results indicate that the three types of induced
microseismic waveforms are significantly different in frequency
characteristics. Generally speaking, the frequency characteristic
of the destress blasting-induced microseismic waveform is more
complex than the other two types of induced microseismic
waveforms.

From the instantaneous energy spectrum of the ground
blasting-induced microseismic waveform, it can be seen that
there is a relatively small energy peak before the energy reaches
the maximum. The instantaneous energy gradually attenuates
and stabilizes after reaching the maximum, and the coda is not
developed. The results suggest that the rise and fall process of
the instantaneous energy of ground blasting-induced
microseismic waveforms is relatively regular. However, for
the instantaneous energy spectrum of mining and destress
blasting-induced microseismic waveforms, the energy
generally rises to the maximum instantly without large
fluctuation. The instantaneous energy attenuation is
complicated after the peak, and there are multiple energy
peaks and relatively developed coda. In particular, the
microseismic waveform induced by underground destress
blasting is more prominent in the complexity of the
instantaneous energy spectrum.

As can be seen from Figure 5V, the multifractal spectrum of
ground blasting-induced microseismic waveform is in
approximately symmetrical distribution, while that of mining
and destress blasting-induced microseismic waveform shows a

slightly left hook shape and a significant left hook shape,
respectively. The multifractal parameters of Δα and Δf(α) of all
the selected waveforms are calculated and listed in Table 2. We
can see that the parameter Δα of destress blasting-induced
microseismic waveforms is higher than that of ground blasting
and mining-induced microseismic waveforms. In particular, the
waveform amplitude of some microseismic induced by mining is
very close to that induced by underground destress blasting, but
there is a large difference in parameter Δα. For example, the
amplitude ofM-M-1, M-M-2, DB-M-3, and DB-M-4 waveform is
close to 30 mm/s, but the parameters Δα of M-M-1 and M-M-2
waveforms is only about 1.0, while the parameter Δα of DB-M-3
and DB-M-4 waveforms is 1.8863 and 2.1846, respectively.
According to the physical meaning of Δα discussed before, the
relative fluctuation of microseismic waveform induced by
underground destress blasting is more violent, and the
multifractal characteristic is more prominent. However, for the
waveform of mining-induced microseismic, because the
waveform fluctuation is not violent, the multifractal feature is
not evident even though its amplitude is large, which indicated
the waveform amplitude attenuation is relatively regular.
Moreover, the parameters Δf(α) of the ground blasting-
induced microseismic waveforms are close to 0, indicating that
the proportion of small and large peaks in the waveform is
approximately equal, that is, the waveform is relatively stable.
For the waveform of microseismic induced by mining and
destress blasting, the parameter Δf(α) of the waveform is less
than 0, indicating the large peak accounts for a larger proportion.
The Δf(α) of microseismic waveforms induced by underground

FIGURE 4 |MF-DFA results of the microseismic waveform. (A) Relationship between ln s and ln Fq; (B) q-order Hurst exponent; (C) q-order mass exponent; and
(D) multifractal spectrum.
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destress blasting is much smaller than that induced by
mining, which further proves that its relative fluctuation is
more violent.

By comparing and analyzing the Hilbert spectrum and
multifractal spectrum of three types of induced microseismic
waveforms, there is a large difference in frequency, energy

FIGURE 5 | Hilbert spectrum and multifractal spectra f(α)-α of different induced microseismic waveforms (A)GB-M-1; (B)GB-M-2; (C)M-M-1; (D)M-M-2; (E) DB-
M-1; (F) DB-M-2; (G) DB-M-3; and (H) DB-M-4.
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attenuation, and multifractal characteristics. In particular, the
magnitude, propagation distance, and medium of microseismic
induced by mining and destress blasting are very close, but both
the Hilbert spectrum and multifractal spectrum are quite
different. Generally speaking, the microseismic waveforms
induced by underground destress blasting are more complex
and variable. All induced microseismic events in the coal mine
are elastic waves caused by rock deformation and fracture under
external disturbance. Therefore, the external disturbance
characteristics are the decisive factors affecting the waveform
characteristics. For ground blasting, most explosion energy is
consumed to destroy the coal and rock, and small partial energy is
released in the form of seismic waves and received by
underground microseismic sensors, that is, ground blasting-
induced microseismic. During coal mining, rock deformation
and failure under the mining stress will induce microseismic. As
shown in Figure 6, ground blasting-induced microseismic is
caused by the blasting stress, while mining-induced
microseismic is caused by the mining stress, and both of them
are caused by the single external stress. However, for destress
blasting-induced microseismic, the cavity and crack are formed
near the blasting hole in the rock under the blasting stress. Then,
the elastic energy accumulated in the rock will be released on the
free surface of the cavity and crack. Therefore, the microseismic is
caused by the coupling action of blasting stress and mining stress.

Different types of external disturbances have different action
mechanisms on the rock, which leads to different
microseismic source rupture types. The superposition of the
elastic waves induced by the blasting stress and mining stress
lead to a complex source rupture type, which means that the
destress blasting-induced microseismic waveforms are complex
and variable. The complexity of waveform features is mainly
manifested by rich frequency spectrum, violent energy
fluctuation, and clear multifractal features. The Hilbert
spectrum of microseismic waveforms induced by underground
destress blasting is further analyzed; we can see that the low-
frequency components are concentrated in the early stage of the
vibration and significantly decrease in the post-stage. According
to the action process of destress blasting on the rock, the blasting
stress is first released to destroy the rock and attenuation rapidly,
and then, the mining stress begins to be released. Combined with
the frequency distribution of the other two types of induced
microseismic waveforms, it can be concluded that the low-
frequency components are mainly induced by the blasting
stress, while the high-frequency components are mainly
induced by the instantaneous release of mining stress.

Effects of Propagation Distance and
Magnitude on Waveform Characteristics
Existing research studies show that waveform characteristics are
not only related to the source rupture type and mechanism but
also the magnitude and propagation distance, so it is necessary to
study the effects of propagation distance and magnitude on
waveform characteristics.

Two mining-induced microseismic events (M-M-1 and M-M-
2) and two destress blasting-induced microseismic events (DB-
M-2 and DB-M-4) were selected to discuss the variation in
maximum instantaneous energy and dominant frequency of
waveforms with the propagation distance, as shown in
Figure 7. We can see that the maximum instantaneous energy
of all induced microseismic events decreases nonlinearly with the

TABLE 2 | Multifractal parameters of Δα and Δf(α).

Waveform Δα Δf(α)

GB-M-1 1.3254 −0.1292
GB-M-2 1.0599 −0.0336
M-M-1 1.0449 −0.1825
M-M-2 1.0344 −0.2398
DB-M-1 1.4366 −0.5448
DB-M-2 2.0495 −0.1621
DB-M-3 1.8863 −0.5573
DB-M-4 2.1846 −0.4287

FIGURE 6 | External disturbance characteristics of different types of induced microseismic waveforms. (A) Ground blasting-induced microseismic; (B) mining-
induced microseismic; and (C) destress blasting-induced microseismic.
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increase of propagation distance. However, the relationship
between the dominant frequency and propagation distance of
the two types of induced microseismic waveforms shows an
opposite law. With the increase in the propagation distance,
the dominant frequency of mining-induced microseismic
waveforms decreases, while that of destress blasting-induced
microseismic waveforms increases. Moreover, according to the
previous analysis, the frequency spectrum of destress blasting-
induced microseismic waveforms is rich and complex, and there
is even no absolute dominant frequency. Therefore, it is not
enough to study the waveform spectrum only by discussing the
variation of the dominant frequency. To further study the energy
distribution of each frequency band in the waveform, frequency is
relatively divided into the low-frequency band (0–100 Hz) and
high-frequency band (101–200 Hz). The relationship between the
energy ratio of the two frequency bands with the propagation
distance is shown in Figures 7C,D. The proportion of the low-
frequency band of waveforms decreases gradually, while that of
the high-frequency band increases. Actually, for the waveforms
recorded by microseismic sensors near the source, the blasting
stress is much higher than the mining stress. At this time, the
vibration caused by blasting is also stronger than that induced by
the mining stress. Therefore, blasting vibration characteristics are
dominant in the waveform, resulting in the higher energy
proportion of the low-frequency band in the waveform.
However, with the increase of the distance between the
microseismic senor and the blast source, the blasting stress
first attenuates, and blasting vibration weakens. When the

mining stress release effect is greater than the blasting stress,
the vibration induced by the mining stress will play a dominant
role in the waveform, resulting in a decrease in the energy
proportion of the low-frequency band, while a relative increase
in that of the high-frequency band.

To study the influence of source energy on waveform
frequency distribution, the dominant frequency and low-
frequency components of the two destress blasting-induced
microseismic waveforms are compared and analyzed, as shown
in Figure 8. According to Table 1, the source energy of the DB-
M-4 microseismic event is higher than that of DB-M-2. Generally
speaking, the dominant frequencies of DB-M-4 microseismic
waveforms are lower than those of DB-M-2, while the
proportion of low-frequency components in DB-M-4
microseismic waveform is higher. The results show that with
the increase of source energy, the dominant frequency of
waveform decreases, and the proportion of low-frequency
components increases, which means that the frequency
components of waveforms become more abundant. Due to the
increase of source energy, the rock damage degree and scope are
larger, resulting in more energy in the rock being released. The
superposition effect of vibration induced by blasting stress and
mining stress is more complex, and the frequency distribution of
the waveform is more complex. The aforementioned results show
that the waveform characteristics are correlated with the release
process of mining stress. For example, the low-frequency
components of waveforms can reflect the blasting stress
strength, while the high-frequency components can reflect the

FIGURE 7 | Maximum instantaneous energy, frequency, and propagation distance. (A) M-M-1; (B) M-M-2; (C) DB-M-2; and (D) DB-M-4.
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mining stress release effect, which can provide a reference for the
evaluation of the destress blasting effect for preventing rockburst.

DISCUSSION

The underground destress blasting technology is an important
method to prevent rockburst. The evaluation of the pressure relief
effect is necessary for mine safety production and destress
blasting parameter design. The aforementioned results verify
that the waveform information of destress blasting-induced
microseismic can reflect the release process of blasting stress
and mining stress. Therefore, the microseismic source energy
consists of explosion energy and rock strain energy, and the
amount of energy released by the mining stress can be used to
evaluate the effect of pressure relief. Based on the aforementioned
analysis, a blasting efficiency index Be was proposed to evaluate
the effect of pressure relief, and the classification system was
developed. The calculation formula of the Be index is as follows:

Be � logEs − logEp

logPe
, (21)

where Es is the destress blasting-induced microseismic source
energy calculated using the microseismic system, Ep is the seismic
energy converted from the explosive chemical energy, and Pe is
the explosive charge.

The parameter of Ep can be calculated by Eq. 22.

Ep � Epi × Pe × ks, (22)
where Epi is the theoretical chemical energy per kilogram of
explosive, and the value of emulsified explosive is 3,200 kJ/kg in
this research; ks is blasting seismic energy conversion coefficient.

For the blasting seismic energy conversion coefficient ks, many
researchers have studied its value by theoretical analysis, blasting
experiments, and empirical methods. However, their results are
not unanimous because there are great differences in the
properties of explosives and propagation media, the types of
microseismic sensor, and energy calculation methods. For

example, Sanchidrián et al. (2007) collected 10 production
blasts in two ground quarries and analyzed that the seismic
energy was 1–3% of the total energy of explosives. Zhang and
Guo (1984) found that the blasting seismic energy conversion
coefficient of underground mine blasting ranges from 0.00183%
to 0.203% using statistical analysis methods. For blasting-induced
microseismic events received using the ARAMIS A/E
microseismic monitoring system in coal mines, the empirical
value of this coefficient is generally 0.01%. In this study, the
seismic energy conversion coefficient of blasting was determined
using the statistical analysis of 63 destress blasting-induced
microseismic data of the Yutian coal mine, which includes the
correlation analysis of independent variables, dispersion analysis,
and error elimination. As shown in Figure 9, the logarithmic
transformation was performed for microseismic source energy
and explosive charge, and a linear dependence between the
transformed microseismic source energy (log Es) and
transformed explosive charge (log Pe) was obtained. The
standard deviation of the transformed microseismic source
energy (log Es) is 0.70. Data located under the straight line

FIGURE 8 | Comparison of frequency distribution of DB-M-2 and DB-M-4 microseismic. (A) Dominant frequency; (B) low-frequency components.

FIGURE 9 | Relationship between microseismic source energy and
explosive charge.
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parallel to the regression line and shifted by the standard
deviation were then selected. It is assumed that the
microseismic source energy of the selected data is only
converted from the explosive energy; in other words, the
accumulated strain energy in the rock mass is not released in
destress blasting. The average ks of the selected dataset was
calculated to be 0.015%. Therefore, the blasting seismic energy
conversion coefficient ks in this research is 0.015%.

According to Eqs 21, 22, the blasting efficiency index Be for 63
rounds of destress blasting was calculated. The normal
probability distribution of the blasting efficiency index (Be) is
shown in Figure 10, and a classification system was developed to
evaluate Be based on the distribution probabilities of Be, as shown
in Table 3. In this classification system, the critical values of
blasting efficiency indexes are 0, 0.25, and 0.50, respectively, and
the four classification systems are ineffective (Be ≤ 0), general (0 <
Be ≤ 0.25), good (0.25 < Be ≤ 0.50), and excellent (Be > 0.50),
respectively. Among the 63 rounds of destress blasting, the effect
of pressure relief varied from ineffective to excellent, with 51%
being excellent and approximately 30% good, while both the
ineffective and general are 9.5%. The results show that destress
blasting in the Yutian coal mine has achieved good results, which
can play a beneficial role in the control of rockburst disasters.
Moreover, the relationship between the blasting efficiency index
(Be) and explosive charge (Pe) is shown in Figure 11. With the
increase of explosive charge, the blasting efficiency index presents
an upward trend, indicating that destress blasting with a large

explosive charge is more likely to obtain a better pressure relief
effect.

CONCLUSION

By analyzing time–frequency, energy attenuation, and the
multifractal spectrum of different types of
induced microseismic waveforms, the main conclusions are
as follows.

1) Generally, the ground blasting-induced microseismic
waveforms have a longer duration (more than 3 s) than
the other two types of induced microseismic waveforms
(both less than 0.5 s). Both the dominant frequency and
band range of microseismic waveforms induced by mining
and destress blasting are much higher than those of ground
blasting-induced microseismic waveforms. Moreover, there
is a large number of low-frequency components distributed
in the microseismic waveform induced by destress blasting,
which is more abundant in the frequency spectrum than
mining-induced microseismic waveforms. The ground
blasting-induced microseismic waveforms have regular
energy attenuation and undeveloped coda waves.
However, for mining and destress blasting-induced
microseismic, there are multiple energy peaks in the
energy attenuation process and relatively developed coda
waves in waveforms. With the increase in the propagation
distance, both the dominant frequency and the proportion
of high-frequency components of destress blasting-induced
microseismic waveforms show a nonlinear upward trend,
while those of the mining-induced microseismic waveform
are opposite. For destress blasting-induced microseismic
waveforms, with the increase of source energy, the
dominant frequency decreases, and the proportion of
low-frequency components increases.

2) All the induced microseismic waveforms show clear
multifractal characteristics. The multifractal parameters Δα

FIGURE 10 | Normal probability distribution of the blasting efficiency
index Be.

TABLE 3 | Classification system for the evaluation of Be.

Blasting efficiency index
(Be)

Effect
of pressure relief

Percentage (%)

Be ≤ 0 Ineffective 9.5
0 < Be ≤ 0.25 General 9.5
0.25 < Be ≤ 0.50 Good 30
Be > 0.50 Excellent 51

FIGURE 11 | Relationship between the blasting efficiency index and
explosive charge.
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and Δf(α) of three types of induced microseismic waveforms
indicate that ground blasting-inducedmicroseismic waveform
fluctuations are relatively stable; the mining-induced
microseismic waveforms have a moderate fluctuation, while
the destress blasting-induced microseismic waveforms are
more violent. The results further prove that destress
blasting-induced microseismic waveforms are more
complex and changeable.

3) The destress blasting-induced microseismic is induced by
the coupling effect of blasting stress and mining stress. The
superposition of the elastic waves leads to complex source
rupture types. Moreover, the complex underground
geological environment also greatly affects the
propagation of microseismic waveforms. Therefore,
destress blasting-induced microseismic waveforms are
clearly different from the other two kinds of
microseismic waveforms, which are manifested as rich
frequency, complex energy attenuation, and clear
multifractal characteristics.

4) A blasting efficiency index Be was proposed to evaluate the
effect of pressure relief, and the classification system was
developed. For 63 rounds of destress blasting in the Yutian
coal mine, the effect of pressure relief varied from
ineffective to excellent, with 51% being excellent and
approximately 30% good, while both the ineffective and
general are 9.5%. Moreover, a large explosive charge is
more likely to obtain a better pressure relief effect.
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