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ABSTRACT: The research on the time—frequency characteristics and |
evolution law of acoustic emission (AE) signals during deformed coal failure !
is more conducive to understand the damage mechanism of coal. In this !
study, the experiments of AE monitoring during the intact and deformed coal
failure were first conducted under loading axial stress and unloading |
confining stress conditions. Based on the evolution characteristics of volume
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strain and AE event rate, the damage process of coal was divided into three
stages: nonfracture development stage, stable development stage of fracture,
and unstable development stage of fracture. The distribution and evolution of
AE waveform time—frequency properties under different damage processes
were then analyzed and discussed. Besides, the evolution of the average value
of different time—frequency parameters per 200 s for the intact coal and per ic of AE tme-freq
25 s for the deformed coal was discussed. The results show that the

amplitude of most AE events stabilizes in 40—50 dB during the intact and

deformed coal failure. The average amplitude of the deformed coal has an approximate positive correlation with the loading stress.
The percentage of AE events with longer duration and rise time increases suddenly before the peak stress for the intact coal and after
the peak stress for the deformed coal, which corresponds to the abrupt increase property of the average duration and rise time. For
the frequency properties, the peak frequency and frequency centroid of the intact coal are distributed within 50—125 and 75—150
kHz, with those of the deformed coal located within 20—120 and 80—130 kHz, respectively. The average peak frequency and
frequency centroid of the intact coal show an upward trend except for the initial fracture closure stage, while the average peak
frequency and average frequency centroid of the deformed coal present a downward trend before the peak stress and have a smaller
growth after the peak stress. According to the above-mentioned analysis, the sudden increase of the average duration and rise time,
the lower average peak frequency, and the lower frequency centroid can be regarded as the precursor for the instability and failure of
deformed coal. This research can provide a new idea and theoretical guidance for the early warning of outbursts.

Amplitude/dB.

Evolution law of the average time-frequency
parameters during the deformed coal failure

1. INTRODUCTION

Coal and gas outburst (hereafter outbursts) as one of the most
serious disasters in coal mines threatens the safety of workers
and the energy supply.”” Previous studies on the outburst

The AE signals that are related to the fracture development
have been widely utilized to study the failure mechanism of coal
and rock under different stress loading conditions.''~'* The AE
statistical characteristics commonly used include the event rate,
energy rate, ringing count, Ib value, and fractal dimension

mechanism revealed that the stress, gas pressure, and physical
and mechanical properties of coal in an abnormal geological
zone determine the occurrence of outbursts.” > The stress state
and gas pressure in the front of the working face are influenced
by the mining activities.”” The acoustic emission (AE) event
number/rate and gas emission that can reflect the stress state
and gas pressure in the front of the working face in real time were
used as precursors to warn about outbursts.*” However, the
accuracy of the outburst warning is limited using the AE event
number/rate due to lots of interference signals existing in the
field."” More precursory information from the AE waveform
characteristics should be explored, which is meaningful for
characterizing the early warning of outbursts.
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characteristics.">~*? Du et al.>° investigated the AE cumulative
event counts and energy characteristics during deformation and
failure of gas-bearing coal—rock combined bodies. Wang et al?!
focused on the variation characteristics of AE energy during coal
failure and confirmed the predicting key point of coal failure
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Figure 1. Diagram of the acoustic emission test during coal failure.
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about two parameters related with the AE energy. Sun et al.*”
combined the fractal properties of AE event counts and stress
with the Grassberger—Procaccia algorithms to evaluate the
damage degree of coal and rock under multilevel loading. Huang
et al.> analyzed the evolution of AE energy, Ib value, and fractal
dimension characteristics in the sandstone failure process and
found that there is a sharp increase of AE energy, lower Ib value,
and lower shape dimension before the peak loading stress. The
above-mentioned studies showed that the AE statistical
characteristics can well indicate the stress state and fracture
development during coal and rock failure.

Comparing the precursory information of AE statistical
characteristics, the AE waveform properties may be more
suitable for evaluating the failure of coal and rock and warning of
outbursts.”*~>” The essential reason is that the AE statistical
characteristics are seriously influenced by the accurate
identification of coal failure due to lots of interference signals
in the field.>”® The waveform characteristics widely used include
amplitude, duration, rise time, dominant frequency, and
frequency centroid.”* " Shen et al.’' studied the amplitude
and dominant frequency properties of AE during the coal
fracturing process and discussed the influence of water pressure
on the amplitude and dominant frequency variation. Zhao et
al.’* established the relationship between the AE frequency
centroid and crack levels of sandstone failure and proposed the
average frequency centroid variation as a precursor for rock
critical failure. Ding et al.”* and Wang et al.”* used the Mel
frequency cepstrum coeflicient method to extract the AE
waveform properties (MFCC), which were regarded as an
indicator to evaluate the stress state of coal and rock. According
to the above-mentioned studies, the AE waveform characteristic
variation law during the rock failure and the AE statistical
characteristics in the coal and rock failure process have made
great progress, but there are few studies investigating the
evolution law of AE waveform characteristics during coal
deformation and failure, which is more important to warn about
the outbursts. Considering that the existence of deformed coal is
the necessary factor triggering the outbursts,>* ¢ this paper
focuses on the time—frequency characteristics and evolution law
of the AE signal during the deformation and failure of deformed
coal.

In this work, the experiments of AE monitoring during the
intact and deformed coal failure were first conducted under
loading axial stress and unloading confining stress conditions.
The damage process was divided by the evolution characteristics
of volume strain and AE event rate. The distribution and
evolution of AE waveform time—frequency properties under
different damage processes were then analyzed and discussed.
The precursors of AE waveform characteristics for outburst
warning were finally proposed. This research can provide a new
idea and theoretical guidance to the early warning of outbursts.

2. EXPERIMENTAL SECTION

2.1. Samples. The coal samples including intact coal blocks
and deformed coal fines were collected from the 3* coal seam of
the Xinyuan coal mine, which was identified as a high-outburst
seam. The intact coal blocks were directly cut into standard
specimens with the dimensions of 50 mm diameter and 100 mm
height. Due to the fragility properties of deformed coal,
briquette coals were often used to investigate the coal failure
mechanism of deformed coals due to their similar proper-
273 Briquette coals with a diameter of 50 mm and a height
of 100 mm were prepared, and the detailed process can be found
in our previous research.””

2.2. Experimental Setup. The experiments of AE
monitoring during coal failure were conducted using a TAW-
2000 rock triaxial test system and Vallen AMSY-6 AE
monitoring system (shown in Figure 1).

The triaxial test system mainly consists of the axial and
confining loading systems, strain gauges, and data acquisition
equipment, which can provide different stress paths and monitor
the stress—strain data in real time. The AE monitoring system is
mainly composed of the sensors, preamplifier, data acquisition
equipment, and analyzing software, which can obtain, display,
storage, and deal with the AE signals. Six sensors with a
frequency band from 15 to 500 kHz were arranged in the three-
dimensional space to acquire the AE signals (Figure 1). The
sampling rate, threshold, and amplification of the preamplifier
were set as 1 MHz, 40 dB, and 34 dB, respectively. One event
was defined when four or more sensors were triggered at the
same time during the test.

2.3. Test Scheme. The triaxial stress evolution for the coal
body in the front of the working face has an important role in the
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Figure 2. Schematic of stress paths and Mohr’s stress circle.
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coal deformation and failure. Previous studies showed that the
vertical stress increases and the horizonal stress decreases during
the excavation.”® Therefore, the stress mode for loading axial
stress and unloading confining stress was applied in this study.
The evolution of stress paths and Mohr’s circle is displayed in
Figure 2. An axial stress of 300 N was first loaded on the
specimen to ensure a close contact between the press indenter
and the specimen. A loading rate of S N/s was then applied in the
horizonal direction until the confining stress reaches the target
value (OA in Figure 2). Under the constant confining stress, a
loading rate of 20 N/s was imposed in the axial direction until
the axial stress reaches 60% of the peak stress. After that, the axial
stress increased continuously while unloading the confining
stress at a rate of 5 N/s for intact coals and 40 N/s for briquette
coals until the specimen’s failure (BC in Figure 2). The
acquisition of AE signals and stress—strain values is
synchronized with the axial stress loading during the test (AC
in Figure 2). In this study, the confining stress was set as 2, 4, 6,
and 8 MPa for four groups of intact and deformed specimens
(Table 1). Three parallel specimens were characterized under

Table 1. Test Scheme Parameters

each confining stress condition. Besides, the above-mentioned
loading and unloading rates were determined by carrying out
pre-experiments.

3. RESULTS

3.1. Characteristics of the Strain and AE Event Rate
during Coal Failure. The results of the intact coal specimen
(Y-2-2) and deformed coal specimen (X-2-1) are used to
investigate the time—frequency characteristics and evolution law
during coal failure considering the space constraints. The coal
damage is accompanied with the fracture closure, development,
and expansion, which can be reflected by the stress—strain curve
and evolution of AE parameters.”””” Based on the evolution
characteristics of volume strain and AE event rate (AE event
number per second) during coal failure (Figure 3), the whole
process of coal damage can be divided into three stages:
nonfracture development stage (0—874 s for the intact coal, 0—
120 s for the deformed coal), stable development stage of
fracture (875—1450 s for the intact coal, 121—250 s for the
deformed coal), and unstable development stage of fracture
(1451—1600 s for the intact coal, 251—276 s for the deformed
coal).

coal sampl;le confining coal sam}r;le confining In the nonfracture development stage, the volume strain is
truct t truct t 1o .
structure  number stress structure - umber stress above 0, which indicates that the initial pore and fracture were
intaC'fl Y-2-1 2 defori“ed X-2-1 2 closed with the increase of axial stress and decrease of confining
coa coa . . .
Y-2-2 4 X-22 4 stress. The event rate of intact coal is no more than 8, while the
Y-2-3 6 X-2-3 6 event rate of deformed coal is no more than 4, which indicates
Y-2-4 8 X-2-4 8 that there are a few AE events. Compared with the intact coal,
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Figure 3. Characteristics of strain and AE event rate of intact and deformed coals during failure.
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the AE events of the deformed coal are fewer, which is because
the initial fracture in the deformed coal developed worse than
that in the intact coal.”’

In the stable development stage of fracture, the volume strain
of the intact coal begins to decrease compared with that of the
nonfracture development stage, which indicates that the fracture
begins to form. Besides, the AE event rate increases obviously
with the increase of the axial stress, which also indicates the
development of fracture in the intact coal. While the volume
strain of the deformed coal is lower, 0, which indicates the
generation of fracture, the AE event rate of the deformed coal is
still no more than 8, which is related to the strength of tectonic
coal. In the unstable development stage of fracture, the volume
strain rate (volume strain per second) of the intact and deformed
coal increases rapidly, while the AE event rate also increases
obviously, which implies the failure of coal and dissipation of the
accumulated elastic energy. The maximum event rate of the
intact coal reaches 44 before the peak axial stress, while the
maximum event rate of the deformed coal reaches 23 after the
peak axial stress. Compared with the evolution of the AE event
rate of the intact coal, the property of an abrupt increase of the
AE event rate is more obvious in the tectonic coal, and lots of AE
events occur after the peak axial stress.

3.2. Distribution of AE Signal Time Domain Character-
istics. The waveform parameters energy and ring count were
widely used to investigate the mechanism of coal failure. The
waveform parameters amplitude, rise time, and duration
(illustrated in Figure 4A) also contain lots of information
reflecting the coal failure, which were used to distinguish the
microseismic signals of coal fracture.”

Figure 5 shows the distribution of the amplitude, duration,
and rise time during coal failure. In the nonfracture development
stage, the amplitude of the AE waveform is mainly distributed in
40—75 and 40—55 dB for the intact coal and the deformed coal,
respectively. The duration of the AE waveform is relatively short,

(A) Schematic of time-domain properties
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Figure 4. Illustration of AE waveform and frequency characteristics.

mainly distributed within 7000 and 5000 us for the intact and
deformed coal, respectively. The rise time of the AE waveform is
also relatively short, mainly distributed within 2000 ps for the
intact and deformed coal. In the stable development stage of
fracture and unstable development stage of fracture, the
amplitude of the AE waveform stabilizes in 40—85 and 40—74
dB for the intact and deformed coal, respectively. The
appearance of high amplitude indicates the occurrence of
great cracks. The distribution range of duration tends to increase
with the gradual increase of the axial stress and decrease of the
confining stress. The duration of the intact coal is distributed
within 30 000 and 50 000 ys in the stable development stage of
fracture and unstable development stage of fracture, respec-
tively. The duration of the deformed coal in the stable
development stage of fracture is only distributed within 16 000
ps but increases to 100 000 ys abruptly after the peak stress.
Different from the distribution of duration, the rise time of the
intact and deformed coal is still distributed within 2000 s in the
stable development stage of fracture and increases to 20 000 and
100000 ps suddenly in the unstable development stage of
fracture. The maximum rise time of the intact coal occurs before
the peak stress, while it is after the peak stress for the deformed
coal. Compared with the distribution of amplitude, duration,
and rise time of the intact coal, the property of an abrupt increase
of the duration and rise time of the deformed coal is more
obvious after the peak stress.

3.3. Distribution of AE Signal Frequency Domain
Characteristics. The frequency information of the AE signal
can be obtained by transforming the time—amplitude signal with
the Fourier transform method.”” The peak frequency (also
called dominant frequency) and frequency centroid (the gravity
of the frequency spectrum) illustrated in Figure 4B are two
important parameters reflecting the frequency information of
the AE signal, which were used to distinguish the different
rocks.* In this study, the distributions of the peak frequency and
frequency centroid during the intact and deformed coal failure
are investigated and displayed in Figure 6.

During the whole process of coal failure, the peak frequency is
mainly distributed within 50—125 kHz for the intact coal and
20—120 kHz for the deformed coal. There are also a few AE
events whose peak frequency is located in 25—50 and 150—175
kHz for the intact coal and in 140—180 kHz for the deformed
coal. Before the peak stress of the intact coal, the events of the
peak frequency located in 25—50 and 150—175 kHz increase
obviously, while the peak frequency of the deformed coal shifts
toward lower frequencies with the increase of loading stress.
Different from the peak frequency, the frequency centroid is
mainly distributed within 75—150 kHz for the intact coal and
80—130 kHz for the deformed coal. However, the distribution of
the frequency centroid of the intact coal is similar to the
distribution of the peak frequency. Before the peak stress, the
events of the frequency centroid lower than 75 kHz and higher
than 150 kHz increase obviously for the intact coal, while the
events of the frequency centroid lower than 80 kHz and higher
than 130 kHz also increase after the peak stress of the deformed
coal. The above-mentioned results prove that the difference of
the peak frequency band and frequency centroid band exists in
the intact and deformed coal.

4. DISCUSSION

4.1. Evolution Law of Time Domain Characteristics in
Different Ranges. The distribution of the amplitude, duration,
and rise time of the AE signal indicates that the time domain
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Figure S. Distribution of waveform properties of intact and deformed coal during failure.

characteristics locate in different ranges during coal failure. To
further illustrate the evolution law of time domain character-
istics, the event number (per 200 s for the intact coal and per 25 s
for the deformed coal) and its percentage of different time
domain characteristics are counted and displayed in Figure 7
(intact coal) and Figure 8 (deformed coal).

From Figure 7A, it is observed that the event number of the
amplitude in different ranges per 200 s increases with the
increase of loading stress, especially for the amplitude in 40—60
dB before the peak stress, while the event number percentage
(ENP) of the amplitude in different ranges has a small
fluctuation. The ENP of the amplitude in 40—50 dB is the
biggest, stabilizing at 75%. The amplitude over 60 dB only
occupies 5—10%. From Figure 7B,C, it is observed that the event
number of the duration and rise time in different ranges per 200 s
also increase with the increase of loading stress, especially for the
duration in 0—5000 ps and the rise time in 0—500 ps, while the
ENP of the duration in 0—5000 us and the rise time in 0—500 ps
decline with the increase of the loading stress, almost from 92
and 93 to 67 and 68%. However, the event number and ENP for
the duration over 5000 ys and the rise time over 500 ys gradually
increase with the increase of loading stress and achieve the
highest value before the peak stress. The increase of long

15803

duration and rise time indicates the occurrence of great cracks,
which may be a precursor for outburst warning.

Similar to the change trends of the event number of different
time domain properties in different ranges per 200 s for the
intact coal, the event number of the amplitude, duration, and rise
time in different ranges per 25 s for the deformed coal shows an
upward trend overall with the increase of loading stress,
especially for the amplitude in 40—50 dB, the duration in 0—
5000 s, and the rise time in 0—300 ys (Figure 8), while the ENP
of the amplitude in 40—50 dB, duration in 0—5000 ys, and rise
time in 0—300 us shows a downward trend, from 100 to 62, 67,
and 68%. The ENP of the duration over 15 000 ys and the rise
time over 900 s increases obviously after the peak stress, which
is related with the release of great energy and indicates the coal
failure.

4.2. Evolution Law of Frequency Domain Character-
istics in Different Ranges. The event number (per 200 s for
the intact coal and per 25 s for the deformed coal) and its
percentage of peak frequency and frequency centroid in different
ranges are also counted to further illustrate the evolution law of
frequency domain characteristics. The statistical results are
shown in Figure 9 (intact coal) and Figure 10 (deformed coal).
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From Figure 9, it is observed that the event number of the

peak frequency in 50—75 kHz and the frequency centroid in

100—125 kHz shows an obvious upward trend with the increase

of the loading stress, while the abrupt increase of the event

number for the peak

different ranges occurs

frequency and frequency centroid in
before the peak stress. The ENP of the

peak frequency and frequency centroid in different ranges has a
stable fluctuation. The ENP of the peak frequency in 100—125
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Figure 10. Evolution law of the peak frequency and frequency centroid in different ranges of the deformed coal.

kHz is the biggest in the initial stage, about 40%, and then
stabilizes at about 18%, while the percentage of the peak
frequency in 50—75 kHz shows an upward trend, ranging from
32 to 52%.

Compared with the evolution of frequency domain character-
istics in different ranges of the intact coal, the event number of
the peak frequency in 20—120 kHz and the frequency centroid
in 80—120 kHz shows an obvious upward trend with the
increase of the loading stress for the deformed coal (Figure 10).
The fluctuation range of the ENP of the peak frequency and
frequency centroid in different ranges is more obvious than that
of the intact coal. The percentage of the peak frequency over 70
kHz shows a downward trend, while the percentage of the peak
frequency in 20—70 kHz shows an upward trend. Different from
the peak frequency, the percentage of the frequency centroid
over 120 kHz displays a downward trend, while the percentage
of the frequency centroid in 40—80 and 80—120 kHz displays an
upward trend, especially for the frequency centroid in 40—80
kHz. According to the above-mentioned analysis, there are more
AE events with a lower peak frequency (20—70 kHz) and lower
frequency centroid (40—80 kHz) close to the coal failure, whose
evolution law is similar with that of the previous study.’'

4.3. Implication for Outburst Warning. The above-
mentioned analysis indicates that there are different and same
evolution characteristics of time—frequency parameters in
different ranges of the AE signal for the intact and deformed
coal. To further obtain the precursor information for outburst
warning, the average value of different time—frequency

15806

parameters per 200 s for the intact coal and per 25 s for the
deformed coal is calculated.

Figure 11 presents the evolution of average amplitude,
duration, rise time, peak frequency, and frequency centroid of
the intact and deformed coal. From Figure 11A,B, it is observed
that the average amplitude is relatively low in the nonfracture
development stage and increases and stabilizes with the increase
of loading stress for the intact coal, while the average amplitude
of the deformed coal first increases and then decreases with the
increase of loading stress. The whole fluctuation range of the
average amplitude is limited for the intact and deformed coal,
which may not be a precursor for outburst warning. The average
duration and average rise time increase with the increase of
loading stress. There is an abrupt increase behavior for the intact
coal before the peak stress, while the average duration and
average rise time for the deformed coal are relatively stable
before the peak stress and also have a sudden increase behavior
after the peak stress, which can be regarded as a precursor for the
great crack of the coal seam.

Comparing Figure 11C,D, it is observed that there are
different evolution trends of the average peak frequency and
frequency centroid between the intact coal and deformed coal,
which may be used to distinguish the coal structures. The
average peak frequency and frequency centroid of the intact coal
in 0—200 s are relatively high, which indicate that the closure of
the fracture presents high-frequency properties. From 400 to
1600 s, the average peak frequency and frequency centroid of the
intact coal show an upward trend, while the average peak
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Figure 11. Evolution trend of the average time—frequency parameters during the intact and deformed coal failure.

frequency and average frequency centroid of the deformed coal
present a downward trend before the peak stress and have a
smaller growth after the peak stress. Because the outbursts
mainlgr occurred in the geotectonic and soft coal development
areas,” ™ the lower average peak frequency and lower average
frequency centroid may be regarded as the precursor for the
instability and failure of deformed coal, which is conducive to
guide the early warning of outbursts.

5. CONCLUSIONS

In this work, the experiments of AE monitoring during the intact
and deformed coal failure under loading axial stress and
unloading confining stress conditions were conducted to
investigate the time—frequency characteristics and evolution
law of the AE signal during coal failure. The main conclusions
are drawn as follows:

(1) The coal damage process can be divided into three
stages—nonfracture development stage, stable develop-
ment stage of fracture, and unstable development stage of
fracture—according to the evolution characteristics of
volume strain and AE event rate during coal failure.

The maximum AE event rate of the intact coal reaches 44
before the peak axial stress, while it reaches 23 after the
peak axial stress for the deformed coal. The property of an
abrupt increase of the AE event rate before failure is more
obvious in the tectonic coal.

()
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(3) The average amplitude of the deformed coal has an
approximate positive correlation with the loading stress.
The average duration and rise time have a sudden increase
behavior after the peak stress for the deformed coal, which
can be regarded as a precursor for the instability and
failure of the deformed coal.

(4) The average peak frequency and average frequency
centroid of the deformed coal present a downward
trend before the peak stress and have a smaller growth
after the peak stress. The lower average peak frequency
and lower average frequency centroid may be regarded as
the precursor for the instability and failure of deformed
coal.
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