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Abstract

Microseismic (MS) events generated during coal and rock hydraulic fracturing (HF) include wet events caused by fractur-
ing fluid injection, in addition to dry events caused by stress perturbations. The mixture of these two events makes effective
fracturing MS events pickup difficult. This study is based on physical experiments of different coal and rock HF and uniaxial
compression. The differences of waveform characteristic parameters of various coal and rock ruptures were analyzed using
the Hilbert—Huang transform, leading to some useful conclusions. The phase characteristics of the acoustic emission (AE)
energy differed significantly and responded well to the pumping pressure curve. The AE waveforms of HF exhibit similar
energy and frequency distribution characteristics after Empirical mode decomposition. The main frequency bands for coal,
sandstone, and shale samples are 100-300 kHz, while the mudstone sample is in the range of 50-150 kHz. The decay ratios
for coal, sandstone, shale and mudstone samples are 0.78, 0.83, 0.67 and 0.85, respectively. When compared to the uniaxial
compression test, the main frequency bands of HF were reduced for coal, sandstone and mudstone samples, whereas shale
remained essentially unchanged. The duration, instantaneous energy, and total energy of the HF waveform are smaller
than those of uniaxial compression, while the decay ratio is greater, especially for the mudstone samples. The waveform
characteristic parameters, trained using the multilayer perceptron neural network, can effectively identify HF and uniaxial
compression events with an accuracy of 96%.
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1 Introduction

Hydraulic fracturing (HF) technology has been proved to be
an effective method for preventing coal and rock dynamic
disasters in coal mines (Li et al. 2015). Microseismic (MS)/
B4 Quangui Li acoustic emission (AE) monitoring technology is a geo-
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properties and rupture patterns, and only an effective
time—frequency analysis method can extract the waveform
features accurately(Kong et al. 2016; Li et al. 2019; Moriya
et al. 20006).

As we know, the biggest difference between fracturing
fluids and stress disturbance-induced hydraulic fracturing
events is the involvement of water. Water intervention affects
the characteristics and propagation pattern of the MS sig-
nals, such as the attenuation of energy and dispersion of the
signal (Mueller et al. 2010; Stanchits et al. 2015). Therefore,
MS events generated by the HF of coal seams can also differ
from conventional ruptures in terms of generation mecha-
nisms and signal characteristics. In order to identify and
pick up effective HF events, it is necessary to understand the
characteristics of MS signals under different fracture modes.

Previous research based on the HF of coal and rocks has
focused on the damage mechanisms, crack extension mecha-
nisms, stress evolution (Wang et al. 2021), and MS position
(Jiang et al. 2019; Li et al. 2021b, a). The characteristics of
AE signals form the basis for studying coal and rock rupture
patterns (Zhang et al. 2019a, b, ¢). Different rock conditions,
stress conditions, and stress-loading methods may produce
different AE signal characteristics. The main time—frequency
analysis methods include wavelet transform (WT) (Liang
et al. 2020; Zhang et al. 2019a, b, ¢), S-transform (Xiao
et al. 2018), Wigner—Ville distribution (WVD), Choi-Wil-
liams distribution (CWD), and Hilbert—-Huang transform
(HHT) (Li et al. 20164, b; Zhang et al. 2016). In contrast to
the Fourier transform, the HHT not only reflects the overall
frequency component of the signal but also provides a char-
acteristic of the change in frequency over time. In contrast
to the WT, the HHT is free from the limitation of relying on
the Fourier transform. HHT does not require a stable signal
within the window and does not depend on the choice of
a priori wavelet bases (Li et al. 2012, 2020). As a result,
the HHT is less prone to bias and is particularly advanta-
geous for MS signals, which are typically non-smooth and
non-linear.

Researchers have conducted extensive investigations on
HF using MS/AE technologies. By analyzing different frac-
turing and acoustic parameters, the process of crack exten-
sion by HF was indirectly revealed (Li et al. 2018). The
response characteristics of coal subjected to HF were inves-
tigated by real-time monitoring of the borehole strain and
AE (Liang et al. 2017). The crack distribution in the HF was
studied using the MS location method (Li et al. 2022). The
characteristics of the AE waveform parameters were inves-
tigated to evaluate the effectiveness of HF and to optimize
HF strategies in coal seams (Yue et al. 2019). Joint studies
were also conducted on crack networks for HF in relation
to other geophysical research directions (Niemz et al. 2021;
Zhang et al. 2019a, b, c; Zou et al. 2016). Further, the effect
of injected fluid viscosity on crack extensions by HF was

@ Springer

studied, and the softening effect of saturated fluids on rocks
was determined (Damani et al. 2018).

HF differs from other mining MS activities in that water
intervention can affect coal strength, stress distribution and
crack extension to varying degrees. Therefore, the effect of
water cannot be ignored when distinguishing MS signals
caused by fracturing fluids and stress perturbations. Consid-
ering that HF will inevitably cause the simultaneous fractur-
ing of the top and bottom coal seam, the test platform for
coal and rock HF and uniaxial compression was designed
and built in this study. The AE waveform characteristics
of coal and rock under different rupture modes were ana-
lyzed by HHT, and different AE signals were identified by
multilayer perceptron (MLP) neural network. This study is
a fundamental work in explaining HF behaviors using MS
monitoring technology, which is important for identifying
and picking up effective HF events.

2 Experiments
2.1 Experimental conditions

The uniaxial compression and HF test systems for coal and
rock are shown in Fig. 1. Four different lithologies (coal,
sandstone, shale, and mudstone) from the coal strata were
selected for this experiment. Figure 1a shows the prepared
square and cylindrical samples. The samples for the uniaxial
compression tests were machined into standard cylindrical
samples (@50 mm X 100 mm) according to the International
Society for Rock Mechanics (ISRM). The ends and sides of
the samples were carefully ground such that non-parallelism
and non-perpendicularity were less than 0.02 mm. All sam-
ples were in a naturally watery state and were not subjected
to any drying process. The samples were numbered A1, A2,
A3,B1, B2, B3, Cl1, C2, C3, DI1, D2, and D3, respectively.
The samples for the HF tests were processed into squares
and two samples were prepared for each lithology with
dimensions of 100 mm X 100 mm X 100 mm, numbered E1,
E2,F1, F2, G1, G2, HI1, and H2, respectively. When prefab-
ricated fracture holes for samples, in order to avoid excessive
damage to the interior of the sample, first fix the sample
on the cutting frame, select a sharp cutting tool to cut the
sample, and promptly clean up the cutting debris to ensure
smooth cutting without excessive damage to the sample. The
parameters of samples preparation are shown in Table 1.
Figure 1b shows the uniaxial compression test system,
Fig. 1c shows the HF test system, and Fig. 1d shows the
AE monitoring system. These three parameters of the peak
definition time, hit definition time, and hit lockout time must
be changed according to the actual waveform, and a seg-
mented approach is recommended. The preamp gain range is
40 dB, the frequency range of the AE sensor is 50400 kHz,
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Table 1 Parameters of samples preparation

Drilling Drilling diam- Fracture pipe inner ~ Fracture pipe out-  Sealing Epoxy resin ratio  Sample drying
depth (mm) eter (mm) diameter (mm) side diameter (mm) depth (mm) time (h)
40 20 8 15 45 1:1 24

the threshold value is 40 dB, and the sampling frequency is
3 MHz.

2.2 Experimental methods

Firstly, uniaxial compression tests were performed on coal
and rock samples. The loading rate of uniaxial compression
is 0.1 mm/min. The test results showed that the average uni-
axial compressive strength (UCS) of coal, sandstone, shale
and mudstone were 14.21, 82.40, 114.52, and 35.72 MPa,
respectively. The elastic modulus is 3.30, 12.40, 9.02, and
7.30 GPa, respectively. The coal samples had the lowest
compressive strength, and the shale samples had the high-
est compressive strength.

Secondly, HF tests were performed on coal and rock sam-
ples. After the AE monitoring system and HF system were
installed, their stability and gas tightness were tested sepa-
rately. Then the pump pressure system is turned on and the
test is performed by controlling the flow rate of fracturing

fluid. The AE signal and pressure curves data are collected
separately, and the end of the test is signaled when the
fracturing fluid breaks through the surface of the samples.
Finally, close the valve and store the data.

3 Results
3.1 AE Energy characteristics of HF waveforms

AE signal is the phenomenon of elastic wave propagation
due to damage or rupture of coal and rock samples. AE
energy is an important parameter to describe the sever-
ity of damage of coal and rock samples. The AE energy is
usually defined as the measured area under the envelope
of the AE signal. Since the AE energy is sensitive to both
amplitude and duration, and less dependent on the voltage
threshold and operating frequency, the energy parameter can
more accurately describe the original waveform of AE. The
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higher the AE energy, the greater the degree of rupture and
the more serious the damage produced within the coal and
rock samples. In the analysis of this paper, E1, F1, G1, and
H1 were selected for analysis. The variation patterns of AE
energy and cumulative energy with pumping pressure curves
during HF of different coal and rock are shown in Fig. 2.
Figure 2 also shows the physical diagram of the fracture of
different coal and rock samples and the waveforms when the
main fracture occurred. The AE waveforms at this stage can
more clearly reflect the original characteristics of coal and
rock fracture. Therefore, the waveforms of different coal and
rock samples when the main fracture occurred during HF
were extracted separately for subsequent analysis.

From Fig. 2, it can be seen that the differences in the
stage characteristics of AE energy are obvious and have a
high consistency with the variation pattern of pump pres-
sure curve. At the initial stage of fracturing, the pump
pressure curve increased slowly, and the AE energy was
small at this stage, which was due to the need of fracturing
fluid to fill the fracturing compartment at the early stage
of fracturing. When the fracturing fluid filled the fractur-
ing compartment, the pump pressure gradually increased.
When the pump pressure reached the minimum strength

of coal and rock samples rupture, cracks will be generated
inside the coal and rock samples. At this time, the AE
energy increased abruptly and the cumulative energy curve
showed an obvious inflection point. Then the pump pres-
sure curve rose slowly. When the pump pressure reached
the maximum strength that the coal and rock samples can
sustain, the fracturing fluid will pass through the coal and
rock samples, resulting in the overall rupture of the sam-
ples. At this time, the pump pressure dropped abruptly,
representing the end of the experiment. The continuous
rise in pump pressure of coal sample beyond the first
inflection point could be indicative of stress redistribu-
tion within the coal sample. As the hydraulic fracturing
process progresses, the induced fractures may propagate
and interact with existing natural fractures or stress con-
centration zones within the coal. Rock samples are more
brittle compared to coal samples. When the pump pressure
reaches the compressive strength of the rock, the result-
ing cracks tend to penetrate directly through the sample,
resulting in a sudden decrease in pump pressure. In con-
trast, the coal sample, due to its large number of internal
microcracks, the cracks do not penetrate the sample after
the first inflection point, but regain stress equilibrium after

1.6 TE+04 - 2.0E+05
Pump pressure (MPa) E1
1.4 4 |—— AE energy (mV*mS) L 6E+04
Cumulative energy (mV*mS) F 1.6E+05
124
k- SE+04
1.0
09 10 — [ 1 2B+
b ag+o4 [ 12EH0S
0.8 4
Vi VA 1 F 3E+04
0.6 I 8.0E+04
I 2E+04
0.4 o |
[T R R | 405404
024 ’-/—J / L- 1E+04
0.0 al . . . . . N 0E+00 L 0.0E+00
0 50 100 150 200 250 300
Time (s)
(a) El
7 6000 - 3.0E+04
Pump pressure (MPa) Gl
S *
61 AE energy (mV*mS) k5000 2.5E+04
Cumulative energy (mV*mS)
54
4000 |- 2.0E+04

3000

2000

1000

T
30
Time (s)

(c) Gl

~ 1.5SE+04

r 1.0E+04

- 5.0E+03

- 0.0E+00

3000

- 2.8E+04

Pump pressure (MPa)
9 . F1
—— AE energy (mV*mS) L 2500 [ 2-4E+04
8 Cumulative energy (mV*mS) .
7] 10 . L 2.0E+04
\‘ H 2000
7 ‘”‘ “ﬂ” ‘ L 1.6E+04
5 - \“‘ ‘ ‘“‘,‘\‘JC‘F%“ L 1500
i
y = | - 1.2E+04
o I
3 . . I 1000
34 105 500 To00 1560 L 8.0E+03
24 /-W—”"‘—’—M\ —
7300 L4 or+03
14
0+ : : . ; . : 0o LooE+oo
0 20 40 60 80 100 120 140
Time (s)
8 2.1E+04 - TE+04
Pump pressure (MPa) H1
74 |— AE energy (mV*mS) F 1.8E+04 1 6E+04
. Cumulative energy (mV*mS)
"] L 15E04f SE+04
54
~ 1.2E+04 | 4E+04

F 3.0E+C
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penetrating with the native cracks, so the pump pressure
continues to rise afterwards.

3.2 Time-frequency characteristics of HF
waveforms

The frequency characteristics of the AE signal are the
most representative of the motion pattern of the original
waveform. Larger cracks tend to produce events with larger
amplitudes and containing lower frequency components.
Therefore, frequency is an important criterion to distinguish
the acoustic emission signals of different lithologies and
different fracture characteristics. Huang et al. (1998, 1999)
proposed the empirical mode decomposition (EMD) method
in 1998 and introduced the concept of Hilbert spectrum and
Hilbert spectrum analysis. The National Aeronautics and
Space Administration named this method the HHT. HHT
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Fig.3 EMD of the AE waveforms of different coal and rock HF

analysis can obtain the frequency characteristics of the sig-
nal with time, and it is less prone to bias and more stable in
dealing with nonlinear MS signals. The characteristics of
a typical AE waveform within the rupture stage were ana-
lyzed based on the changes in the pressure curves and trends
of the AE energy. Based on the sequence of small to large
intervals between adjacent waveform peaks, EMD was used
to decompose the AE waveforms of different coal and rock
cracks separately. Several intrinsic mode function (IMF)
components can be obtained. The EMD of AE waveforms of
different coal and rock HF is shown in Fig. 3. Because EMD
does not require a predetermined or mandatory basis func-
tion to be provided in advance, the characteristics of each
IMF component are determined by the original waveform.
As shown in Fig. 3, all waveforms were decomposed into
6—8 IMF components in order from high to low frequen-
cies. Among them, the IMF1 component had the highest
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frequency and shortest fundamental wavelength. As the
decomposition process proceeded, the frequency of the
IMF components gradually decreased and the fundamen-
tal wavelength gradually increased. The decomposition is
completed when the final residual component reaches a very
low frequency. The eight sets of signals demonstrate that
the average amplitude of all IMF components decreases in
order, and that the main energy is focused on IMF1-IMF3.
IMF1-IMF3 are the main components of high frequency
and large amplitude of the original signal, and these charac-
teristics mean that they contain most of the original energy.
Therefore, this range can be defined as the dominant fre-
quency bands for coal and rock cracks. The IMF4-IMF6
components have smaller amplitudes and frequencies. This
range can be defined as the intrinsic components of the AE
signals. The AE signals in this range may be caused by back-
ground noise or electrostatic interference from the loading
equipment. The IMF7-IMF8 components have the small-
est amplitudes and frequencies, and the IMF components
in this range are the residual terms after EMD. The IMF
components of this range should be zero. The amplitudes
of this residual terms and its distribution represent the drift
phenomenon and the extent of the AE acquisition equip-
ment. From the analysis results, it can be seen that although
the physical properties of the samples are different, the
AE waveforms show similar distribution characteristics of
energy and frequency after EMD.

EMD of the AE waveforms decomposes the original sig-
nal into a series of IMF components that satisfy the condi-
tions. The Hilbert transform was then applied to the IMF
components to obtain the associated characteristic param-
eters, such as the instantaneous frequency and Hilbert spec-
tra of the original signal. The AE waveforms and Hilbert
spectra of different coal and rock HF are shown in Fig. 4.
The background noise amplitude was controlled to within
0.1 mV, indicating good contact between the sensors and
the samples. The AE waveform amplitudes are much larger
than the noise amplitude; therefore, the effect of background
noise on the AE waveforms can be ignored. As shown in
Fig. 4, there was a concentration of energy and frequency
bands in the spectra of all four test samples. The main fre-
quency bands of the coal, sandstone, and shale samples are
100-300 kHz, and the main frequency band of the mudstone
sample HF is 50-150 kHz.

3.3 Three-dimensional energy spectrum
characteristics of HF waveforms

The Hilbert transform is a linear transform, which empha-
sizes the local properties of the waveform. The instanta-
neous frequencies obtained from it avoid the non-existent
high and low frequency components produced by Fourier
transform. The energy of the original signal is distributed
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in a three-dimensional energy spectrum after the Hilbert
transform. It is possible to visualize the distribution of AE
energy on a time—frequency scale. This provides an impor-
tant reference for estimating the scale of damage and amount
of energy released instantaneously. The three-dimensional
energy spectra of the AE waveforms from the different coal
and rock HF samples are shown in Fig. 5. The color bar on
the right indicates the amount of energy, where darker colors
correspond to more energy.

The Hilbert three-dimensional energy spectrum clearly
shows the AE waveform energy pattern varying in frequency
and time domains, where the three-dimensional distribu-
tion of energy is intermittent rather than continuous. This
is because the transient energy is mainly determined by the
frequency and amplitude of the waveform. The AE wave-
form information of coal and rock rupture is related to the
released energy, which is mainly determined by the transient
energy and duration. The three-dimensional energy spec-
trum more clearly shows the dynamic change characteristics
of the MS waveform, reflecting the phase characteristics of
the waveform, and each phase has its own frequency and
energy characteristics. As shown in Fig. 5, at different stages
of AE waveforms, the instantaneous energy varies signif-
icantly and has a distinct peak point. This is because the
instantaneous energy is mainly determined by the frequency
and amplitude. AE waveforms information of coal and rock
rupture is related to the energy released and is mainly deter-
mined by the instantaneous energy and duration. By compar-
ing the three-dimensional energy spectra, the peak energy
points basically correspond to the peak amplitude points
of the original signals. However, the peaks in the three-
dimensional energy spectrum are more concentrated, the
main peaks are more obvious and the main frequencies are
significantly dominant. The instantaneous peak energies of
the AE waveforms occur at the peak point of the waveform.
This is due to the small amount of energy released during
the initial stage of the coal and rock rupture. As the crack
expands and energy builds up, the AE energy reaches a criti-
cal point at the peak of the waveform and is instantaneously
released. By comparing the three-dimensional energy spec-
tra, the peak energy points correspond to the peak amplitude
points of the original time series signals. However, the three-
dimensional energy spectra of the shale samples show large
areas of energy distribution around the main peak, which
indicates that the AE signals generated by the HF of the
shale samples have more interference components, reflecting
the difference in physical and mechanical properties between
shale and other samples.

The decay characteristic of the AE signals is another
important parameter in describing the waveforms, which
reflects the process of convergence and dissipation of the
waveform energy. To study the post-peak energy change
characteristics of the AE signal induced by HF of coal and
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rock, the change process of the peak point down to the noise

level point is defined as the decay process of the signal. The
ratio of the post-peak decay time to the total duration of
the waveform, known as the decay ratio, is used to quantify
the decay process of the AE signals. The decay ratio of the

AE signal can represent the decay characteristic of energy
and thus reflect the effect of water participation on the HF
and uniaxial compression signals. From Figs. 4 and 5, we
can draw the following conclusions: From the time-energy
perspective, the main energy of each IMF component of coal
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Fig.5 Three-dimensional energy spectra of AE waveforms from different coal and rock HF

HF is mainly distributed between 100 and 1000 sampling
points, that is, between 0.03 and 0.33 ms, with an approxi-
mate duration of 0.30 ms. The decay time is 0.23 ms, and the
decay ratio is 0.78. The main energy of each IMF component
of sandstone HF is mainly distributed between 100 and 700
sampling points, that is, between 0.03 and 0.23 ms, with an
approximate duration of 0.2 ms. The decay time is 0.17 ms,
and the decay ratio is 0.83. The main energy of each IMF
component of shale HF is mainly distributed between 1500
and 4500 sampling points, that is, between 0.5 and 1.5 ms,
with an approximate duration of 1 ms. The decay time is
0.67 ms, and the decay ratio is 0.67. The main energy of
each IMF component of mudstone HF is mainly distributed
between 500 and 4000 sampling points, that is, between 0.17
and 1.34 ms, with an approximate duration of 1.17 ms. The
decay time is 1 ms, and the decay ratio is 0.85.
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3.4 AE waveform characteristics of uniaxial
compression waveforms

To study the effect of water on the AE signals of the HF,
the characteristics of the AE signals under uniaxial com-
pression conditions of the same coal and rock were ana-
lyzed. In the analysis of this paper, Al, B1, Cl1, and D1
were selected for analysis. The AE waveforms and Hilbert
spectra of different coal and rock uniaxial compressions
are shown in Fig. 6. As shown in Fig. 6, there was also a
concentration of energy and frequency bands in the spectra
of all four test samples. The main frequency band of the
uniaxial compression of the coal sample was 150-350 kHz,
that of the sandstone sample was 150-300 kHz, that of the
shale sample was 100-300 kHz, and that of the mudstone
sample was 200-350 kHz.
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Fig.6 AE waveforms and Hil- 10
bert spectra of different coal and
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A comparison of distribution of the main frequency bands
of uniaxial compression and HF for different coal and rock
samples is shown in Fig. 7. The main frequency bands cor-
responding to the AE waveforms of the shale sample did
not change, which suggests that water had little effect on the
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shale samples. In contrast, the coal, sandstone, and mudstone
samples showed varying degrees of reduction in the main
frequency bands during the HF.

Three-dimensional energy spectra of the AE wave-
forms from different coal and rock uniaxial compressions
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Fig. 7 Distribution of main frequency bands of different coal and
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are shown in Fig. 8. From Figs. 6 and 8, we can draw the
following conclusions: From the time-energy perspective,
the main energy of each IMF component of coal uniaxial
compression is mainly distributed between 1000 and 3000
sampling points, that is, between 0.33 and 1 ms, with an
approximate duration of 0.67 ms. The decay time is 0.50 ms,
and the decay ratio is 0.75. The main energy of each IMF
component of sandstone uniaxial compression is mainly
distributed between 800 and 2000 sampling points, that is,
between 0.27 and 0.67 ms, with an approximate duration
of 0.4 ms. The decay time is 0.33 ms, and the decay ratio
is 0.83. The main energy of each IMF component of shale
uniaxial compression is mainly distributed between 1500
and 5000 sampling points, that is, between 0.50 and 1.67 ms,
with an approximate duration of 1.17 ms. The decay time
is 0.83 ms, and the decay ratio is 0.71. The main energy of
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Fig. 8 Three-dimensional energy spectra of the AE waveforms from different coal and rock uniaxial compression
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each IMF component of mudstone uniaxial compression is
mainly distributed between 100,000 and 130,000 sampling
points, that is, between 33.33 and 43.33 ms, with an approxi-
mate duration of 10 ms. The decay time is 6.67 ms, and the
decay ratio is 0.67.

A comparison of the AE parameters of rupture of the dif-
ferent coal and rock samples is shown in Fig. 9. Although the
amplitudes of the AE waveforms for uniaxial compression
and HF are similar, the duration of the waveform during
HF is significantly smaller than that of the uniaxial com-
pression waveform; therefore, the energy carried by the HF
waveforms is smaller. The longer the duration of coal and
rock rupture, the higher the instantaneous and total energy.
The decay ratio of the waveforms during HF was greater
than that during uniaxial compression. The most significant
differences in the decay ratios are observed for the mudstone
samples. This indicates that the energy dissipation process of
the AE waveforms was slower under the influence of water.
The post-peak decay process becomes dominant over time,
and the waveform energy exhibits a fast rise and slow fall.
The stress levels and damage to the coal and rock can be
estimated from the characteristics of instantaneous energy.

3.5 AEssignal identification based on MLP

The transient time—frequency parameters of coal and rock
rupture obtained by HHT provided a good indication of the
characteristics of the samples. MLP neural network has high
parallel processing capability and non-linear global action.
It has good fault tolerance and associative memory func-
tion. The greatest function of MLP is that it can achieve
nonlinear classification. Because the hidden layer is a fully
connected layer, it can perform spatial transformation. A
MLP neural network identification model based on the tran-
sient and AE monitoring parameters obtained by the HHT
was proposed in this study. The identification process is

illustrated in Fig. 10. A 4-layer MLP neural network model
was constructed that included one input layer, two hidden
layers, and one output layer. The input layer contained six
neurons. The hidden layers had 64 neurons in each layer, and
the ReLU was used as the activation function. The output
layer had four neurons and used Softmax as the activation
function. The maximum number of iterations of the MLP
neural network was set to 3000. The weights and bias terms
were initialized, and the back propagation (BP) algorithm
was used to learn the weight parameters of the MLP neural
network.

First, the AE monitoring parameters and transient param-
eters obtained by the HHT were extracted during HF and
uniaxial compression process of coal, sandstone, shale, and
mudstone samples. These include the amplitude, rise time,
ringing count, instantaneous energy, centroid frequency, and
instantaneous frequency. Different labels are assigned to dif-
ferent coal and rock rupture types. For HF signals, coal is
“00”, sandstone is “01”, shale is “02” and mudstone is “03”.
For uniaxial compression signals, coal is “10”, sandstone is
“11”, shale is “12”, and mudstone is “13”. Next, the train-
ing and validation sets of AE characteristic parameters for
the rupture of the four coal and rock samples were input, as
shown in Tables 2 and 3. There are 500 sets of training data
for each lithology for a total of 2000 sets. There were 50
sets of validation data for each lithology for a total of 200
sets. Of these, HF and uniaxially compressed data are each
split in half, and the label type for each training data is set
in Table 2.

The MLP model was then trained iteratively, and the error
term was calculated for each output unit. Finally, the BP
algorithm is used to improve the weights and bias terms, as
well as iterate and update the parameters. When the iteration
ends, the minimum loss function values and identification
results are outputted, as shown in Table 4. The lithological
identification accuracy for the coal and sandstone samples
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Fig.9 Comparison of the AE parameters of different coal and rock sample

rupture
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Table 2 Training sets of AE signals during coal and rock HF

Number Type Amplitude (mV) Rise time (ps) Ringing count Instantaneous  Centroid fre- Instantaneous
energy quency (Hz) frequency (Hz)
1 00 125.12 1.2512 19 5.59 203,099 164,062
2 00 37.84 0.3784 12 0.98 269,111 152,343
499 10 44.25 0.4425 10 1.9 236,338 128,906
500 10 71.72 0.7172 19 3.98 191,698 169,921
501 01 32.96 82.00 13 0.99 336,639 46875
502 01 38.45 82.00 15 1.2 319,456 23437
999 11 36.62 61.00 14 0.71 276,500 164,062
1000 11 32.65 20.00 12 0.29 388,296 93750
1001 02 560.3 17.33 14 20.23 256,751 93750
1002 02 142.21 6.67 18 6.03 310,311 93750
1499 12 113.83 0.33 10 74.48 214,778 167,724
1500 12 31891 6.00 16 3.77 266,765 117,187
1501 03 122.07 1.33 12 1.29 392,121 187,500
1502 03 162.35 0.67 13 13.49 286,091 164,062
1999 13 111.69 0.33 18 27.18 120,798 8789
2000 13 118.71 2.00 12 14.93 221,264 14648
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Table 3 Validation sets of AE signals during coal and rock HF
Number Type Amplitude (mV) Rise time (ps) Ringing count Instantaneous  Centroid fre- Instantaneous
energy quency (Hz) frequency (Hz)
37.84 0.38 13 0.98 269,111 152,343
2 36.01 0.36 14 0.42 312,473 140,625
49 39.37 0.39 16 2.71 215,994 11718
50 41.81 0.42 16 7.21 172,148 5859
51 32.96 13.67 13 0.22 381,788 187,500
52 34.48 14.00 13 0.27 405,970 187,500
99 47.61 26.67 15 0.5 247,351 140,625
100 36.32 31.67 14 0.44 326,192 140,625
101 113.53 24.67 13 2.14 433,172 187,500
102 123.6 17.33 12 1.21 296,761 187,500
149 121.77 0.67 12 1.73 349,257 117,187
150 146.48 7.33 15 2.52 174,725 140,625
151 116.58 0.33 12 2.12 204,046 164,062
152 307.31 2.33 13 3.46 126,738 46875
199 137.02 2.67 12 1.74 240,436 46875
200 149.54 0.67 13 1.48 467,971 187,500
Table 4 . Identiﬁcgtion results Number Type Number Lithology Number Lithology Number Lithology
of AE signals during coal and
rock HF 1 00 51 01 101 02 151 02
2 00 52 01 102 03 152 03
3 00 53 01 103 02 153 03
4 00 54 01 104 02 154 03
5 00 55 01 105 03 155 03
6 00 56 01 106 02 156 02
7 00 57 01 107 02 157 03
8 00 58 01 108 02 158 03
43 10 93 11 143 13 193 13
44 10 94 11 144 12 194 13
45 10 95 11 145 12 195 13
46 10 96 11 146 12 196 13
47 10 97 11 147 12 197 13
48 10 98 11 148 12 198 13
49 10 99 11 149 12 199 13
50 10 100 11 150 12 200 13

was 100%, but a small amount of error occurred in the iden-
tification results for the shale and mudstone samples. This
is owing to the influence of the physical properties of the
samples and the electrostatic interference of the AE equip-
ment during the experiment, resulting in an unstable AE
signal, which led to incorrect identification results. During
the experiment, it should be ensured that the laboratory
equipment and instruments are well grounded to reduce the
build-up of static electricity and interference. Ensure that
the experimental process is in a quiet environment to reduce
the influence of noise on the test results. Overall, the MLP

neural network identification model achieved an accuracy of
96% for all four samples. The identification results validated
the high accuracy and effectiveness of the MLP model.

4 Discussion

The overall direction of the experimental results showed that
the differences in lithology lead to significant differences in
AE signal characteristics. These changes in AE characteris-
tics provide the basis for the identification of MS signals of
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coal and rock ruptures. It also improves the ability to receive
and process signals from small-scale, low-energy HF events.
When the ruptured coal seam is thick and extensive, this
method is effective in reducing the search area for locat-
ing the target rock layer. This improves the accuracy of the
evaluation of the HF range and provides an effective guide
for field operations of HF.

The mechanical properties and AE characteristics of coal
and rock change after water immersion, which reflects the
changes in the microstructure of the sample at the macro-
scopic level. It provides a basis for identifying and picking
up effective HF events. The effect of water—rock interaction
on the mechanical properties of rocks ranges from micro-
structural changes to macroscopic deterioration of physical
properties (Wang et al. 2019). When the external or internal
stress of rock reaches a certain level, the movement of crys-
talline interfaces at the microscopic level and the separation
of mineral particles and slip of structural surfaces at the
macroscopic level will occur. The characteristics of the AE
signals during these processes are closely related to the rock
rupture mechanism (Liu et al. 2020). The loss of intergranu-
lar cementing material within the rock under soaking condi-
tions is severe. As a result, the microstructure becomes loose
and the structural integrity decreases. The presence of water
has a significant softening effect on the compressive strength
of coal and rock samples (Guo et al. 2021). Softening of
large granular minerals leads to a decrease in events such as
microcrack compaction, microcrack sprouting, and frictional
slip within the rock during sample damage, resulting in a
reduction in AE energy (Kang et al. 2017). The test results
confirm this hypothesis. The duration of the HF waveform
was much shorter, resulting in less total energy.

Lithology is a comprehensive representation of vari-
ous macro-physical and micro-physical and mechanical
properties of different types of coal and rock. Owing to
the variation in lithology, the dynamic rupture process and
AE waveform characteristics of the coal and rock samples
are different. Coal and rock masses have concentrations of
various minerals, and different coal and rock masses have
experienced different geological actions after their forma-
tion, making them different in composition and structural
characteristics (Liu et al. 2018). Coal and rock samples with
different structures and compositions exhibit different physi-
cal and mechanical properties. Coal is a sedimentary rock,
but the different genetic materials and genetic environments
between coal and other sedimentary rocks lead to large dif-
ferences in properties between coal and rocks (Cheng and
Pan 2020). Sandstone is a sedimentary rock with sand-based
clasts that is generally rich in quartz grains and cemented
between sand grains by authigenic minerals. Shale and mud-
stone are clay rocks that have poor water resistance, low
strength, and tend to soften. As seen in Sect. 2.2, the UCS
of the different coal and rock samples are shale, sandstone,
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mudstone, and coal in descending order, and the elastic mod-
uli are sandstone, shale, mudstone, and coal in descending
order. In general, the greater the structural surfaces of the
rock, the greater the degree of compression damage, and
the weaker the carrying capacity of the rock (Zhang and
Zhao 2014).

The difference in porosity and hydrophilicity between
coal and rock helps to further distinguish the AE signals of
the HF and uniaxial compression. Coal and rock are com-
posed of many mineral grains in the microstructure, and
micropores and microcracks are widely distributed between
mineral crystals. Generally, the porosity of coal is 2%—8%,
that of sandstone is 1.6%—28.0%, that of shale is 0.4-10.0%,
and that of mudstone is 3%—7%. Because water in rocks is
stored in pores, the porosity and pore structure of the rock
determine the magnitude of the water content of the rock
(Li et al. 2016a, b). If the pore space is connected, the water
in it has a significant influence on the AE characteristics of
the rock damage. Otherwise, if the pores are disconnected,
the effect (Zhou et al. 2017) is small. The hydrophilicity
of different coals and rocks varies owing to differences in
their hydrology. Different coals and rocks show very dif-
ferent properties after interaction with water during the HF
test, including water content, water absorption, permeability,
softening, swelling, and other characteristics. This is also
helpful for identifying AE signals from different coal and
rock HF and uniaxial compression.

5 Conclusions

(1) The AE energy and pumping pressure curves have a
consistent variation. A decrease in pump pressure
results in an increase in AE energy. The change in AE
cumulative energy reflects the process of hydraulic
fracture generation and expansion.

(2) After the EMD of AE waveforms for coal and rock
rupture, the IMF1 component has the highest frequency
and shortest fundamental wavelength. The energy of
the AE waveforms was focused on IMF1-IMF3. The
AE waveforms of different coal and rock rupture
showed similar energy and frequency distribution char-
acteristics after EMD.

(3) Concentrations of energy and frequency bands occurred
in Hilbert spectra of different coal and rock HF. The
main frequency bands of the coal, sandstone, and shale
samples are 100-300 kHz, and the main frequency
band of the mudstone sample HF is 50—150 kHz. The
decay ratios of coal, sandstone, shale and mudstone
samples are 0.78, 0.83, 0.67 and 0.85, respectively.

(4) By comparing with uniaxial compression waveform,
the duration of the coal and rock HF waveforms is
smaller, the transient and total energy carried is also
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smaller, and the decay ratio is larger under the effect of
water, with mudstone samples showing the most obvi-
ous performance.

(5) According to the training and identification of the AE
monitoring parameters and transient parameters by the
HHT and MLP neural networks, the accuracy of identi-
fying different coal and rock HF and uniaxial compres-
sion signals was 96%.
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