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Abstract: Acoustic Emission (AE) waveforms contain information on microscopic structural features that can be related
with damage of coal rock masses. In this paper, the Hilbert-Huang transform (HHT) method is used to obtain detailed
structural characteristics of coal rock masses associated with damage, at different loading stages, from the analyses of the
characteristics of AE waveforms. The results show that the HHT method can be used to decompose the target waveform
into multiple intrinsic mode function (IMF) components, with the energy mainly concentrated in the c¢i—cs IMF
components, where the ¢; component has the highest frequency and the largest amount of energy. As the loading continues,
the proportion of energy occupied by the low-frequency IMF component shows an increasing trend. In the initial
compaction stage, the Hilbert marginal spectrum is mainly concentrated in the low frequency range of 0—40 kHz. The
plastic deformation stage is associated to energy accumulation in the frequency range of 0—25 kHz and 200—-350 kHz,
while the instability damage stage is mainly concentrated in the frequency range of 0—25 kHz. At 20 kHz, the instability
damage reaches its maximum value. There is a relatively clear instantaneous energy peak at each stage, albeit being more
distinct at the beginning and at the end of the compaction phase. Since the effective duration of the waveform is short, its
resulting energy is small, and so there is a relatively high value from the instantaneous energy peak. The waveform lasts
a relatively long time after the peak that coincides with failure, which is the period where the waveform reaches its
maximum energy level. The Hilbert three-dimensional energy spectrum is generally zero in the region where the real
energy is zero. In addition, its energy spectrum is intermittent rather than continuous. It is therefore consistent with the
characteristics of the several dynamic ranges mentioned above, and it indicates more clearly the low-frequency energy
concentration in the critical stage of instability failure. This study well reflects the response law of geophysical signals in
the process of coal rock instability and failure, providing a basis for monitoring coal rock dynamic disasters.
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1 Introduction

At present, the methods for acoustic emission
(AE) processing can be divided into two categories.
One is the parameter analysis method, which is
mainly used to characterize the signal by obtaining
the ringing count, energy, amplitude, rise time, and
locating the source of the AE signal [1—8]. The other
is the waveform analysis method. The waveform of
the AE signal contains a large amount of information
about the fracture of the coal rock mass and the
propagation medium of the signal. The waveform
analysis of the AE signal can convey the source
information regarding the fracture of the coal rock
mass comprehensively and intuitively [9-14].
Therefore, in-depth study of the AE waveform
characteristics concerning the process of coal rock
mass post-peak failure is one of the possible ways to
address the issue of the short-term warning
associated with post-peak failure of fractured coal
rock.

Spectrum analysis is the most common and
basic method of waveform analysis [15—19]. The
original waveform acquired with the AE device is a
discrete time-varying non-linear signal, that is, a
time-domain waveform signal. The spectrum
analysis consists of converting these signals from a
time domain representation into a frequency domain
representation [20—22]. Unlike with the waveform
signal analysis in the time and space domains, the
frequency-domain analysis produces results that
have the characteristic of being intrinsic and unique,
thus reflecting the signal’s global spectral
characteristics [23]. Scholars have studied the AE
spectral characteristics of coal rock masses and have
achieved many useful results. HE et al [24]
conducted frequency-spectra analyses of AE signals
from unloading rock burst tests on rectangular
prismatic limestone specimens and found that there
are much higher amplitude and lower frequency AE
hits near the bursting failure.

Fourier transform is a simple frequency-domain
analysis method, which is only able to determine the
overall frequency-domain characteristics of the
entire signal. It is limited by the Heisenberg
uncertainty principle [25—27], where the time and
frequency resolutions cannot be simultaneously
arbitrarily small. In other words, there is a localized
contradiction between the time domain and the

frequency domain. To address this issue, the wavelet
analysis method emerged, which can not only
suppress the random interference of the signal but
also decompose the signal at different scales by
selecting different wavelet bases. Subsequently, the
signals on each frequency band energy level are
studied, and the dominant frequencies in each
frequency band can be effectively found, thereby
extracting as much useful information as possible
[28—32]. For the low frequency component of the
signal, a wide time window can be employed to
reduce the time domain resolution and increase the
frequency resolution. And for the high frequency
part of the signal, a narrow time window can be
employed to render a high time domain resolution
and a low frequency domain resolution. For example,
JEONG et al [33] used the lead-breaking test of
graphite epoxy composite material to simulate the
bending waveform signal and used Gabor wavelet
transform to analyze the time-frequency intensity of
the AE signal, indicating that the maximum intensity
position corresponds to the signal in the
three-dimensional image, thereby locating the
precise position of the AE source. DING et al [34]
used the wavelet packet transform method to study
the acoustic source’s localization. It is pointed out
that, in complex or small structures, the signal can
easily change due to waveform reflection and mode
alteration during propagation which determines the
arrival time of the waveform.

Wavelet transform, an intrinsically window
adjustable Fourier transform, is still limited by the
Heisenberg uncertainty principle, thus requiring that
the signal should be linear. In addition, the finite
length of the wavelet base can cause energy leakage,
and the choice of different wavelet basis functions to
analyze the same signal can result in a large gap
[35-38]. HUANG et al [39] proposed a new
waveform analysis method, the Hilbert-Huang
transform (HHT) method, as a spectral analysis
method suitable for analyzing non-stationary signals
and representing non-linear structures. HHT based
on empirical mode decomposition (EMD) can not
only uniquely decompose the signal, but also have
good localization properties in the time domain and
frequency domain [39—41]. Compared with Fourier
transform, HHT can deal with non-stationary and
transient problems. Compared with wavelet
transform, HHT avoids the issues associated with the
selection of basis functions and can distinguish
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high-frequency signals from low-frequency signals.
This method has many other advantages [42—44]:
1) Using no prior basis, so it is adaptive; 2) The EMD
method is the best way to extract the signal trend and
mean, and can well handle strong intermittent
signals; 3) The instantaneous frequency obtained by
Hilbert transform has clear physical meaning and can
characterize the signal’s local features; 4) The
three-dimensional energy spectrum obtained by
HHT can accurately reflect the non-linear
transformation characteristics of the system through
the intra-wave modulation mechanism. Due to the
above advantages, the HHT method had many
successful application examples in seismic
engineering, blasting vibration analysis, signal
filtering, seismic liquefaction analysis, marine
research, structural energy response analysis, and
shaking table model test of concrete frame structure
[45—54], showing excellent performance of the HHT
method for non-stationary signal analysis.

Although the characteristics of AE resulting
from the uniaxial loading process of coal rock
masses have been studied substantially, the transient
characteristics of AE waveforms for different
loading stages haven’t been studied extensively. In
this paper, we intend to use the HHT method to
analyze the AE waveform characteristics during the
entire loading process, so as to obtain more detailed
structural characteristics of coal rock instability, thus
reflecting the subtle changes of the coal rock
structures more extensively. Additionally, it is
expected to determine the response
geophysical signals regarding the process of coal
rock failure, so as to provide new reference support
for better monitoring and warning of coal rock
dynamic disasters.

law of

2 Experimental

2.1 Experimental device

The experimental procedure has been described
in more detail in other literature [8]. This article
provides a brief description on the parameters that
are closely related to this process.

The coal rock samples were collected at the
Linyi mine area, Shandong Province, China. Coal
rock is brittle, and dynamic disasters such as rock
burst easily occur during the process of excavation.
The samples were processed into dimensions of

50 mmx25 mmx100 mm. At the centre of the
samples there is a 20 mm diameter hole with a radial
crack with a width of 2 mm and a length of 35 mm.
Different samples present different angle of the crack
relatively to the central hole. The flatness error on
both end surfaces was less than 0.02 mm. To
rigorously screen specimens, the following is
performed: 1) Removal of specimens with visible
surface damage and visible cracks; 2) Removal of
specimens whose size and flatness do not meet the
standard requirement. The experimental results in
this paper are obtained from samples with 60°
inclination.

The schematic diagram regarding the
experimental procedure is shown in Figure 1. The
loading system, used in the experiment, was a YAW
type 600 kN electro-hydraulic servo press. The
system has force closed-loop control, constant stress
control and load holding function, which can
perform equal-load loading. In the paper, the coal
rock samples are continuously loaded under uniaxial
compression at a loading speed of 0.1 mm/min.

Figure 1 Schematic diagram of experimental system:
I-Experimental pressure machine; 2—Insulating pad;
3—Acoustic  sensor; 4—Sample;  5—Preamplifier;
6—Electromagnetic shielding network; 7—Acoustic data
acquisition system; 8—Load control system; 9—Load

control system; 10—Camera

The AE waveform signal of the entire process
is collected by a PCI-2 type 24-channel AE device
produced by American Acoustic Physics Company.
It is capable of collecting information about the AE
count, energy, amplitude as well as other information
during the coal rock loading and rupture process,
while simultaneously acquiring the waveform of the
AE signal. The dynamic signal amplitude is 100 dB;
the preamplifier is 40 dB; the threshold is 40 dB; the
signal peak definition time (PDT) is 200 ps; the
impact definition time (HDT) is 800 ps; and the
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impact lockout time (HLT) is 1000 ps. The
monitoring scale of AE in the laboratory is small,
generally several tens of centimeters, and the
frequency is relatively high, mainly concentrated in
the frequency range of 20 kHz—10 MHz. For this
reason, the AE sensor chosen for this experiment is
the Nono 30, and the resonance frequency of this
type of sensor is 300 kHz, with a sampling frequency
of 2 MHz.

2.2 Experimental results

Several experiments were conducted to
evaluate the susceptibility of coal samples to
deformation and failure. Figure 2 shows the typical
AE Energy and stress—strain curve of the coal rock.
According to previous experience and analysis, the
AE stress time curve is divided into the following
stages: OA—Initial compaction, 4B—Compacting
phase, BC—Fracture initiation, CD—Plastic
deformation, DE—Peak stress, EF—Post-peak
failure. The original AE waveforms at different stress

levels are shown in Figure 3.
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Figure 2 AE energy changes with stress and time

Due to geological and mining effects, the
sample presents a few pore fractures prior to the
initial compaction stage (OA4 in Figure 2). During the
initial compaction stage, the larger primary pores
inside the coal rock body are compacted and closed,
which are larger than the primary crack created at the
end of compaction (4B in Figure 4). This process
releases a relatively small AE signal. However, the
AE waveform carries a relatively large amount of
energy compared with the end of the compaction
stage. This occurs because at the end of the
compaction stage, the primary fracture of the
fractured coal rock is almost completely closed. For
that reason, the stress on the specimen has not

reached the cracking stress for a new fracture, and so,
no new crack is generated, and the AE energy is
reduced to a minimum (point B in Figure (2)). The
fracture slip between some small particles inside the
coal rock also produces an AE waveform signal, but
the compressive deformation of the coal rock is
reduced compared to the initial compaction, and so
is the corresponding released energy. After the end of
the compacting phase, the loading ensues, and the
cracking starts. Because the coal rock texture is hard
and presents good compacity, no AE signal appears
before the cracking starts (before point C in
Figure 2). When the stress concentration of the
pre-cracked tip reaches the cracking stress, the
sample cracks creating a new fracture. Compared
with the compaction stage, the scale of the fracture
at the moment of fracture initiation is relatively
large, releasing a large amount of energy. In addition,
the energy carried by the AE waveform is also large
(Figure 3(c)). During the plastic deformation stage,
strain hardening, and strain softening occur in the
fractured coal rock body, but the volume of the
fractured coal rock is wusually reduced before
reaching the expansion point where strain softening
occurs (CD in Figure 2). Hence, the process takes
place is essentially strain hardening, during which
the solid body suffers almost no fracture. As a result,
the crack propagation is small, and the resulting
released AE energy is small (near point D in
Figure 2). Additionally, the waveform composition is
relatively complex (Figure 3(d)). The cracks in the
coal rock at the peak stress stage have been
developed, but due to the existence of the solid body,
the sample has not completely destabilized and
collapsed. At the peak stress, the energy released by
each solid body fracture is larger (near point £ in
Figure 2). As a result, the amplitude of the AE
waveform is as large as 0.058 mV (Figure 3(e)). At
post-peak failure, which is reached after the peak
stress, the stable fracture of the coal rock is
controlled, and the sample undergoes large-scale
rupture, releasing a large amount of energy (EF in
Figure 2), with the amplitude of the AE waveform
increasing to a maximum of 0.2 mV (Figure 3(f)).

3 HHT theory

Hilbert-Huang transform is an adaptive

time-frequency analysis method. The main steps of



J. Cent. South Univ. (2021) 28: 1843—1856

1847
0.015 0.03
(a (b)
0.010 0.02
> = >
E 0.005 T 0.01
< 3
2 0 2 0
E g
< -0.005 < -0.01
-0.010 002
-0.015¢ 1 1 1 1 1 -0.03 1 1 1 1 1
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Sample point Sample point
0.02 0.04
©) (d)
0.01F 0.02 -
> >
E £
[} Q
£ g
5 0 £ 0
a o,
g g
< <
-0.01 - -0.02 -
_002 1 1 1 1 _004 1 1 1 1 1
0 500 1000 1500 2000 0 400 800 1200 1600 2000
Sample point Sample point
0.2
0.06 ¢
0.04 H
0.1r
> >
Z 002 e
(5} Q
: o Y S—
£ -0.02 g
< <
~0.04 o1k U
~0.06 M
-0.08 1 1 1 1 -0.2 1 1 1 1
0 500 1000 1500 2000 0 500 1000 1500 2000

Sample point

Sample point

Figure 3 Characteristics of AE waveforms: (a) At initial compaction; (b) At compacting phase; (c) At fracture initiation;
(d) At plastic deformation; (e) At peak stress; (f) At post-peak failure

row data analysis are as follows [39, 43]: EMD
method is used to decompose the signal, the natural
mode function component of the original signal is
taken, and the natural modes obtained by
decomposition are analyzed, then Hilbert spectra of
the IMFs are obtained by Hilbert transform.

3.1 EMD basic principles
EMD method can decompose non-stationary

and non-linear signals into a set of steady-state and
linear data series, namely IMF. Taking the time series
data s(f) as an example, the EMD algorithm can
obtain the following results:

0= O+ 7,0) (1)
o

where ci(f) is the IMF; r,(¢) is the mean trend
component.
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3.2 Instantaneous frequency and HHT spectrum
Based on the local characteristic time scale of
the signal, HHT adaptively decomposes the signal
into the sum of several IMF components, and
calculates the instantaneous frequency and
instantaneous amplitude of each IMF component.
Hilbert transformation of each intrinsic mode
function ¢i(¢) in Eq. (1) is obtained:
ye(y=~ [0y 2)
nI® f—7
By constructing the analytic signal, the
amplitude function, phase function Ox¢) and
instantaneous frequency are obtained.

_ dg. (1)

a(t) ”

(3)

where 6, (¢) = arctan [)c/:_((tt))] .

Ignoring the residual term r,, we can have
express as:

s()=Re Y. a,(1) exp(kj o, (1)dr) (4)
k=1

where frequency wi(f) and amplitude ax(f) are the
time variables, which can form three-dimensional
spectrum of time, frequency and amplitude. The
signal amplitude distribution in the time-frequency
plane is called Hilbert time-frequency spectrum,
which is represented by H(w, ). This can accurately
describe the variation of signal amplitude with time
and frequency in the whole frequency range.
The marginal spectrum /(w) is defined as:

h(w) = jOTH(a), 1\dt (5)

where 7 is the time sequence length.

By integrating the three-dimensional time
spectrum with time, a two-dimensional spectrum
with only frequency and amplitude is formed.
Marginal spectrum can be used to represent the
cumulative amplitude distribution of each frequency
point in the whole data set, and reflect the change of
signal amplitude in the whole frequency range.

4 HHT characteristics of AE waveforms
In this section, HHT is used to analyze the AE

waveform characteristics of coal rock at different
loading stages. The original data are from Figure 3.

4.1 IMF components characteristics of AE
waveforms

According to the principle of the HHT analysis
method, first of all, the AE waveforms corresponding
to different stages of cracking are empirically
decomposed. This allows the signal to be
decomposed from high frequency to low frequency
by the three-spline interpolation method, thus
obtaining diverse IMF components which vary in
terms of frequency and energy contents. The IMF
component characteristics of AE waveforms at
different loading stages are shown in Figure 4.

As can be seen from Figure 4, according to the
method of the three spline differences, no prior base
is required, the target waveform can be automatically
decomposed into 9-10 IMF components using the
HHT method until interpolation in the last waveform
cannot be continued. In general, the ¢; component
presents the highest frequency content and a
relatively large amount of energy, but not necessarily
the largest magnitude, and regardless of the initial
amplitude of the waveform, the energy is
concentrated in the first four components. Regarding
the initial loading phase of the coal rock, the
waveform amplitude as well as the amplitude of each
one of the components is small (Figures 4(a)—(c)).
However, after the plastic deformation stage, both
the magnitude of the coal rock rupture and the energy
released are larger (Figures 4(d) and (e)). This is
reflected by each of the AE waveform IMF
components amplitude, which presents a gradually
increasing trend up to the instant of instability at
which point the amplitudes of the IMF components
reach their maximum value. This is verified even for
the last component (¢o), whose amplitude reaches a
high value of 0.011 mV (Figure 4(f)). Regarding
frequency, the procedure essentially comprises a
gradual decomposition from high to low frequencies.
The frequency decrement in the larger energy ratio
ci1—c4 IMF components is more noticeable, while the
frequency change of the subsequent components
(cs—c9) is less clear. After the plastic deformation
stage, the proportion of energy in the lower
frequency IMF components presents an increasing
trend.

4.2 Hilbert marginal spectral characteristics of
AE waveforms
The magnitude of the Hilbert margin is not the
size of the amplitude in the physical sense.
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Figure 4 AE waveforms IMF components: (a) At initial compaction; (b) At compacting phase; (¢) At fracture initiation;
(d) At plastic deformation; (e) At peak stress; (f) At post-peak failure

According to the definition of the Hilbert margin, its
magnitude actually represents the scale at which the
waveform has different frequency characteristics,
and the greater the magnitude, the greater the
likelihood of change occurring at that frequency. The
Hilbert marginal spectrum of coal rock AE
waveforms at different loading stages is shown in
Figure 5.

As can be seen from the Hilbert marginal
spectrum shown in Figure 5, the energy released by
coal rock is small during the initial compression
phase, and the AE waveform energy is concentrated
in the low-frequency range of 0-40 kHz
(Figure 5(a)). This is essentially because of the lower
amount of energy released by the coal rock in the
initial loading phase. At the end of the compaction

stage, the frequency range with higher energy
concentration has expanded (0—400 kHz). When
cracking commences, the energy concentration is
distributed around 20 kHz, and the energy ratio
below 20 kHz is positive. In the plastic deformation
phase, with the further propagation of cracks, both
large and small cracks increase in size, and the
energy released also increases. This results in the
frequency band getting wider. The waveform energy
is concentrated in the first 350 kHz, in which the
0—25 kHz and 200—350 kHz ranges have the highest
energy concentration (Figure 5(d)), while the energy
concentration around 150 kHz is reduced. The
Hilbert marginal spectrum at stress peaks is more
dispersed within the 0—200 kHz frequency band
and can be clearly divided into two main bands:
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fracture initiation; (d) At plastic deformation; () At peak stress; (f) At post-peak failure

0—25 kHz and 60—180 kHz (Figure 5(e)). When the
cracked coal rock specimen is destroyed by
instability, the waveform energy is concentrated in
the 0—25 kHz frequency range and reaches its
maximal value at 20 kHz (Figure 5(f)).

From the above analysis, it can be concluded
that, since the marginal Hilbert spectrum is
empirically decomposed, no priori base is required.
Furthermore, the energy is almost 0 in the high

frequency band with a very small energy ratio.

4.3 Hilbert instantaneous energy spectrum
characteristics for AE waveforms
In general, the waveform energy calculated by
traditional methods corresponds to either the
characteristic energy of the whole process, or the
energy characterization regarding frequency.

However, there is less research on energy
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characterization regarding time, especially the
real-time energy of the full waveform represented in
the time domain. By definition, the Hilbert
instantaneous energy provides a means to
characterize the waveform energy in the time domain,
thus allowing to determine the waveform energy at
different instants. This provides an important
reference for estimating the scale of the damage to
the specimen, as well as the energy released at the
rupture instants. Figure 6 shows the AE waveform
Hilbert instantaneous energy during the coal rock
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loading process, and the value is processed as a
non-quantitative scale unit, representing only the
magnitude of the energy value.

Figure 6 shows that the instantaneous energy is,
in general, significantly different at different stages
of the waveform. There are clear instantaneous
energy peaks/lows, namely the instantaneous energy
is low before the waveform’s jump, and the
waveform’s instantaneous energy increases rapidly
peaking in 100 sample points. Since there is a large
release of energy due to the coal rock’s rupture, not
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Figure 6 AE waveforms Hilbert instantaneous energy: (a) At initial compaction; (b) At compacting phase; (c) At fracture
initiation; (d) At plastic deformation; (e) At peak stress; (f) At post-peak failure
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only the respective waveform carries different total
energy, but also the instantaneous energy peak is
different. Even though the energy released is low at
initial compaction, the waveform’s instantaneous
energy can reach a high value (Figure 6(a)), because
the instantaneous energy is mainly determined by the
frequency and amplitude of the waveform, where the
higher the frequency, the smaller the instantaneous
energy amplitude. The waveform information is
related to the energy released by the coal rock
rupture, which is given mainly in the form of
momentary energy and waveform duration.
Although the instantaneous energy peak of the
waveform is high at initial compaction, the energy
carried is generally small due to its short duration
(only 200 sample points duration). It is also mainly
because the coal rock rupture is small at initial
compaction. At the end of the compression phase,
along with the loading, there is a sudden energy
increase, however its attenuation is relatively rapid
(Figure 6(b)), and so its total energy is small. When
the crack propagates, the AE energy released by the
specimen is larger, which is also reflected in the
waveform instantaneous energy. The instantaneous
energy rises slowly from 0.15 at the sample point
400 to 1.3 at the sample point 600. Although having
some variation between both points, the mean energy
value is relatively high, which results in a large
amount of energy in that interval (Figure 6(c).
Regarding the plastic deformation stage, even
though the AE waveform shows a large peak,
because of its rapid attenuation, the peak value
duration is short, resulting in little cumulative energy
(Figure 6(d)). Moreover, Hilbert instantaneous
energy is also like this at the peak stress (Figure 6(e)),
the main reason is that the deformation of coal rock
is not severe, and the energy release is lower at the
moment. When the coal rock is instable, the rupture
is large and the coal rock releases much more energy.
The instantaneous energy rapidly increases from 0.2
at the sample point 500 to 1.3 at the sample point
550, and subsequently reaches 1.8 at the sample
point 800, after which it slowly drops to 0.3 at the
sample point 1600, and then it remains at a relatively
stable low value (Figure 6(f)). The longer the coal
rock rupture lasts, the higher the waveform
instantaneous and total energy are.

The energy pattern changes in the waveforms,
and that change can be perceived from the Hilbert

instantaneous energy. This means that the coal rock
stress level and damage degree can be estimated
from the characteristics of the
instantaneous energy.

waveform

4.4 Hilbert three-dimensional energy spectrum
characteristics of AE waveforms

The energy variation of the AE waveform,
regards both time and frequency, which could be
clearly conveyed by the Hilbert three-dimensional
energy spectrum (Figure 7). The color bar on the
right-hand side represents the energy magnitude,
where a deeper color corresponds to more energy.

As can be seen from Figure 7, the Hilbert
three-dimensional energy spectrum clearly shows
the varying AE waveform energy patterns in the
frequency and time domains, where the
three-dimensional  distribution of energy is
intermittent rather than continuous. During the initial
compression phase, in the time domain and after the
low frequency and starting point, the energy is
concentrated and is relatively low (Figure 7 (a)). At
the end of the compression, the energy is
concentrated in two bands, near 300 and 100 kHz
(Figure 7(b)). The energy at the time of cracking is
mainly concentrated in the low frequency band and
located between the sample points 450 and 900
(Figure 7(c)), which correspond to the sample points
with a larger mid-range value in the waveform. At
this stage, the coal rock deformation and destruction
releases relatively little energy and it is generally
stable. In the plastic deformation phase, the energy is
relatively dispersed, mainly concentrated around the
relatively high frequency value of 300 kHz
(Figure 7(d)), while the low frequency shows less
energy. The energy at the peak intensity point is
concentrated at around 150 kHz (Figure 7(e)), and it
has the trend to the lower frequencies, which could
be considered the premonitory sign of the coal rock
instability. When the coal rock ruptures, the energy
is concentrated at two sample point intervals,
600—800 and 1000-1300. In both cases, the
frequency is essentially fixed in the low frequency
band, around 25 kHz (Figure 7(f)).

From the above analysis, it could also be
concluded that an advantage of the Hilbert
three-dimensional energy spectrum is that the real
energy spectrum is 0, and the energy spectrum is
intermittent rather than continuous, unlike other
methods, due to windowing and subsequent energy
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smoothing, suffering from loss of information
quality and energy leakage.

5 Conclusions

1) AE energy at initial compaction is more than
that at the end of compaction, as the coal rock larger
primary pores were compressed and closed. After
that, during the plastic deformation stage, the
number of small-energy AE events decreases, and

the number of big-energy AE events starts to increase.

AE energy increases to the maximum at the

post-peak failure stage, and then AE energy reduces.
AE energy and AE waveform amplitude are
positively correlated with fracture, but not with
stress.

2) The HHT method decomposes the
waveforms into different IMF components from
higher frequencies to lower frequencies. However,
the energy from different loading stages is mainly
concentrated in the first 4 IMF components (¢1—ca).
Additionally, the frequency variation between the
main components is very clear. The energy in the
low-frequency IMF components, presents an



1854

J. Cent. South Univ. (2021) 28: 1843—1856

increasing trend from the plastic deformation stage
to peak stress and post-peak failure stage.

3) The Hilbert marginal spectrum is obtained by
empirical modal decomposition. While the stress is
small, and the Hilbert marginal spectrum distribution
frequency is wide, which means that the waveforms
could occur in a relatively wide range. With the
increase of stress, the frequency of the maximum
marginal energy spectrum decreases, and is
concentrated in the low-frequency range when the
critical instability of coal rock is reached and the
sample is destroyed.

4) Hilbert instantaneous energy reflects the
amount of energy of the AE waveform at different
moments. Waveform frequency and amplitude are
the most influential factors to the Hilbert
instantaneous energy. They are indicators of the
amount of energy released by coal rock and
subsequently carried by
momentary energy and waveform duration are
factors influencing the Hilbert instantaneous
cumulative energy. The Hilbert instantaneous
cumulative energy increases with the stress and scale
of the coal rock rupture, reaching its maximum value
at the coal rock rupture at post-peak failure.

5) Three-dimensional Hilbert energy spectrum
clearly shows the change of AE waveform energy in
the frequency and time domain. In addition, it is
intermittent rather than continuous. The energy is
relatively dispersed in the plastic deformation stage,
and it is small in the lower frequency band. From the
plastic deformation stage to the instability stage, the
waveform energy is mainly concentrated in the low
frequency range, and it is the most obvious when the
coal rock ruptures at post-peak failure.

the waveform. The
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