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Study on time-frequency
features of induced charge signals
during the damage and failure
process of coal medium
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Monitoring and preventing coal-rock dynamic disasters are vital for safe mining. To investigate the
time—frequency features of induced charge signals with coal damage and failure of roadways, the
generation mechanism of free charge in loaded coal is analyzed and the induced charge monitoring
test is conducted. According to the stress-induced charge-time curves, the time-domain features of
charge signals at each loading stage are obtained. The wavelet threshold denoising approach and
generalized Morse wavelet transform method are applied to denoise the raw signals and study the
frequency-domain features. Further, the quantitative relationship between the de-noised induced
charge signals and the degree of coal damage is established. The results show that the event
number, amplitude and fluctuation degree of available induced charge signals are all at a low level
in the compaction and elastic stages of the coal, which are mainly generated by the piezoelectric
effect and predominantly represent discreteness. When entering the plastic and failure stages, the
available signals are primarily produced by the crack propagation and triboelectric effects, with
asignificant increase in the event number, amplitude, and fluctuation degree. Then the induced
charge signals gradually transit from discrete to continuous. Generally, the dominant frequency of
the available induced charge signals during the coal damage process is concentrated at 0~11 Hz. The
available induced charge is positively correlated with the degree of coal damage, which can perform
the damage degree of coal mass, providing a new approach to evaluate the stability of roadway
surrounding rocks.
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As coal mines have gradually mined deeper, the typical characteristics of “high ground stress” and “strong
mining disturbance” have been highlighted recently. In China, the phenomenon of coal-rock dynamic disasters
in underground roadways occurs frequently. Several rockburst accidents have taken place in Henan, Shandong,
Liaoning, Hebei, and other mining areas according to incomplete statistics"?, resulting in casualties and
equipment damages, which poses a great threat to the safe mining of coal resources. In 2022, the Chinese
National Mine Safety Administration (NMSA) lists “strong monitoring” as the primary technical measurement
for preventing and controlling underground dynamic hazards. Therefore, searching for a physical quantity to
characterize the dynamic damage process of roadway coal-rock and proposing a targeted monitoring method
based on its variation rules are becoming urgent needs to ensure safe production.

The birth and occurrence of coal-rock dynamic hazards are accompanied by the changes in physical
information, such as drilling cuttings, force, sound, electricity, magnetism, wave velocity, etc. The drilling cutting
method®* indirectly reflects the stress state of the coal seam based on the discharge amount of drilling powder
and dynamic phenomenon when drilling, which is simple and practical, but easily affected by manual and has
a limited monitoring range. The borehole stress method>® can continuously monitor the variation of coal-rock
stress at multiple points within the influence range of mining stress, which is intuitive, but the monitoring range
is also limited and ineffective. The electromagnetic methods include electromagnetic radiation monitoring”-®
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and electric potential monitoring!®!"!, both of which are used to evaluate the risk of dynamic disasters through
monitoring of the electrical or magnetic signals generated by the coal-rock rupture of the roadway. These simple
and convenient methods belong to local monitoring but are easily disturbed by the environment. The wave
velocity method'>"? is intuitiveness and has a moderate monitoring range, indirectly reflecting the degree of stress
concentration in the coal-rock medium, but it is hard to achieve continuous monitoring. The acoustic emission
method'*~'7 has a wide scope range and belongs to regional monitoring, which mainly adopts microseismic
monitoring technique. This method utilizes the spatial and temporal distribution law of energy released by
coal rock fracture to search for potential hazards, and it is one of the most effective geophysical monitoring
tools so far. However, the signals monitored by the acoustic emission method are basically high-energy low-
frequency signals, which makes it difficult to capture the relatively high-frequency micro-fracture signals. Since
the complexity of the underground environment, there is electromagnetic interference, high temperature, high
humidity, mechanical vibration, and other unfavorable conditions, resulting in the physical precursor information
of coal-rock interfered. It is difficult to capture all the characteristics of the disaster signals, which leads to low
accuracy of prediction. As a result, new physical parameters or new methods need to be provided urgently for
improving monitoring.

For local monitoring of dynamic disasters in roadways, the induced charge monitoring method is a new
geophysical monitoring method, which has certain advantages that can sense transient variations of coal-
rock surface charge signals in a non-contact way. These variations can describe the damage degree of roadway
surrounding rock and also can evaluate the stability of roadways. It has previously been observed that anomalies
in electrical signals are generated during rock deformation and failure'®*°. It is reflected in the emission of
high-speed free charges and generation of electrical signals*!~>* and has similar properties in the deformation
and fracture process of coal mass?*-*. Nowadays, previous studies on the induced charge signal monitoring test
of coal rock have been conducted and many achievements have been acquired. In terms of test methods, the
coal rock will produce induced charge signals with different fluctuation levels under friction, tension, shear,
and different deformation and failure modes”~?. Additionally, loading conditions*>*! and loading paths®? also
affect the duration and distribution characteristics of induced charge signals. In the aspects of test materials, the
decrease of water content, the increase of coal-rock ratio, and the increase of outburst proneness will lead to the
increment of the signal richness®*~*. Besides, the decrease in the crack angle will make the high-value signal
appear in advance® and the increase in metamorphic grade will cause the surface charge of coal to show a “V”
type change®”. Moreover, the increase in gas pressure will reduce the peak value of induced charge signals®, and
the lithology change in coal rock will significantly affect the response regularity of signals®, etc. In addition
to laboratory research, the induced charge monitoring equipment for complex environments is developed
constantly**~**, and prediction of rockburst risk in stope based on induced charge monitoring technology is
also provided*+*.

Although the induced charge monitoring method has developed in the application of roadway surrounding
rock stability, the relationship between the damage of coal medium and the time-frequency features of induced
charge signals is still unclear to establish, which results in the poor effect of evaluating the degree of coal damage.
Therefore, a study on the evolution laws and main features of induced charge signals in time and frequency
domains is carried out during the damage and failure process of coal. In previous studies, the Fourier transform
is usually used to analyze the frequency domain patterns of induced charge signals, which is generally suitable
for processing stable signals but difficult to explore the time-frequency details of non-stationary signals*. At
the same time, the time-frequency localization ability of wavelet transform has aroused extensive attention from
scholars, and it has achieved some results in the analysis of acoustic emission and microseismic signals in coal-
rock failures*’=°. In particular, the wavelet transform is also highly adaptable to analyze and process the non-
stationary induced charge signals. With the development of wavelet analysis methods in recent years, analytical
wavelets with complex values are proposed, such as Generalized Morse Wavelet (GMW). When using GMW to
perform continuous transformation, it can effectively separate the phase and amplitude inside the signals®°?,
providing support for the accuracy of wavelet analysis.

In summary, based on the generation mechanism of free charge and the principle of induced charge signal
monitoring, a uniaxial compression test of induced charge signals monitoring during the coal damage and failure
is conducted. The method for recognizing continuous and discrete types of induced charge signals is proposed.
Then wavelet threshold denoising method is used to filter and de-noise the signals. Followed by the method
of continuous GMW transform, the evolution pattern and primary features in the time-frequency domain
of induced charge signals during the damage and failure process are clarified. Subsequently, the quantitative
relationship between coal damage and induced charge signals is established to propose the damage factor based
on charge accumulation, which provides a new approach to evaluate the damage degree of coal mine roadways.

Free charge generation mechanism of loaded coals

According to previous research studies, the generation mechanism of free charges mainly includes four aspects,
which are the piezoelectric effect, triboelectric effect, crack propagation effect, crystal defect effect, and crack
tip discharge effect (Fig. 1).

(1) Piezoelectric effect. Some solid materials contain piezoelectric bodies, which can cause positive and negative
centers to be misaligned due to deformation when subjected to mechanical forces, resulting in a crystal
moment that is no longer zero, causing charges to appear on the corresponding surface. Through analysis
of coal ash, it is determined that a-SiO, minerals naturally exist in coal. As a typical piezoelectric body,
a-Si0, can generate charges when the coal is loaded>~°.
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Figure 1. Free charge generation mechanism. (a). Piezoelectric effect. (b). Triboelectric effect. (c). Crack
propagation effect. (d). Crystal defect effect. (e) crack tip discharge effect.

(2) Triboelectric effect. Different strengths of micro-asperities are distributed unevenly on the surface and
interior of coal. Under stress loading, the contact surface rapidly separates, and the micro-asperities on
the contact surface undergo contact and extrusion, causing charge separation and transfer, resulting in
opposite electrical properties on the friction surfaces on both sides®” .

(3) Crack propagation effect. Coal is a heterogeneous material composed of macromolecules, mineral particles,
and cementation. It has distinctive physicochemical properties and consists of some micro-defects such
as cracks and joints, leading to non-uniform deformation under stress imposed, resulting in crack
propagation and convergence. From a microscopic perspective, intergranular and transgranular fractures
can lead to charge separation with the crack developing. The intergranular fracture refers to the gradual
fracture alongside the facet of the particle prompted by nearby stress heterogeneity, which destroys the
intermolecular force and leads to electric potential changes. However, the transgranular fracture refers to
the fracture that not solely proceeds alongside the edge but penetrates the complete particle to smash the
internal structure, resulting in free charges®!-®*.

(4) Crystal defect effect. Polycrystalline materials within coal often exhibit various crystal defects, which can
lead to charge separation upon stress loading. Dislocations, as a kind of linear defects, can cause atomic
rows to slip relative to each other and generate cation vacancies, resulting in charge separation. Grain
boundaries can also considered a type of planar defect, where stress concentration is first experienced at
the grain boundary, causing chemical bonds to destroy and resulting in charge separation®>.

(5) crack tip discharge effect. In the unloaded state, the coal system remains in thermal equilibrium, with
free electrons undergoing random motion without any directional movement. However, as stress levels
rise, the coal experiences loading and deformation. The presence of the tip effect leads to the continuous
extension of numerous free charges towards the crack tip, necessitating supplementation from distant free
charges. Consequently, the amplitude of the induced charge signal undergoes a substantial increase. Upon
the convergence and propagation of internal cracks, resulting in macroscopic damage to the coal, the free
charges accumulated at the crack tip due to diffusion are forcefully ejected®.
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The mechanism of free charge generation shows that internal micro-defects continue to enhance and
accumulate when the coal is loaded by exterior pressure, and the degree of damage will increase continuously
as the loading progresses. The damage process is frequently accompanied by free charge and collapse of charged
coal particles*!. During the damage and failure process of the coal, the charge sensor can dynamically sense the
free charge then output the induced charge signal through the built-in signal processing device and be received
by the signal acquisition instrument. The monitoring process of induced charge signals is shown in Fig. 2.

Monitoring test of induced charge signals during the damage and failure process

of loaded coal

To study the time-frequency features of induced charge, the induced charge signal monitoring test in the
condition of uniaxial compression is conducted on coal samples. The coal samples are retrieved from a coal
mine in Fuxin City, Liaoning Province (Fig. 3). To ensure the validity of the statistical data and minimize test
errors, coal samples were chosen from the same coal block, possessing a smooth surface and no visible cracks.
Additionally, the bedding direction was oriented perpendicular to the loading direction. The massive samples
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Figure 2. Monitoring process of induced charge signals.
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Figure 3. Sampling location of coal samples.

Density/(kgm=) | Compressive strength/MPa | Elastic modulus/GPa
1176.28 6.36 0.66

Table 1. Physical parameters of coal specimen.
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are prepared into cuboid samples with the standard size of 50 mm x 50 mm x 100 mm (length x width x height),
and its physical parameters are shown in Table 1.

The test is composed of the stress loading system, the data acquisition system, and the system of shielding
external signals, as shown in Fig. 4. The stress loading system is a YAW-2000 hydraulic press machine with
a maximum axial compression load of 2000 kN. During the test, the displacement loading mode is adopted
with a displacement loading velocity of 0.005 mm/s. The data acquisition system mainly includes the stress
sensor, the non-contact induced charge sensors, the dynamic signal acquisition instrument, and the data display
terminal. The maximum range and minimum resolution of the induced charge sensors are +16.5 pC and 0.01 pC,
respectively. Moreover, the stress sensor can achieve a maximum stress of 200 kN, meeting the requirements of
this test. Through the dynamic signal acquisition instrument, the induced charge sensors and stress sensors are
connected to the signal analysis system to monitor and store the charge and stress. The induced charge sensors
are arranged 25 mm away from both sides of the specimen and the sampling frequency is set to 1 kHz. The
system of shielding external signals utilizes copper mesh to shield the DC regulated power supply and signal
acquisition instrument to minimize external noise interference. After conducting the pre-tests, it was found that
the electromagnetic shielding effect reached a maximum of 50 dB, which achieved the conditions of this test.
The laboratory temperature is 26 °C.

Results
Time domain features of induced charge signal during the damage and failure process of coal
medium
Essentially, the damage and failure process of coal is the evolution of a large number of micro-defects within
the coal under stress loading, and the stress-strain curve can well describe this process. Figure 5a is the typical
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Figure 4. The monitoring test of induced charge in coal uniaxial compression process.
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Figure 5. Typical stress—strain curve of the coal and its crack evolution process.
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stress—strain curve during the uniaxial compression process of the coal. According to the variation of the curve,
the compression process is divided into four stages with different characteristics. I ~IV are the compaction stage
(OA section), elastic stage (AB section), plastic stage (BC section), and failure stage (CD section), respectively.
The o, 0,, and o, in the Fig. 5a represent peak strength, yield strength, and residual strength of the coal. The
evolution of crack development at each stage is shown in Fig. 5b, and the time and frequency domain features
of induced charge signal can be different by coal damage and failure evolving.

The representative stress—strain curve and time series curve of the induced charge signal are selected
(Fig. 6). Although the copper mesh can shield interference signals and enhance the identification of induced
charges throughout the whole test, some non-charge noise signals are still unavoidably collected. To reveal the
time-frequency evolution law of induced charge signal and to clarify the characteristic variations during the coal
instability process, the available induced charge signals should be identified in the time domain.

By monitoring the unloaded signal in the shielding environment of the ground laboratory, it is observed
that the signal fluctuation range is almost concentrated between — 0.02 and 0.02 pC, indicating the signal in this
amplitude range could be considered noise interference (Fig. 7). Therefore, the amplitude threshold can be set at
0.02 pC, meaning the raw induced charge signals with an amplitude above 0.02 pC are available charge signals.

In addition, a time series dispersion measurement method based on interquartile range (IQR) is used to
identify the type of induced charge signals: dividing the induced charge signals according to the unit time (1 s)
and acquiring the time series of available charge events; sorting and segmenting the sequence into four equal parts
by the ascending order of events. The values at three segment points are the quartiles and marked as Q,, Q,, Qs
from the order of small to large, accordingly IQR is the range that obtain the 25% ~ 75% of the data as Eq. (1)%.

IQR=Q; — Q (1)

The IQR can identify the dispersion points in the sequence of available charge event numbers, thereby
calculating the number of available charge events of each specimen during the whole loading process, as shown
in Fig. 8a. Every single point in the boxplot is the number of available charge events per second.

Therefore, the upper and lower limits of the available charge event sequence can be expressed by Eq. (2),
within the limits is the main distribution range of the data, and the data outside the limits can be considered as
outliers with different properties from the majority®®.

Limax = Q3 + 1.5IQR

(2)
Linin = Q1 — 1.5IQR
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Figure 6. Stress-induced charge-time curve of the coal specimen under uniaxial compression.
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Figure 8. Time-domain definition of available charge.

where L,,, indicates the upper limit and L., represents the lower limit.
The average upper limit L, of the available charge event number can be calculated as Eq. (3) according to the
upper limit of the event number distribution of N specimens.

N
1
LOZNELmax(N:LZ:&-H) (3)

Calculated by the above equation to get the value of L is 70, and the type of induced charge signal can be
classified accordingly. That is the signals whose available charge events are equal to or less than 70 times per
second are discrete, and the signals whose events are greater than 70 times per second are continuous instead.
Discrete and continuous signals are shown in Fig. 8b.

By analyzing the stress-induced charge-time curve, counting the event number of available induced charge
signal and their amplitude changes during the damage and failure process of the coal specimens (Fig. 9), it can
be found the following time-domain features of the available induced charge signals at each loading stage:

(1)  Within the compaction stage at the early loading stage, the initial micro-cracks are gradually compressed
and closed. At this time, merely a small amount of available charge signals can be monitored, with the
highest induced charge amplitude averaging 0.04 pC and the average number of available charge event
ratios accounting for 3.3%. The amplitude and events of available charge signals are at a low level, mainly
presenting as discrete induced charge signals.

(2) During the elastic stage, the stress—strain curve of the coal approximately exhibits the linear relationship.
The average amplitude of the highest induced charge signal is 0.18 pC, and the average proportion of
available induced charge events is 3.9%. The amplitude and event number remain at a low level, but they
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Figure 9. Time-domain parameters statistics of induced charge signal during damage and failure process of
coal specimens. (The contents in brackets are the average values at each loading stage).

have increased slightly compared with the former stage. Stress drop may also occasionally be generated,
indicating the cracks inside the coal occur, accompanied by high amplitude signals. The induced charge
signals are still predominantly discrete.

(3) Entering the plastic stage, the damage and failure degree of the coal increases with the growth of stress.
Meanwhile, the primary and newly-formed cracks consistently expand and converge to the sliding surface
until reaching the peak strength of the coal. Compared with compaction and elastic stages, the frequency
and magnitude of stress drop increases significantly, and the volatility and amplitude of the available charge
signals rise sharply. The average highest amplitude and event proportion of available signals are 0.48 pC
and 9.0%, respectively. The signal type gradually transitions from discrete to continuous.

(4) Inthe failure stage, the cracks penetrate to form the macroscopic fracture surface and the main destruction
happens rapidly. This stage has the maximum frequency and magnitude of stress drop within the entire
coal damage process, meaning the damage and failure degree are the most severe. The available induced
charge signals can be monitored abundantly, which have the maximum amplitude and event numbers of
induced charge signals during this time. The average maximum amplitude is 4.3 pC, and the average event
proportion is 9.9%. Correspondingly, the signals are mainly continuous.

In summary, the process of coal damage and failure can be regarded as the evolution of crack development,
emergence and propagation, accompanied by triboelectric and other electrification effects, which will generate
free charge of the coal. Increased levels of damage normally produce higher amounts of charges, resulting in the
high amplitude induced charge signals that can be monitored.

Frequency domain features of induced charge signal during the damage and failure process
of coal medium

De-noising process of induced charge signal based on wavelet thresholding method

Wavelet transform uses mother wavelet functions to decompose signals across time and frequency. If the function
w(t) is a square-integrable function y(¢) € L*(R). Furthermore, this function must satisfy the admissibility
condition (C,) and can be used as a mother wavelet function, as presented in Eq. (4)%.

¥ (@)
Cy = / T dw < o0 (4)
R

where y(w) is the Fourier transform of the mother wavelet y(t).
Then the process of wavelet transform is shown in Eq. (5)°%.

Wf (u,5) = {f (1), Yus (1))
1 —(t—u
=— f(tw( ) d ®)
\/ER/ N

where u and s are used to represent the translation and scale, respectively. The translation parameter allows
controlling the time domain localization, while the scale parameter controls the frequency localization. ¥
is the conjugate of function y. The commonly used wavelet transform methods include continuous wavelet
transform (CWT), discrete wavelet transform (DWT), etc., which essentially selects different translation and
scale parameters continuously or discretely to obtain higher time-frequency resolution.
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The wavelet threshold denoising is used to remove the noise for analyzing the frequency-domain features of
the induced charge signals, and the de-noising process is as follows (Fig. 10):

Step 1: Decompose the raw signal. Choose a suitable mother wavelet function to perform N-layer DWT for
the original induced charge signal s(¢), which acquires the low-frequency coefficients (cA) and high-frequency
coefficients (cD) of each layer. The mother wavelet functions are commonly used in the wavelet thresholding
method, including Daubechies wavelet, Coiflet wavelet, Symlet wavelet, and Biorthogonal wavelet, etc. Generally,
the orthogonality, compactness, symmetry, and regularity of the wavelet properties are required when selecting
the mother wavelets. In this paper, the bior5.5 wavelet is selected which is symmetric, compactly supported,
and biorthogonal. For the wavelet decomposition layers, the larger the number of decomposition layers, the
more obvious the different characteristics of the signal and noise, resulting the signal distortion. Normally, the
number of decomposition layers is selected as 3 to 5 in practical applications®”°, and a 5-layer decomposition
is applied in this study.

Step 2: Thresholding the wavelet coefficients for each decomposed layer. Common thresholds include
Rigrsure threshold, Heursure threshold, Sqtwolog threshold, Minimaxi threshold, Universal threshold, etc.
Once choosing the appropriate threshold, set the threshold for the wavelet coefficients in each layer. The high
wavelet coeflicients are set to zero but the low coefficients can be preserved after processing. There are two
commonly used thresholding methods: hard thresholding and soft thresholding, which both have advantages
and disadvantages. Hard thresholding method can preserve the peak characteristics of the signal but introduces
discontinuities, while soft thresholding method can smooth the signal but may introduce distortion”". To evaluate
the preferable selection of threshold and its thresholding method, the Signal to Noise Ratio (SNR) of de-noised
induced charge signals has been calculated in Eq. (6).

Py
SNR = 10log, o (6)
n

where P is the average power of the raw signal; P, is the average power of the noise, which is calculated by
subtracting the de-noised signal from the raw signal.

Step 3: Wavelet reconstruction. The de-noised signal f(t) is obtained by using the high-frequency and low-
frequency coefficients of each decomposition layer.

The average SNR of induced charge signals is calculated after amplitude normalization and applying multiple
thresholding methods (Fig. 11). Selecting the Universal threshold and using the soft thresholding method can
acquire the better de-noising effect of induced charge signals, which can reach the highest SNR of 43.6 dB. The
Universal threshold § is proportional to the estimated standard deviation ¢ of the signal noise, and o can be
estimated from the set of wavelet coefficients at the highest scale level, as depicted in Eq. (7).

8= a\/2 log (length (signal)) (7)

The raw and de-noised induced charge signals are shown in Fig. 12.

Frequency domain features of induced charge signal based on continuous GMW transform

With further study of wavelets, other relevant papers have proposed analytical wavelets including GMW and
complex Morlet wavelet®*. Analytical wavelets have no negative components in frequency support interval,
avoiding the artifacts and interferences that may exist in the CW'T, which reflects the analyticity’>. Since GMW
has better low-frequency resolution compared with the complex Morlet wavelet, it is more suitable for studying
the induced charge signals. Therefore, the continuous GMW transform is used to analyze the frequency-domain
features of signals in this study.

The GMW is expressed by Eq. (8) in frequency domain®'.
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Figure 10. Wavelet de-noising process.
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where v ,(t) is time-domain function of GMW,  and y are the parameter that control wavelet attenuation in the
time and frequency domain, respectively, which must be greater than zero to make the GMW valid. Moreover,
e is the Euler number, and the H(w) is the Heaviside step function.

The Heaviside step function H(w) is defined as Eq. °.

0, w<0
Hw)=<1/2, =0 9)
1, w>0

According to the Eq. (8), GMWs are mainly controlled by parameters 3 and y. Multiple analytic wavelets
with different characteristics can be obtained by adjusting these two essential parameters. In this work, due to
the widespread use of parameters $ and y as 20 and 3 in fluid dynamics, vibration analysis and system analysis,
we choose this typical parameter here”>. Thus, the obtained GMWs are both Gaussian and symmetric, with good
time-frequency resolution ability.

Figure 13 is the time-frequency spectrogram of the de-noised induced charge signal, which shows the
corresponding time-stress curve of the coal in four stages simultaneously. The region within the white dashed line
in the figure indicates the undistorted part of the signal, which can be considered the most accurate representation
of the time-frequency information. The yellow arrow represents the highest frequency of the induced charge
signal, and the white circle shows where the dominant frequency of the signal is. And the magnitude of the
induced charge signal refers to the sum of its absolute amplitude. Therefore, the frequency-domain features of
the induced charge signal are as follows:

(1) Within the compaction stage, the frequency band of available induced charge signals is mainly concentrated
in 1~ 11 Hz, with signal magnitudes of 0.001 ~ 0.003 pC, which produces a small amount of charge. The
available charge signals within this stage are mainly generated by the piezoelectric effect, suggesting that
piezoelectric is not responsible for the generation of the high-valued induced charge signals.
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(2) During the elastic stage, the frequency-domain features are essentially similar to those of the compaction
stage, but the signal distribution is denser. Due to the relatively high amplitude induced charge signals
shown at the beginning and end of this stage, low amplitude signals generated by the piezoelectric effect
can be clearly observed after chromatographic processing in the #2 specimen.

(3) Entering the plastic stage, the dominant frequency of available induced charge signals is 0-11 Hz, but
high-frequency signals can also occur, with a maximum frequency of 62.5 Hz. The amplitude of signals
is 0.01 ~0.5 pC. However, a higher amplitude signal of 1.15 pC is observed in specimen #4 because of the
coal variability. These low-frequency induced charge signals have a longer duration and higher amplitude,
while high-frequency signals have a shorter duration and lower amplitude.

(4) In the failure stage, the dominant frequency of available charge signals is 0-9 Hz, and the duration of
low-frequency signals is longer than that of the plastic stage. In addition to the dominant frequency, the
frequency limit of available charge signals is higher, which is up to 135 Hz. The amount of induced charge
corresponding to the dominant frequency of the signal increases significantly compared to the plastic stage,
with the amplitude range extending to 0.5-3.16 pC.

Thus, in this uniaxial compression test, the frequency band of the available induced charge signal is 0~ 135 Hz,
but the dominant frequency is only within 0~ 11 Hz.

Quantitative relationship between damaged coal and induced charge signal
Combining the time-frequency domain features of induced charge signals, the wavelet de-noised signals are used
to establish the quantitative relationship between charge accumulation and the degree of coal damage according
to the statistics of coal damage.

The damage factor D is defined as the proportion of the failure micro-elements to the total micro-elements,
which can be expressed by Eq. (10)74.

Ag
D= (10)

where A, refers to the damaged area of material and A represents the initial area of material.

If the charge accumulation of the entire section A of the coal mass is Q,,,, the incidence rate of charge on per
unit area i, can be expressed by Eq. (11).

. _ Qm
= — 11
= (11)
When the damaged area reaches A, the charge accumulation Q, can be calculated by Eq. (12).
. Ag
Qd = lqu =Qn— (12)
A
Substituting Eq. (12) into Eq. (10), we can get Eq. (13).
Qa4
D=— 13
Qo (13)

Therefore, the charge accumulation can characterize the damage factor according to Eq. (13), which reflects
the degree of coal damage.

Since the press machine will stop working when reaching the pre-set damage conditions, it will result in
incomplete destruction of the coal specimens, which makes it impossible for the damage factor to reach 1. As a
result, the damage factor can be amended as Eq. (14)°.

D _a "
D, @,
where D, is the critical value of damage and Q,,, is the charge accumulation when damage factor reaches the

corresponding value.
The critical value of damage in Eq. (14) can be normalized with stress linearization’®, which is obtained by
Eq. (15).

D,=1-2
u = o (15)
where 0, and o, are the peak strength and residual strength of coal specimen, respectively.
The modified damage factor D, can be expressed as Eq. (16) by substituting Eq. (15) into Eq. (14).

D, = (1 - ﬁ) Q (16)

Oc Q;n

According to Eq. (16), the curves of stress—strain and charge accumulation-strain of coal specimens
under uniaxial compression conditions are as shown in Fig. 14. At the beginning of stress loading, the charge
accumulation curve shows a low-amplitude linear increasing trend, and the damage degree of coal mass develops
at a constant speed. During the plastic stage, the charge accumulation curve jumps in a stepwise manner,
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Figure 14. Stress-damage factor-strain curves of coal specimens under uniaxial compression.

especially when the stress of the coal specimen is near the peak value. The rapid charge increase indicates that
the damage degree of coal mass accelerates. Within the failure stage, the level of charge accumulation jumps the
most, showing the highest degree of coal mass damage. As the coal specimen gradually approaches the residual
strength point, the increased rate of charge accumulation slows down until it reaches the top, indicating that the
main damage has happened.

Thus, the variation process of charge accumulation can well describe the damage and failure process of coal
mass. Capturing the critical time-frequency features of induced charge signals accurately will help to evaluate
the degree of the roadway surrounding rock damage.

Discussion

The induced charge signal monitoring technique is an emerging geophysical method for monitoring the stability
of roadway surrounding rock, however, it is easy to be disturbed by external interference during underground
monitoring. The time-frequency features of the available charge signals are unclear in the crack emergence-
expansion process of the coal mass in roadways. Thus, the effects of evaluating the roadway stability are not
ideal when facing massive charge signal data. To accurately identify the degree of roadway damage, the study
on time-frequency features of induced charge signals during the coal damage process is a vital problem to the
success of underground applications.

Time-domain features of induced charge signals in coal damage and failure process
The findings of the relationship between the stress and induced charge time series show the features that the
damage degree of coal increases continuously with the increase of stress. In the meanwhile, the amplitude, event
number, and fluctuation level of the signal increase, and strengthen the continuity, which indicates that the coal
damage and failure are directly responsible for influencing the generation of induced charges. Prior studies
have noted that the amplitude and density of the high-valued induced charge signals increase constantly with
the increasing loads®***, which proves the consistency between the intensity of induced charge signal and the
degree of coal damage.

However, other studies have not yet conducted in-depth research on the time domain of induced charge
signals from the perspective of coal damage. We found that different damage levels corresponding to different
loading stages divided by time, different signal time-domain features are also obtained. And the internal
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micro-cracks development is weak during the compaction and elastic stages, with minor cumulative damage
and less generated charge, resulting in unclear to identify the charge induction phenomenon. Within the plastic
stage, the fluctuation, amplitude, and event numbers of available induced charge signals increase significantly,
meanwhile the high-valued signals begin to appear, with the gradual transition from discrete to continuous. The
most abundant signals that show continuity occur in the failure stage, with the most event numbers, the largest
amplitude, and the highest degree of fluctuating. Furthermore, a few high-amplitude signals cannot recognize
the degree of coal rock damage sufficiently, while a series or a large number of available charge signals occurring
consecutively can better indicate that the coal medium is in a high damage and failure state.

Frequency-domain features of induced charge signals in coal damage and failure process

In previous studies, the Fourier transform method is often used to study the frequency-domain features of
the induced charge signal®>’%””. Fourier transform needs to determine the frequency range of the signal in
advance, then select a band-pass or low-pass filter to reduce the noise of the original signal. However, the
wavelet thresholding denoising method is applied in this paper, which can de-noise the original signal and is
not required to grasp the accurate frequency range of the noise. The denoising accuracy of the signal is mainly
dependent on the selection of the mother wavelet function’®”. By analyzing the signal data, the bior5.5 wavelet
is chosen for signal denoising. The SNR calculation method is utilized to select the best thresholding method
that is suitable for this test®. Moreover, using the continuous GMW transform method to analyze the frequency
domain of de-noised charge signals can not only realize the corresponding analysis of the time domain and
frequency domain at each loading stage but also show the time—frequency detail characteristics of the induced
charge signals. It has certain advantages compared with the Fourier transform.

Through the innovative visualization of available charge signals, we find that as the degree of coal damage and
failure increases, the dominant frequency center of the signal shifts towards a lower frequency direction, but the
upper-frequency limit of the signal which excludes the dominant frequency is increasing continuously. In this
test, the signal frequency has reached 135 Hz, and the signal duration of the dominant low-frequency is longer
but the signal duration of the high-frequency is very short, which is not found in previous studies. Our findings
also show that the dominant frequency of induced charge signals is extremely low, only centered at 0~ 11 Hz.

Characterization of coal damage based on induced charge

Based on the key time—frequency domain features of induced charge signals, we can find that the damage of coal
mass will significantly affect the signal generation. The high-value induced charge signals will be monitored due
to increasing stress. During this process, the cracks begin to emerge, expand, and penetrate in the plastic stage,
which will cause the crack propagation effect and triboelectric effect, accompanied by the collapse phenomenon
of charged coal particles. Previous studies have shown that the charge induction laws are very closely related to
the deformation damage of coal rock®”*1-83, which proves our study.

Furthermore, the charge accumulation is used to characterize the damage degree of coal based on the damage
mechanics theory. By realizing the correspondence with the curves of stress—strain and charge accumulation of
the whole damage process, it verifies the correlation between coal damage and charge accumulation. According to
the study results, we can find that the coal damage develops at a constant rate during the compaction and elastic
stages, which shows a slow increase in the accumulated charge amount with a low range. Entering the plastic
stage, each occurrence of damage and failure event is accompanied by a rapid jump in charge accumulation.
Within the failure stage, the maximum jump in the charge accumulation occurs until the jump rate slows down,
indicating that the main damage to the coal body has already occurred.

In recent years, some studies have proposed relating analytical relationships in the time-domain statistics
of induced charge signals. Statistical indicators have clarified the correlation between induced charge and
stress changes, such as post-peak charge variation rate, charge coefficient of variation®, and charge intensity*',
consistent with our studies. Nevertheless, these charge indicators have not systematically established the
quantitative relationship between the charge accumulation and the degree of coal damage from the perspective
of damage mechanics, lacking corresponding theoretical explanations. However, in this study, the degree of coal
damage is directly reflected by charge accumulation, and a complete damage characterization relationship is
established to describe the damage evolution of coal mass, which can be well applied to the stability of roadway
surrounding rock. In the future, additional research is needed to determine the coal damage and failure based
on induced charge. With the help of the inversion of abrupt induced charge signals, the critical value of induced
charge inversion is proposed, which provides a new idea for accurately identifying the precursory characteristics
of coal damage and failure.

Conclusions

This study set out to gain a better understanding of time—frequency features of induced charge signals during
the damage and failure process of coal mass. Based on the free charge generation mechanism of loading coal
rock and the principle of induced charge monitoring, the induced charge signal monitoring test under uniaxial
compression is carried out. The critical value of available induced charge for raw signals in the experimental
environment is determined, while the method for discriminating continuous or discrete induced charge signals
is proposed. Combined with the wavelet analysis methods, the induced charge signals are filtered and de-noised,
which contributes to investigating the time-frequency domain evolution law of the induced charge signals at
each stage during the coal damage and failure. Furthermore, the quantitative relationship between coal damage
and induced charge signals is established with the theory of damage mechanics. The main findings are as follows:
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(1)

2)

(©)

With the increase of coal damage degree, the event number, amplitude, and volatility of the induced charge
signals of the coal also increase. The above three parameters of signals are all at a low level during the
compaction and elastic stage, with the signal type of discrete mainly. Within the plastic stage, the event
number, amplitude, and volatility of signals rise significantly, which is accompanied by the transition of
signal from discrete to continuous. Eventually, the three parameters are all at the highest level in the failure
stage, and the signals are mainly continuous.

The frequency band of the available induced charge signal after denoising during the coal damage is
0~ 135 Hz, but the dominant frequency is only located within 0 ~ 11 Hz, which means the available induced
charge signal is basically a low-frequency signal. With the increase of damage level, the upper limit of
dominant low-frequency decreases but the upper limit of high-frequency increases contrarily. The duration
of the dominant low-frequency signal is accordingly longer, however, the duration of the relative high-
frequency signal is shorter.

In the compaction and elastic stages, the available charge signals are mainly produced by the piezoelectric
effect, while those in the plastic and failure stages primarily originate from the crack propagation and
triboelectric by the slip and friction at the crack surface. Charge accumulation can directly reflect the degree
of coal damage, and its variation process can well describe the evolution of coal damage and failure. The
findings of this study imply evaluating the stability of roadway surrounding rocks.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Received: 3 January 2024; Accepted: 10 April 2024
Published online: 22 April 2024

References

1.

Pan, Y. S., Song, Y. M. & Liu, J. Pattern, change and new situation of coal mine rockburst prevention and control in China. Chin.
J. Rock Mech. Eng. 42, 2081-2095. https://doi.org/10.13722/j.cnki.jrme.2022.1048 (2023).

2. He, M. C. & Wang, Q. Rock dynamics in deep mining. Int. J. Min. Sci. Technol. https://doi.org/10.1016/j.ijmst.2023.07.006 (2023).

3. Mu, Z. L. et al. Study of prevention methods of rock burst disaster caused by hard rock roof. J. China Univ. Min. Technol. https://
doi.org/10.3321/j.issn:1000-1964.2006.06.008 (2006).

4. Mao, X. J. & Chen, Y. M. Rockburst monitoring principle and index determination principle of soft and hard coal seam. Coal Sci.
Technol. 43, 80-82 (2015).

5. Qu, X. C, Jiang, E X., Yu, Z. X. & Ju, H. Y. Rockburst monitoring and precaution technology based on equivalent driliing research
and its applications. Chin. J. Rock Mech. Eng. 30, 2346-2351 (2011).

6. Dou, L. M, Li, Z. L. & Zhang, M. Study on monitoring and early warning technology of mine pressure bump disaster. Coal Sci.
Technol. 44, 41-46. https://doi.org/10.13199/j.cnki.cst.2016.07.007 (2016).

7. He, X. Q. et al. Electrom agnetic emission forecasting technoogy of coal or rock dynamic disasters in mine. J. China Coal Soc.
https://doi.org/10.3321/j.issn:0253-9993.2007.01.012 (2007).

8. Qiu, L. M. et al. Early-warning of rock burst in coal mine by low-frequency electromagnetic radiation. Eng. Geol. 279, 105755.
https://doi.org/10.1016/j.enggeo.2020.105755 (2020).

9. Song, D. Z,, Liu, X. F, He, X. Q, Nie, B. S. & Wang, W. X. Investigation on the surface electrical characteristics of coal and
influencing factors. Fuel 287, 119551. https://doi.org/10.1016/j.fuel.2020.119551 (2021).

10. Niu, Y. et al. Identification of coal and gas outburst-hazardous zones by electric potential inversion during mining process in deep
coal seam. Rock Mech. Rock Eng. 55, 3439-3450. https://doi.org/10.1007/s00603-022-02804-z (2022).

11. Li, Z. H., Wang, E. Y,, Liu, Z. T,, Song, X. Y. & Li, Y. N. Study on characteristics and rules of surface potential during coal fracture.
J. China Univ. Min. Technol. 38, 187-192. https://doi.org/10.3321/j.issn:1000-1964.2009.02.008 (2009).

12. Wang, S. W,, Mao, D. B, Du, T. T., Chen, F. B. & Feng, M. H. Rockburst hazard evaluation model based on seismic CT technology.
J. China Coal Soc. 37, 1-6. https://doi.org/10.13225/j.cnki.jccs.2012.51.014 (2012).

13. Li, Y. Y, Cui, H. Q, Zhang, P, Wang, D. K. & Wei, J. P. Three-dimensional visualization and quantitative characterization of coal
fracture dynamic evolution under uniaxial and triaxial compression based on uCT scanning. Fuel 262, 116568. https://doi.org/
10.1016/j.fuel.2019.116568 (2020).

14. Li, N., Wang, E. Y. & Ge, M. C. Microseismic monitoring technique and its applications at coal mines: Present status and future
prospects. J. China Coal Soc. 42, 83-96. https://doi.org/10.13225/j.cnki.jccs.2016.0852 (2017).

15. He, S. Q. et al. Precursor of spatio-temporal evolution law of MS and AE activities for rock burst warning in steeply inclined and
extremely thick coal seams under caving mining conditions. Rock Mech. Rock Eng. 52, 2415-2435. https://doi.org/10.1007/s00603-
018-1690-z (2019).

16. Tian, X. E. et al. Study on microseismic precursors and early warning methods of rockbursts in a working face. Chin. J. Rock Mech.
Eng. 39, 2471-2482. https://doi.org/10.13722/j.cnki.jrme.2020.0445 (2020).

17. Zhang, C. et al. Prediction of rockbursts in a typical island working face of a coal mine through microseismic monitoring
technology. Tunnel. Undergr. Space Technol. 113, 103972. https://doi.org/10.1016/j.tust.2021.103972 (2021).

18. Nitsan, U. Electromagnetic emission accompanying fracture of quartz-bearing rocks. Geophys. Res. Lett. 4, 333-336. https://doi.
0rg/10.1029/GL004i008p00333 (1977).

19. 1i,]. Z., Cao, M, Xia, Y. Q. & Mao, P. S. An experimental study on rock compressing and emission of electromagnetic waves before
earthquake. J. Beijing Univ. Technol. 4, 47-53 (1982).

20. Sun, Z.]., Wang, L. H. & Gao, H. Electromagnetic radiation and photoemission during the rupture of rock specimens. Acta Seismol.
Sin. 25, 139-356 (1986).

21. Enomoto, Y. & Hashimoto, H. Emission of charged particles from indentation fracture of rocks. Nature 346, 641-643. https://doi.
0rg/10.1038/346641a0 (1990).

22. Freund, E. Charge generation and propagation in igneous rocks. J. Geodyn. 33, 543-570. https://doi.org/10.1016/50264-3707(02)
00015-7 (2002).

23. Hao, J. Q, Qian, S. Q,, Gao, J. T, Zhou, J. G. & Zhu, T. Ultra-low-frequency electromagnetic anomalies during rock fracturing.
ACTA Seismol. Sin. 25, 102-111. https://doi.org/10.3321/j.issn:0253-3782.2003.01.013 (2003).

Scientific Reports | (2024) 14:9239 | https://doi.org/10.1038/s41598-024-59453-1 nature portfolio


https://doi.org/10.13722/j.cnki.jrme.2022.1048
https://doi.org/10.1016/j.ijmst.2023.07.006
https://doi.org/10.3321/j.issn:1000-1964.2006.06.008
https://doi.org/10.3321/j.issn:1000-1964.2006.06.008
https://doi.org/10.13199/j.cnki.cst.2016.07.007
https://doi.org/10.3321/j.issn:0253-9993.2007.01.012
https://doi.org/10.1016/j.enggeo.2020.105755
https://doi.org/10.1016/j.fuel.2020.119551
https://doi.org/10.1007/s00603-022-02804-z
https://doi.org/10.3321/j.issn:1000-1964.2009.02.008
https://doi.org/10.13225/j.cnki.jccs.2012.s1.014
https://doi.org/10.1016/j.fuel.2019.116568
https://doi.org/10.1016/j.fuel.2019.116568
https://doi.org/10.13225/j.cnki.jccs.2016.0852
https://doi.org/10.1007/s00603-018-1690-z
https://doi.org/10.1007/s00603-018-1690-z
https://doi.org/10.13722/j.cnki.jrme.2020.0445
https://doi.org/10.1016/j.tust.2021.103972
https://doi.org/10.1029/GL004i008p00333
https://doi.org/10.1029/GL004i008p00333
https://doi.org/10.1038/346641a0
https://doi.org/10.1038/346641a0
https://doi.org/10.1016/S0264-3707(02)00015-7
https://doi.org/10.1016/S0264-3707(02)00015-7
https://doi.org/10.3321/j.issn:0253-3782.2003.01.013

www.nature.com/scientificreports/

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Xie, S. D. et al. Experimental study and mechanism analysis of coal surface potential in unsteady flowing gas. Saf. Coal Mines 42,
1-4. https://doi.org/10.13347/j.cnki.mkaq.2011.01.025 (2011).

Zhao, Y. F, Pan, Y. S, Liu, Y. C. & Luo, H. Experimental study of charge induction of coal samples under uniaxial compression.
Chin. J. Rock Mech. Eng. 30, 306-312 (2011).

Pan, Y. S., Luo, H., Xiao, X. C., Zhao, Y. E & Li, Z. H. Experimental study on mechanical-charge induction law of coal containing
gas under triaxial compression. J. China Coal Soc. 37, 918-922. https://doi.org/10.13225/j.cnki.jccs.2012.06.017 (2012).

Pan, Y. S., Luo, H,, Tang, Z., Li, Z. H. & Zhao, Y. E Study of charge induction law of coal and rock mass during tensile instability
and failure. Chin. J. Rock Mech. Eng. 32, 1297-1303. https://doi.org/10.3969/j.issn.1000-6915.2013.07.002 (2013).

Tang, Z., Pan, Y. S, Li, G. Z. & Zhao, Y. E. The analysis of induced charge of electric friction in coal rock. Prog. Geophys. 28, 975-979.
https://doi.org/10.6038/pg20130251 (2013).

Wang, G., Pan, Y. S., Xiao, X. C., Chen, G. Y. & Dai, L. P. Experimental study on the destructive regularity of the rock mass under
the blasting load. J. Saf. Environ. 16, 103-108. https://doi.org/10.13637/j.issn.1009-6094.2016.03.020 (2016).

Xiao, X. C. et al. Experimental study on acoustic emission and charge signals during coal failure process at different loading rates.
Rock Soil Mech. 38, 3419-3426. https://doi.org/10.16285/j.rsm.2017.12.004 (2017).

Liu, Y. ], Li, X. L., Li, Z. H., Chen, P. & Yang, T. Experimental study of the surface potential characteristics of coal containing gas
under different loading modes (uniaxial, cyclic and graded). Eng. Geol. 249, 102-111. https://doi.org/10.1016/j.enggeo.2018.12.
013 (2019).

Ding, X,, Xiao, X. C., Wu, D. & Pan, Y. S. Study on compound signal characteristics of acoustic emission and charge induction
in coal rock failure under different loading paths. J. China Coal Soc. 41, 359-368. https://doi.org/10.13225/j.cnki.jccs.2015.1294
(2016).

Pan, Y.S., Yang, Y., Luo, H., Li, Z. H. & Zhu, X. J. Experimental study on the mechanical charge induction law of the coal bumping
proneness. J. Saf. Environ. 18, 119-123. https://doi.org/10.13637/j.issn.1009-6094.2018.01.023 (2018).

Xiao, X. C,, Jin, C., Wu, D, Ding, X. & Yu, E Experimental study on burst tendency of water-bearing coal and its acoustic emission-
charge time frequency domain signal characteristics. China Saf. Sci. J. 27, 103-108. https://doi.org/10.16265/j.cnki.issn1003-3033.
2017.11.018 (2017).

Zhao, Y. E, Li, B,, Zhang, C. & Cheng, C. ]. Experimental study on charge induction and microseismic laws of coal and rock with
different combination ratios. J. Saf. Sci. Technol. 15, 107-112. https://doi.org/10.11731/j.issn.1673-193x.2019.01.017 (2019).
Wang, G., Pan, Y. S. & Xiao, X. C. Experimental study on the failure characteristics and charge law of coal samples with large scale
single pre-crack. J. China Coal Soc. 43, 2187-2195. https://doi.org/10.13225/j.cnki.jccs.2017.1393 (2018).

He, X. Q. et al. Micro-electrical characteristics of coals with different metamorphic grade. J. China Coal Soc. 43, 2367-2375. https://
doi.org/10.13225/j.cnki.jccs.2018.0164 (2018).

Luo, H,, Yu, J. K, Pan, Y. S., Wang, J. L. & Zhang, Y. Electric charge induction law of coal rock containing gas with bursting tendency
during loading failure process. J. China Coal Soc. 45, 684-694. https://doi.org/10.13225/j.cnki.jccs.2019.0035 (2020).

Wang, Z. Q. et al. Study on variation law and mechanism of coal potential signal with different lithology. Ind. Mine Autom. 48,
131-137. https://doi.org/10.13272/j.issn.1671-251x.2021100018 (2022).

Lyu, J. G. et al. The relationship between storage-dissipation-release of coal energy and intensity of induced charge. Constr. Build.
Mater. 357, 129375. https://doi.org/10.1016/j.conbuildmat.2022.129375 (2022).

Lyu, J. G. et al. Recognition of induced charge in coal failure process and its practice of underground application. J. China Coal
Soc. 47, 1547-1558. https://doi.org/10.13225/j.cnki.jccs.2021.0657 (2022).

Xiao, X. C. et al. Development and application of charge monitoring system of deep mine dynamic disaster. China Saf. Sci. J. 24,
97-102. https://doi.org/10.16265/j.cnki.issn1003-3033.2014.03.007 (2014).

Pan, Y. S. Integrated study on compound dynamic disaster of coal-gas outburst and rockburst. J. China Coal Soc. 41, 105-112.
https://doi.org/10.13225/j.cnki.jccs.2015.9034 (2016).

Pan, Y. S., Zhao, Y. F. & Li, G. Z. Charge-induced technique of rockburst prediction and its application. Chin. J. Rock Mech. Eng.
31, 3988-3993 (2012).

Niu, Y., Wang, E. Y., Gao, E, Li, Z. H. & Zhang, X. Fine identification of coal and gas outbursts based on electric potential inversion
method ahead of driving face of deep mine. J. Min. Saf. Eng. 38, 988-996. https://doi.org/10.13545/j.cnki.jmse.2021.0134 (2021).
Sifuzzaman, M., Islam, M. R. & Ali, M. Z. Application of wavelet transform and its advantages compared to Fourier transform. J.
Phys. Sci. 13, 121-134 (2009).

Liang, Z. Z., Xue, R. X, Xu, N. W. & Li, W. R. Characterizing rockbursts and analysis on frequency-spectrum evolutionary law
of rockburst precursor based on microseismic monitoring. Tunnell. Underground Space Technol. 105, 103564. https://doi.org/10.
1016/j.tust.2020.103564 (2020).

Tang, S. E, Tong, M. M., Hu, J. L. & He, X. M. Characteristics of acoustic emission signals in damp cracking coal rocks. Min. Sci.
Technol. (China) 20, 143-147. https://doi.org/10.1016/S1674-5264(09)60176-9 (2010).

Wu, J. et al. Attenuation characteristics of impact-induced seismic wave in deep tunnels: An in situ investigation based on pendulum
impact test. J. Rock Mech. Geotech. Eng. 14, 494-504. https://doi.org/10.1016/j.jrmge.2021.12.005 (2022).

Ding, X. et al. Characteristics and evolution mechanism of acoustic emission time-frequency signal during coal failure process. J.
China Coal Soc. 44, 2999-3011. https://doi.org/10.13225/j.cnki.jccs.2018.1439 (2019).

Lilly, J. M. & Olhede, S. C. Generalized morse wavelets as a superfamily of analytic wavelets. IEEE Trans. Signal Process. 60,
6036-6041. https://doi.org/10.1109/TSP.2012.2210890 (2012).

Mallat, S. A Wavelet Tour of Signal Processing: The Sparse Way 3rd edn. (Academic Press, 2008).

Davaasambuu, J., Pucher, A., Kochin, V. & Pietsch, U. Atomistic origin of the inverse piezoelectric effect in a-SiO2 and a-GaPO4.
Europhys. Lett. 62, 834. https://doi.org/10.1209/epl/i2003-00448-8 (2003).

Li, M., Wang, H. T., Wang, D. M. & Shao, Z. L. Experimental study on characteristics of surface potential and current induced by
stress on coal mine sandstone roof. Eng. Geol. 266, 105468. https://doi.org/10.1016/j.engge0.2019.105468 (2020).

Li, X. L. Study on the characteristics of coal rock electromagnetic radiation (EMR) and the main influencing factors. J. Appl.
Geophys. 148, 216-225. https://doi.org/10.1016/j.jappgeo.2017.11.018 (2017).

Song, G. B., Li, W. J., Wang, B. & Ho, S. C. M. A review of rock bolt monitoring using smart sensors. Sensors 17, 776. https://doi.
0rg/10.3390/s17040776 (2017).

Pirzada, M. A. et al. Effect of contact surface area on frictional behaviour of dry and saturated rock joints. J. Struct. Geol. 135,
104044. https://doi.org/10.1016/j.jsg.2020.104044 (2020).

Zhang, X. X. et al. Research on the triboelectrostatic separation of minerals from coal. Procedia Earth Planet. Sci. 1, 845-850.
https://doi.org/10.1016/j.proeps.2009.09.132 (2009).

Yin, S. et al. Time-frequency evolution law and generation mechanism of electromagnetic radiation in coal friction process. Eng.
Geol. 294, 106377. https://doi.org/10.1016/j.enggeo.2021.106377 (2021).

Deng, L. L. Study on Rock Friction Sliding Instability Mechanism and Acoustic Emission Evolution Characteristics MD thesis thesis,
North China University of Technology (2019).

Silva, V. R. S. D. et al. Grain-scale numerical simulation of crystalline rock fracturing using Soundless Cracking Demolition Agents
for in-situ preconditioning. Comput. Geotechn. 155, 105187. https://doi.org/10.1016/j.compgeo.2022.105187 (2023).

Li, D. X. et al. A causal mechanism for anomalous electromagnetic radiations from coal and rock failure. Geophysics 83, E423-E434.
https://doi.org/10.1190/ge02018-0360.1 (2018).

Scientific Reports |

(2024) 14:9239 | https://doi.org/10.1038/s41598-024-59453-1 nature portfolio


https://doi.org/10.13347/j.cnki.mkaq.2011.01.025
https://doi.org/10.13225/j.cnki.jccs.2012.06.017
https://doi.org/10.3969/j.issn.1000-6915.2013.07.002
https://doi.org/10.6038/pg20130251
https://doi.org/10.13637/j.issn.1009-6094.2016.03.020
https://doi.org/10.16285/j.rsm.2017.12.004
https://doi.org/10.1016/j.enggeo.2018.12.013
https://doi.org/10.1016/j.enggeo.2018.12.013
https://doi.org/10.13225/j.cnki.jccs.2015.1294
https://doi.org/10.13637/j.issn.1009-6094.2018.01.023
https://doi.org/10.16265/j.cnki.issn1003-3033.2017.11.018
https://doi.org/10.16265/j.cnki.issn1003-3033.2017.11.018
https://doi.org/10.11731/j.issn.1673-193x.2019.01.017
https://doi.org/10.13225/j.cnki.jccs.2017.1393
https://doi.org/10.13225/j.cnki.jccs.2018.0164
https://doi.org/10.13225/j.cnki.jccs.2018.0164
https://doi.org/10.13225/j.cnki.jccs.2019.0035
https://doi.org/10.13272/j.issn.1671-251x.2021100018
https://doi.org/10.1016/j.conbuildmat.2022.129375
https://doi.org/10.13225/j.cnki.jccs.2021.0657
https://doi.org/10.16265/j.cnki.issn1003-3033.2014.03.007
https://doi.org/10.13225/j.cnki.jccs.2015.9034
https://doi.org/10.13545/j.cnki.jmse.2021.0134
https://doi.org/10.1016/j.tust.2020.103564
https://doi.org/10.1016/j.tust.2020.103564
https://doi.org/10.1016/S1674-5264(09)60176-9
https://doi.org/10.1016/j.jrmge.2021.12.005
https://doi.org/10.13225/j.cnki.jccs.2018.1439
https://doi.org/10.1109/TSP.2012.2210890
https://doi.org/10.1209/epl/i2003-00448-8
https://doi.org/10.1016/j.enggeo.2019.105468
https://doi.org/10.1016/j.jappgeo.2017.11.018
https://doi.org/10.3390/s17040776
https://doi.org/10.3390/s17040776
https://doi.org/10.1016/j.jsg.2020.104044
https://doi.org/10.1016/j.proeps.2009.09.132
https://doi.org/10.1016/j.enggeo.2021.106377
https://doi.org/10.1016/j.compgeo.2022.105187
https://doi.org/10.1190/geo2018-0360.1

www.nature.com/scientificreports/

63. Li, X. E et al. Investigating the crack initiation and propagation mechanism in brittle rocks using grain-based finite-discrete element
method. Int. J. Rock Mech. Min. Sci. 127, 104219. https://doi.org/10.1016/j.ijrmms.2020.104219 (2020).

64. Meyers, M. A. & Chawla, K. K. Mechanical Behavior of Materials 2nd edn. (Cambridge University Press, 2008).

65. Xu, X. et al. Variability and origins of grain boundary electric potential detected by electron holography and atom-probe
tomography. Nat. Mater. 19, 887-893. https://doi.org/10.1038/s41563-020-0656-1 (2020).

66. Li, D. X. Study on the Weak Current Effect and Its Mechanism of Stressed Coal During Damage PHD Thesis thesis, China University
of Mining and Technology, (2021).

67. Liu, J., Liu, S. D. & Cao, Y. Self-potential characteristics in deep rock mass damage based on point discharge mechanism. Chin. J.
Geophys. 61, 323-330 (2018).

68. DasGupta, A. Asymptotic Theory of Statistics and Probability (Springer, 2008).

69. Liu, S. Y., Ouyang, Z. L., Chen, G., Zhou, X. & Zou, Z. J. Black-box modeling of ship maneuvering motion based on Gaussian
process regression with wavelet threshold denoising. Ocean Eng. 271, 113765. https://doi.org/10.1016/j.0ceaneng.2023.113765
(2023).

70. Nie, B. S., He, X. Q. & Zhu, C. W. Effect of Electromagnetic Emission of Rock or Coal Fracture and Its Applications (Science Press,
2016).

71. Pan, Q., Zhang, L., Dai, G. Z. & Zhang, H. A. Two denoising methods by wavelet transform. IEEE Trans. Signal Process. 47,
3401-3406. https://doi.org/10.1109/78.806084 (1999).

72. Lilly, J. M. & Olhede, S. C. Higher-order properties of analytic wavelets. IEEE Trans. Signal Process. 57, 146-160. https://doi.org/
10.1109/TSP.2008.2007607 (2009).

73. Martinez-Rios, E. A., Bustamante-Bello, R., Navarro-Tuch, S. & Perez-Meana, H. Applications of the generalized morse wavelets:
A review. IEEE Access 11, 667-688. https://doi.org/10.1109/ACCESS.2022.3232729 (2023).

74. Kachanov, M. Effective elastic properties of cracked solids: Critical review of some basic concepts. Appl. Mech. Rev. 45, 304-335.
https://doi.org/10.1115/1.3119761 (1992).

75. Yang, Y., Wang, D., Guo, M. & Li, B. Study of rock damage characteristics based on acoustic emission tests under triaxial
compression. Chin. J. Rock Mech. Eng. 33, 98-104. https://doi.org/10.13722/j.cnki.jrme.2014.01.008 (2014).

76. Lyu, J. G. et al. Time-frequency evolution law of charge induced by coal uniaxial compression and evaluation indexes of charge
for instability failure. J. China Coal Soc. 44, 2074-2086. https://doi.org/10.13225/j.cnki.jccs.2018.1562 (2019).

77. Ding, X. et al. Investigation on charge signal time-frequency domain characteristics in coal failure process and noise reduction. J.
China Coal Soc. 43, 657-666. https://doi.org/10.13225/j.cnki.jccs.2017.0723 (2018).

78. Chang, S. G., Bin, Y. & Vetterli, M. Spatially adaptive wavelet thresholding with context modeling for image denoising. IEEE Trans.
Image Process. 9, 1522-1531. https://doi.org/10.1109/83.862630 (2000).

79. Coifman, R. R. & Donoho, D. L. Translation-Invariant De-Noising (Springer, 1995).

80. Xu, M. L., Han, M. & Lin, H. F. Wavelet-denoising multiple echo state networks for multivariate time series prediction. Inf. Sci.
465, 439-458. https://doi.org/10.1016/j.ins.2018.07.015 (2018).

81. Nie, B. S. et al. Experimental Study on the Mechanical Stability and Mesoscopic Damage Characteristics of Coal Under Different
Mining Disturbance Rates. Rock Mech. Rock Eng. https://doi.org/10.1007/s00603-023-03730-4 (2024)

82. Yin, S. et al. Experimental study on the characteristics of potential for coal rock evolution under loading. J. China Coal Soc. 42,
97-103. https://doi.org/10.13225/j.cnki.jccs.2016.1598 (2017).

83. Liu, X. E et al. Alterations in coal mechanical properties and permeability influenced by liquid CO2 phase change fracturing. Fuel.
354, 129254. https://doi.org/10.1016/j.fuel.2023.129254 (2023)

Author contributions

J.L. and S.L. wrote the main manuscript text. J.L., Y.P. and Z.T. review and edit the whole manuscript. X.W., Z.X.
and Y.Q. conducted an analysis of the field data. S.L., Z.X. and Y.Z. prepared the figures in the manuscript. J.L.
put forward the innovative points of the article and gave the support of the funding. All authors reviewed the
manuscript.

Fundin

The reseagch was supported by the National Natural Science Foundation of China (Grant No. 52374205), the
Technology Collaboration Incubation Project of Ordos Institute (Liaoning Technical University) (Grant No. YJY-
XD-2024-A-016), and the Fundamental Research Project of the Educational Department of Liaoning Province
(Grant No. JYTMS20230793).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:9239 | https://doi.org/10.1038/s41598-024-59453-1 nature portfolio


https://doi.org/10.1016/j.ijrmms.2020.104219
https://doi.org/10.1038/s41563-020-0656-1
https://doi.org/10.1016/j.oceaneng.2023.113765
https://doi.org/10.1109/78.806084
https://doi.org/10.1109/TSP.2008.2007607
https://doi.org/10.1109/TSP.2008.2007607
https://doi.org/10.1109/ACCESS.2022.3232729
https://doi.org/10.1115/1.3119761
https://doi.org/10.13722/j.cnki.jrme.2014.01.008
https://doi.org/10.13225/j.cnki.jccs.2018.1562
https://doi.org/10.13225/j.cnki.jccs.2017.0723
https://doi.org/10.1109/83.862630
https://doi.org/10.1016/j.ins.2018.07.015
https://doi.org/10.1007/s00603-023-03730-4
https://doi.org/10.13225/j.cnki.jccs.2016.1598
https://doi.org/10.1016/j.fuel.2023.129254
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Study on time–frequency features of induced charge signals during the damage and failure process of coal medium
	Free charge generation mechanism of loaded coals
	Monitoring test of induced charge signals during the damage and failure process of loaded coal
	Results
	Time domain features of induced charge signal during the damage and failure process of coal medium
	Frequency domain features of induced charge signal during the damage and failure process of coal medium
	De-noising process of induced charge signal based on wavelet thresholding method
	Frequency domain features of induced charge signal based on continuous GMW transform


	Quantitative relationship between damaged coal and induced charge signal
	Discussion
	Time-domain features of induced charge signals in coal damage and failure process
	Frequency-domain features of induced charge signals in coal damage and failure process
	Characterization of coal damage based on induced charge

	Conclusions
	References


