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Effective filtering of the infrasound signal generated by coal samples is the basis for realizing
the prediction of the infrasound of coal sample damage. Based on the infrasonic signal test
of the coal samples during the loading process, a simulation method was used to
construct a mixed signal containing noise signals and infrasound signals. Three
methods are used to filter the mixed signal, including wavelet filtering, EMD filtering,
and EMD-wavelet joint filtering. The filtering effect was compared by correlation coefficient,
signal-to-noise ratio, and frequency domain waveform graph. The comparison results
showed that the EMD-wavelet joint filtering method had the highest correlation coefficient
and signal-to-noise ratio after noise filtering, and the noise signal in the frequency domain
waveform diagram was the most thorough. It provides a new method for filtering
infrasound signals in the process of coal sample loading, which is greatly significant for
improving the accuracy of infrasound prediction of coal sample damage.
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INTRODUCTION

Infrasound mainly refers to sound waves with a frequency between 0.01 and 20 Hz. As a low-
frequency wave, it has the characteristics of low frequency and long wavelength. Compared with
conventional acoustic wave prediction methods, it has the advantages of long propagation distance
and small attenuation, and has a better application prospect in coal and rock failure prediction (Jia
et al., 2017a; Marchetti et al., 2019; Jia et al., 2021). In the process of coal and rock deformation and
failure, sound waves of different frequencies and amplitudes are generated due to the coupling of
internal deformation and air in the coal and rock. Based on the establishment of the relationship
between coal sample deformation and acoustic response, the internal deformation law of coal and
rock samples can be inverted by monitoring the changes of acoustic waves. Therefore, the effective
acquisition and processing of sound waves has an important impact on the accuracy of coal samples
damage prediction. However, in the actual monitoring process, noise signals are inevitably included
in the collected sound waves, which cause serious interference to the monitoring results and affect the
accuracy of prediction. In order to effectively filter out noise signals, previous scholars have carried
out a lot of researches. Some scholars have improved the signal acquisition instrument to control the
signal frequency acquisition range, reducing the interference of unnecessary signals on the
acquisition results (Fiala et al., 1965; Park and Robertson, 2009; Chen et al., 2020a; Zhou et al.,
2020). Some scholars filtered the collected signals by constructing FIR filters, Butterworth filters,
Kalman filters, and other band-pass filters to filter out the noise signals in the test results (Flandrin
et al., 2004; Christov et al., 2017; Jianping et al., 2017; Jia et al., 2017b; Shibendu et al., 2020; Fang
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et al., 2021). Regardless of whether it is transforming a signal
acquisition instrument or constructing a band-pass filter, it can only
filter the noise signal in the non-target frequency band. When the
frequency of the noise signal is close to that of the target signal, it is
difficult to filter out using conventional filtering methods. Hence,
some scholars have proposed wavelet filtering methods that think
noise signals mainly contain high-frequency components
(Daubechies, 2015; Patidar et al, 2015; Thirumala et al, 2015;
DominguezNavarro José et al, 2021; Gnutti et al, 2021; Zhao,
2021). Firstly, the collected signal was decomposed into the high-
frequency part and low-frequency part, then the high-frequency
signal was thresholded using the threshold method, and finally the
processed signals were combined. The wavelet filtering method has a
good filtering effect, but the choice of wavelet basis function and
threshold processing method is required. Different selection results
have very different processing effects, which increases the difficulty
of choosing the basis function and threshold method (Zongchun
et al,, 2011; Zhu et al,, 2015; Chen et al., 2017; Li et al,, 2020; Wang
et al,, 2021; Yun et al., 2021). In order to solve the problem of basis
function selection, some scholars proposed the empirical mode
decomposition (EMD) method (Jiang et al, 2015; Kang et al,
2020; Sun et al.,, 2020; Bouchair et al., 2021; Chen et al., 2021; Qi
et al,, 2021; Vishnu et al., 2021), which could decompose the signal
according to its own time scale without the need for basis function
selection. The signal is decomposed into different eigenmode
functions (IMF). The changing characteristics of sound waves at
different frequencies are represented by different IMF components.
According to the analysis needs, the IMF components of different
frequencies are combined to effectively filter the non-target
frequency bands. Because the filtering method effectively retains
the abrupt characteristics of the signal, it has a better processing
effect for abrupt and discontinuous signals, especially for coal and
rock failure signals with stable environmental noise (Zhang et al,
2017; Chen et al., 2020b). However, the EMD filtering method does
not process the decomposed signal, and there may be noise signals in
the IMF components. In order to make full use of the advantages of
EMD filtering and wavelet filtering and effectively filter out the noise
signal in the collected signal, this paper proposed an EMD-wavelet
joint filtering method. First, the EMD filter method was used to
decompose the signal; then, the wavelet filter was used to threshold
the IMF components. Finally, the signal was reorganized to
effectively filter out the noise signal interference and improve the
accuracy of coal and rock damage prediction.

CHARACTERISTICS OF THE INFRASOUND
SIGNAL OF COAL SAMPLES

Infrasound Test Experiment of Coal Sample

Failure
1) Experimental principle

During the stress loading process, due to the size effect and the
way of stress, the internal skeleton of the coal samples is not
uniformly stressed, and there is a stress concentration
phenomenon in a local area. At the same time, due to the
difference in the distribution of pores and cracks in the coal
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samples and the strong heterogeneity of the internal structure, the
distribution of weak surfaces in the coal samples is uneven.
Therefore, as the increase of stress on the internal coal matrix
skeleton during the process of stress loading, firstly, the release of
local stress is caused by partial stress concentration area or the
local coal samples failure in the weak surface development area,
and then the stress concentration, weak surface failure and stress
release of the next level weak surface are occurred again. The
process is repeated as the loading progresses until the overall
resistance of the coal samples is insufficient and the overall
damage occurs. Different failure characteristics of coal samples
at different deformation stages lead to different frequencies, and
amplitudes of sound waves are generated by the coupling between
coal samples and air. The difference in the characteristics of
acoustic events is mainly controlled by the internal deformation
of the coal sample, which is the external manifestation of the
internal deformation of the coal sample.

2) Experimental device

The experimental device used in the test are from the coal and
rock stress loading device of Henan Polytechnic University, the
CASI-ISM-2013 high-precision capacitive infrasound acquisition
system developed by the Institute of Acousti, Chinese Academy of
Sciences, and the multi-channel fully digital PCI-2 acoustic
emission acquisition system of the American Physical
Acoustics Corporation. The device mainly includes an axial
compression loading system, a stress-strain acquisition system,
an infrasound acquisition/analysis system, and an acoustic
emission acquisition/analysis system. The experimental
principle diagram is shown in Figure 1.

3) Coal sample preparation

According to the purpose of the test, coal samples were
collected at Jincheng Sihe Mine, Jiaozuo Jiulishan Mine,
Jiaozuo Guhanshan Mine, Anyang Main Coking Mine, and
Yima Gengcun Mine. Each mine was divided into one group
and each group had six samples. A total of 30 coal samples were
taken for experimental testing. By analyzing the results, it was
found that the test results were similar, and the infrasound
response law was similar. In order to avoid the repetition of
the discussion, Jincheng Sihe Mine was taken to the collection,
test, and analysis of the coal sample as an example to make a
detailed discussion. According to the test requirements, coal
samples were collected at Sihe Mine in Jincheng Mining Area.
The coal sample was 3# coal seam anthracite. The coal sample
collection was carried out on the fresh coal wall of the working
face. The site was sealed and then brought back to the laboratory.
According to the requirements of rock mechanics experiment
sample preparation, the coal sample was processed into a
standard column sample with a diameter of 50 mm x 100 mm,
and the flatness of the upper and lower surfaces of the coal sample
met the requirements of the rock mechanics experiment test. A
total of eight coal samples were prepared, of which two were
standby samples. The prepared coal samples were sealed, stored,
and put on standby.
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FIGURE 1 | Schematic diagram of experimental apparatus.
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4) Testing procedure
During the test, the specific test steps were as follows:

1) The acoustic emission sensor was fixed, then the coal sample
was put into the sample cylinder, and the infrasonic sensor
was fixed.

The infrasound acquisition parameters were set and the
environmental noise test was carried out. When the ambient
noise was stable, the next operation could be carried out. When
there were many abnormal fluctuations in environmental noise,
other time periods were chosen for the test.

The loading parameters were set, the load control was selected,
and the loading speed was 200 N/s. The acquisition parameters
were set at the same time. Acoustic emission threshold was
adjusted according to the actual environment. The sampling
frequency of infrasound was 0.1 kHz.

The stress loading device, the acoustic emission collection
device, and the infrasound collection device were activated at
the same time. The sonic test of the coal sample loading
process was started.

5) Loading was continuous until the coal sample was destroyed.

2)

3)

4)

Infrasound Test results of Coal Sample

Failure

According to the experimental purpose and experimental plan,
the infrasound test of the coal samples was carried out during the
loading process. Though the analysis of the characteristics of
infrasound changed during the loading process of coal samples,
the change rules were similar. In order to avoid the repetition of
the discussion, 1# coal sample and 2# coal sample were selected
for detailed analysis (Figure 2).

According to the test results, it could be seen that the
infrasound signal of the coal sample showed abrupt
characteristics during the loading process. Especially before
and after the peak was destroyed, the sudden change of the
infrasonic signal was obvious. Therefore, when the signal filtering
method was optimized, the filtering method should be able to
better adapt to the abrupt infrasound signal.

ESTABLISHMENT OF A FILTERING EFFECT
EVALUATION INDEX

In order to visually and quantitatively evaluate the denoising
effect, an evaluation index has been established. By
comparing the changes of evaluation indexes before and
after denoising, the denoising effects of different denoising
methods were quantitatively evaluated. A reasonable
denoising method could not only completely remove the
noise but also ensure the accuracy of the signal after
denoising and avoid serious signal distortion caused by
denoising. Therefore, the denoising effect could be
evaluated in terms of the degree of denoising of the signal
and the accuracy of the signal after denoising. Two
parameters,  signal-to-noise  ratio and  correlation
coefficient, were used as evaluation indicators.

The signal-to-noise ratio refers to the ratio of the effective
signal to the noise signal in the signal, which can be expressed as
(Reninger et al., 2011; Ding et al., 2021; XinXin et al., 2021):

(1)

where SNR is the signal-to-noise ratio, dB. Ps is the
effective power of the signal, W. Pn is the effective power
of noise, W.

SNR = 10*1g(Ps/Pn)
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The correlation coefficient refers to the correlation between
the two sets of data before and after denoising, which can be
expressed as:

n n n
nY Xiyi= YXi- ) Yi
i=1 i=1 i=1

V(3] b (80)

where r is the correlation coefficient. x; is the signal function
before denoising, y; is the signal function after denoising, and # is
the number of samples.

The rationality of the denoising method was quantitatively
evaluated by comparing the signal-to-noise ratio and correlation
coefficient before and after processing.

2)

FILTERING METHOD OPTIMIZATION

During the infrasonic signal test, due to the influence of
the surrounding environment, mechanical equipment,
human activities and other factors, the test signal contained
part of the noise signal. Since the test result analysis is affected
by the noise signal, the test result needs to be filtered and
denoised.

The purpose of filtering and denoising the signal is to
reduce the noise part of the test signal and remove the
non-analyzed frequency band signal in the test signal. At
present, the commonly used signal filtering methods
include wavelet analysis, wavelet packet analysis, EMD
analysis, and so on. Among them, wavelet analysis and
EMD are the most widely used (Dragomiretskiy and Zosso,
2014; Tang and Wang, 2015; Liu et al., 2019; Wang et al,,
2020). A large number of environmental noise signals were
included in the test signals of this study, and it was difficult to
achieve better filtering effects using band-pass filtering
methods. Therefore, the adaptability and accuracy of the
test results were compared using wavelet analysis and EMD
analysis methods to optimize the signal filtering method.

Wavelet Filtering

Due to the influence of the environment and test equipment, real
signal and noise signal are included by the test signal. It can be
expressed as:

(©)

where y(t) is the test signal, x(t) is the real signal, and e(t) is the
noise signal.

The purpose of denoising using the wavelet method is to
remove the noise signal and extract the real signal. The principle
of wavelet denoising is to perform wavelet decomposition on the
original signal, which is decomposed into the high-frequency
coefficient and low-frequency coefficient, where noise usually
exists in the high-frequency part. Then, the high-frequency
coefficients are thresholded using the threshold method, and
the processed wavelet is reconstructed to obtain the denoised
signal. The whole process includes wavelet
decomposition, threshold processing, and reconstruction.

y(8) = x(t) +e(t)

acoustic

1) Wavelet decomposition

There are many wavelet bases to choose, which need to be
selected according to the characteristics of waveform and wavelet.
The selection principle is as follows: (1) Tight support. Tight
support is related to the time-frequency locality. The narrower
the tight support is, the better the locality is. (2) Symmetry. The
distortion problem is affected. It is related to whether the wavelet
filtering characteristic has a linear phase. (3) Orthogonality. The
differentiability of wavelets is expressed. (4) Smoothness, which
has a greater impact on frequency resolution. (5) The order of the
vanishing matrix. The larger the order is, the stronger the ability
to reflect the high-frequency details of the signal is.

The determination of the number of decomposition layers is
also a key factor affecting the denoising effect. The more the
decomposition layer is, the more thorough the filtering of the
noise signal is. It is conducive to completely remove the noise
signal. However, too many decomposition layers can easily cause
the distortion of the signal, resulting in the lack of effective
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information contained in the signal, which affects the analysis of
the later signal. The number of decomposition layers is too small
to effectively remove the noise signal. Therefore, the
decomposition effect under different decomposition levels is
compared with the signal characteristics to determine the
optimal decomposition level.

2) Threshold processing

Threshold processing is processing high-frequency
coefficients through the obtained threshold to achieve
filtering. The threshold processing process mainly includes
the acquisition of the threshold and the selection of the
threshold processing method. Threshold acquisition is
based on the analysis of the original signal and noise
signal, and the threshold is selected based on the signal-to-
noise ratio. The commonly used threshold optimization
methods include fixed threshold, minimum maximum
variance threshold, heuristic threshold, unbiased likelihood
estimation threshold, etc. The denoising effect of fixed
threshold and heuristic threshold is more thorough, while
the minimum maximum variance threshold and unbiased
likelihood estimation threshold are relatively few. When
the high-frequency part of the signal crosses more with the
noise signal, the effective signal can be effectively
distinguished from the noise signal and it has a better
denoising effect. In the actual application process, the
signal characteristics of the noise signal and the test signal
should be analyzed and compared, and then an appropriate
threshold acquisition method should be established according
to the analysis result.

At present, the commonly used threshold processing methods
are the soft threshold method and hard threshold method. Soft
threshold processing is a relatively smooth processing method.
The graphics are relatively smooth after noise reduction
processing. Hard threshold processing is a “one size fits all”
processing principle, which can better retain some of the
abrupt characteristics in the original signal. Therefore, in the
signal processing process, the threshold value processing method
is optimized for purposes according to the signal characteristics
and analysis methods.

3) Reconstruction

The purpose of reconstruction is to reconstruct the processed
signal, perform signal processing, and analyze according to the
characteristics of the reconstructed signal.

EMD Filtering

The EMD denoising method is based on the signal decomposition
method, which decomposes the signal into multiple IMF
components and residuals. IMF components represent sound
waves in different frequency ranges. According to the needs, the
sound waves in different frequency bands are combined to
remove the sound waves in the non-analyzed frequency band.
Therefore, the EMD denoising method can filter non-stationary
signals.

Optimization of Infrasonic Filtering Method

According to the denoising principle and denoising method of
EMD, filters such as band pass, low pass, and high pass are
gradually formed. Several commonly used filters are as follows:

1) Low pass filter

The filter achieves filtering by filtering out high-frequency
signals and removes the high-frequency components in the IMF
component, which can be expressed as:

k
xu (1) = Y (), (k<n) 4)
i=1

where x (t) is the sound wave signal after filtering out the high-
frequency part. ¢; (t) is the acoustic signal of the ith layer. k is the
kth layer. n is the total number of layers.

2) High pass filter

The filter is to filter out low-frequency signals to achieve
filtering. The low-frequency components in the IMF layer are
filtered out, which can be expressed as:

Xak (£) = Y i (1), (k<n) (5)
i=k

where xp (t) is the sound wave signal after filtering out the low-
frequency part.

3) Band pass filter

The filter achieves filtering by filtering high-frequency signals
and low-frequency signals outside the pass band. The low-
frequency and high-frequency components in the IMF layer
are filtered out, which can be expressed as

k
xp(8) = Y ci (1), (1<b<k<n) (6)

i=b

where x gy (t) is the sound wave signal after filtering out the high-
and low-frequency signals.

The filtering method can retain the abrupt characteristics of
the signal, especially for signal testing under environmental
conditions with known background noise, or for low-
frequency signal testing in high-frequency environmental
noise, which has a good filtering effect. Therefore, the method
can be used to filter the test signal of the coal sample destruction
process.

EMD-Wavelet Joint Filtering

Both EMD denoising method and wavelet denoising have good
denoising effects, but the denoising principles are different. In
order to make full use of the advantages of wavelet denoising and
EMD denoising, a filtering method combining wavelet filtering
and EMD filtering is proposed. On the basis of decomposing the
signal, thresholding is performed on each IMF layer, and finally
the signal in the analysis frequency band is reorganized to achieve
filtering.
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FIGURE 4 | Waveform of the noise signal.

The specific denoising process of the denoising method is as
follows:

1) The test signal is decomposed by EMD, and the IMF
components of each layer are obtained;

2) The threshold value of each layer is calculated based on the
threshold value acquisition method;

3) The threshold processing method is preferred, and each layer
is thresholded, respectively;

4) The denoised IMF component is reorganized to obtain the
processed signal.

COMPARISON OF FILTERING EFFECTS

Original Waveform Construction

In order to evaluate the rationality of wavelet denoising, EMD
denoising, and EMD-wavelet joint filtering methods, the 10- and
25-Hz signal are taken as an example, as shown in .

107
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St

-10 -

Time/s

FIGURE 6 | Waveform after denoising by wavelet.

z = 3sin (2%10¢t) + 2 sin (27%25t) (7)

Artificial noise is added to the signal, the addition of 6dB white
noise is taken as an example. The original signal waveform is
shown in Figure 3. The noise signal waveform is shown in
Figure 4. The signal waveform after adding noise is shown in
Figure 5.

Waveform Comparison
1) Wavelet denoising waveform

The wavelet denoising method is used to combine the
characteristics of the original signal and the noise signal to
perform the optimization of the wavelet base, the
determination of the number of decomposition layers, the
acquisition of the threshold, and the determination of the
threshold processing method. MATLAB software is used to
denoise the noisy signal through self-programming. The
signal-to-noise ratio of the denoised signal and the correlation
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FIGURE 8 | Different IMF components decomposed by EMD.

coefficient between the denoised signal and the original signal is
calculated. The signal waveform after denoising is shown in
Figure 6.

From the waveform diagram after wavelet denoising, it can be
seen that the noise signal contained in the infrasound signal is
significantly reduced after denoising. However, there are still
some noise signals in the processed signal, compared with the
original signal, which cannot be completely removed. To a certain
extent, it can be explained that wavelet denoising has a certain
denoising effect.

In order to further understand the change characteristics of
the signal in the frequency domain after denoising, the signal is
analyzed in the frequency domain, and the analysis result is
shown in Figure 7.

2) EMD denoising waveform

The EMD analysis method is used to empirically decompose
the original signal to obtain a series of IMF components, as shown

0.75}

0.5

025}

Correlation coefficient

1 2 3 4 5 6 7 8 9 10
IMF component

FIGURE 9 | Correlation coefficients between IMF and the original signal.

0.6

0.4f
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FIGURE 10 | Energy proportion of different IMF components.

in Figure 8. The correlation coefficient of each IMF component
and the original signal and the energy ratio of each IMF
component are calculated. The calculation results are shown in
Figures 9, 10.

According to the calculation results, it can be concluded that
the acoustic energy of the original signal is mainly distributed on
the first seven IMF components, especially the IMF4, IMF5, and
IMF6 components, and the other components are less. At the
same time, according to the calculation results of the correlation
coefficient, the correlation between the IMF4, IMF5, and IMF6
components is good with the original signal. The correlation
coefficients of other IMF components are much less than 0.03,
which is poor. Therefore, the signal is reconstructed according to
the IMF4, IMF5, and IMF6 components. The signal-to-noise
ratio of the reconstructed signal and the correlation coefficient
between the reconstructed signal and the original signal are
calculated. The signal waveform after denoising is shown in
Figure 11. The frequency domain analysis result is shown in
Figure 12.
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FIGURE 12 | Spectrum of the signal after denoising by EMD.

From the waveform diagram after denoising, it can be seen
that the noise signal in the infrasound signal is obviously reduced
after EMD denoising processing, but there is still a certain
amount of noise signal, indicating that the EMD denoising
method has a certain denoising effect.

The signal-to-noise ratio of the signal was 8.7 dB after EMD
denoising. The correlation coefficient between the denoised signal
and the original signal was 0.94. It showed that the signal-to-noise
ratio of the signal after EMD denoising had been improved, and
had a strong correlation with the original signal. At the same time,
the spectrum of the denoised signal was analyzed with 10 and
25Hz as the main frequency. The results showed that it was
consistent with the initial signal as a whole and fluctuates slightly
near 5 Hz, which showed the rationality of the denoising method.

3) EMD-wavelet joint denoising waveform

Although the EMD denoising method can denoise the
signal, the signal denoising is not thorough enough.
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FIGURE 13 | Waveform after denoising by improved EMD.
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FIGURE 14 | Spectrum of the signal after denoising by improved EMD.

Therefore, the EMD-wavelet joint denoising method is
proposed on the basis of the EMD denoising method.
The processed IMF components are reconstructed through
the soft threshold processing of different IMF components,
and then the signal denoising is realized. The denoising results
of EMD wavelet joint denoising method are shown in
Figure 13. The spectrum of the denoised signal is shown in
Figure 14.

Parameter comparison

The signal-to-noise ratio, correlation coefficient, and frequency
domain characteristics of the three denoising methods after
denoising are compared, as shown in Table 1. The signal-to-
noise ratio of the signal is the highest after the EMD-wavelet joint
denoising method denoises. The signal after denoising has the
strongest correlation with the original signal, and the frequency
domain analysis result is consistent with the original signal. It is
concluded that the EMD-wavelet joint denoising method has
better denoising effect.
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TABLE 1 | Comparison table of denoising effect by different denoising methods

Evaluation index Signal-to-noise ratio

SNR improvement rate

Optimization of Infrasonic Filtering Method

Correlation coefficient Frequency

domain characteristics

Raw mixed information 6 - -

Wavelet denoising 12.35 105.8% 0.97 38 Hz abnormal
EMD denoising 8.7 45.0% 0.94 5 Hz abnormal
EMD-wavelet joint denoising 13.44 124.0% 0.98 Strong consistency
CONCLUSION DATA AVAILABILITY STATEMENT

Based on the analysis of the existing denoising methods, the EMD-
wavelet joint denoising method is proposed, combined with the
change characteristics of the abrupt infrasound signal. Using the
method of combining theoretical analysis and simulation calculation,
different denoising methods and time-frequency analysis methods
are compared and analyzed with MATLAB software to compile a
program, and the denoising and time-frequency analysis methods are
optimized. The conclusions are as follows.

1) The infrasonic signal is generated during the loading process
of the coal sample, and the signal is dominated by abrupt
signals. When the peak value of the coal sample is destroyed,
the infrasonic signal has obvious mutation characteristics.

2) Different denoising methods are analyzed theoretically.
According to the characteristics of abrupt infrasonic signal
and the shortcomings of existing denoising methods, an EMD
wavelet joint denoising method is proposed.

3) An evaluation system with SNR, correlation coefficient, and
frequency domain characteristics as evaluation indicators is
established with the MATLAB software. The denoising effects
of different denoising methods are evaluated by simulation.
Finally, an EMD-wavelet joint denoising that is more suitable
for the denoising of abrupt infrasonic signals is selected.
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