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Previous studies have shown that water can reduce the acoustic emission (AE) energy and other parameters during rock failure.
However, the fracture mechanism of rock can be better reflected by analyzing the AE waveform. Therefore, this paper
conducted experiments of uniaxial compression on sandstone samples of various water contents and collected AE signals
simultaneously. Analyses of fast Fourier transform (FFT) and Hilbert-Huang transform (HHT) were performed on the AE
waveform when the sample failed. The results show that as the water content increases, the frequency and intensity of the AE
signal will decrease. The influence of water on the intensity of the AE signal is greater than that on the frequency. Through the
analysis of the energy mechanism of rock failure, it is pointed out that the frequency and intensity of AE signal are closely
related to elastic energy index WET and burst energy index KE. The research results have guiding significance for the monitoring
of rockburst.

1. Introduction

As the depth of underground engineering increases, the sur-
rounding rock masses suffer higher ground stress, higher tem-
perature, high permeability pressure, and strong disturbance;
rock dynamic disasters such as rockburst occur frequently
[1, 2]. Acoustic emission (AE) technology is a powerful means
for monitoring rockburst disasters [3, 4]. AE signals are elastic
waves released when materials undergo plastic deformation
and crack propagation under stress. AE signals contain a
wealth of information about material fracture, which can
reveal the fracture mechanism and damage degree of the
material [5–8]. In-depth interpretation of AE signals is very
important for rockburst monitoring.

At present, the analysis methods of AE signal during rock
failure under load mainly include parameter analysis and
waveform analysis [9]. The parameter analysis is a method
used to make statistics of the characteristic parameters
(including energy and count) of the AE waveform during
the rock failure process, which is able to reflect the degree

of rock damage [10]. Figure 1 shows the various waveform
parameters of the AE signal. The waveform analysis method
is to transform the waveform of AE signal from the time
domain to the frequency domain and then get its frequency
domain characteristics. Waveform analysis can directly
reflect the rock fracture mechanism [11]. Extensive research
[12–15] shows that the AE signal of rock is mainly mani-
fested as high frequency and low amplitude under lower
stress levels; at higher stress levels, low-frequency and high-
amplitude AE signals will appear accompanied by large-scale
fractures in the rock. There is an inverse relationship between
the frequency of the AE signal and the fracture size. In addi-
tion, some scholars have other opinions. Li et al. [16] believe
tensile fracture generates AE signals of low frequency while
high-frequency AE signals are produced by shear fracture.
Zhu et al. [17] suggested that the middle-frequency AE signals
may be connected with the friction of fracture surfaces.

In engineering practice, rocks are often in a groundwater
environment [18]. Water will reduce strength and fracture
mechanical properties (including fracture toughness and
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crack growth rate) of rocks and enhance their plastic char-
acteristics, especially for rocks containing clay minerals
[19–25]. Accordingly, the effects of water should be taken
into full consideration when monitoring rock stability. Cur-
rent researches show that water can reduce the AE energy,
count, and other parameters in the process of rock failure
[26–29]. However, there are few studies on the frequency
domain characteristics of AE waveforms when water-
bearing rocks are failure. Moreover, the relationship between
the AE signal performance and the mechanical mechanism of
rock failure is also worthy of further discussion.

Hilbert-Huang transform (HHT) is an advanced method
transforming signals from the time domain to the frequency
domain [30, 31]. As an adaptive time-frequency localized
analysis method, HHT is very suited to the analysis of non-
stationary signals. Therefore, this paper prepared sandstone
samples with different water contents, performed uniaxial
compression tests on them, and collected AE signals. HHT
analysis was performed on the AE waveforms when the sam-
ples failed and compared with the classical waveform analysis
method (fast Fourier transform (FFT)). The frequency
domain characteristics of AE signals when sandstone sam-
ples with different water contents failed are researched. The
study findings gave guidance for improving accuracy of rock-
burst monitoring.

2. Experimental Process and Results

2.1. Sample Preparation. On the basis of the International
Society of Rock Mechanics’ standards, rock samples with the
size of Φ50mm× 100mm were made. The used rock was
white sandstone, consisted ofminerals of quartz (37.6%),mus-
covite (28.2%), and kaolinite (34.1%), and came fromRenshou
County, Sichuan Province, China. In order to prepare sand-
stone samples in various water contents, samples were soaked
in water after drying. During the soaking process, the samples
were weighed at regular intervals and the water content was
calculated. Figure 2 shows the change of water content of a
typical sample during water absorption. The samples could
be saturated in about 4-5 hours. In addition, the samples were
soaked in water under normal temperature and pressure.

The P-wave velocity of the samples was tested, and 12
samples with the same test results (about 2.53 km/s) were
sorted out as the experimental samples. After drying, they

were divided into four groups and soaked in water for differ-
ent times. Table 1 shows the basic physical parameters of the
sample.

2.2. Experimental System and Scheme. The experimental
system primarily comprised a loading system, namely,
new SANS microcomputer-controlled electrohydraulic
servo pressure testing machine, and an AE signal acquisi-
tion system (24-channel Micro-II type AE monitoring host
of American Physical Acoustics Corporation), as illustrated
in Figure 3. Besides, the AE probe was NANO-30 (center
frequency is 150 kHz). The amplification factor of AE signal
was set as 40 dB; the threshold value was set as 45 dB;
and the sampling rate was 2 MSPS. In order to ensure that
the AE signal from the fracturing source was received
completely, a special coupling agent was applied to the junc-
tion of the probe and the sample. AE was calibrated through
the lead-breaking experiment. The follow-up experiment
could only be carried out when the lead-breaking amplitude
was above 95 dB. The loading rate of the press was set to
120N/s. The press and AE acquisition were launched syn-
chronously until the sample was destructed.

2.3. Experimental Result. Table 1 also lists the mechanical
parameters (uniaxial compressive strength, elastic modulus)
of all samples, together with the cumulative total value of
AE energy during the entire loading process. As the water
content of the sample increases, its strength, elastic modulus,
and total AE energy gradually decrease. This is generally con-
sistent with previous studies. Compared with dry samples,
the mean values of uniaxial compression strength, elastic
model, and AE energy of saturated samples decreased
45.6%, 54.19%, and 61.7%, respectively.

Figure 4 shows the time series changes of stress, strain,
and AE energy of a group of samples with different water
contents in the course of loading. Figure 5 gives information
about their stress-strain curves. Figure 6 shows the time
series change of cumulative AE energy during loading. The
deformation and fracture process of rock materials can be
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broadly classified into four phases: compaction, elastic defor-
mation, plastic deformation, and failure. As the water con-
tent increases, the plastic deformation characteristics of the
sample before the peak stress become more obvious; its strain
increases significantly; and the stress-strain curve becomes
more tortuous. Accompanied by stress fluctuations, the AE
energy of a sample with high water content has a more obvi-
ous response in late-stage loading. When failure happens, the
AE energy can reach the peak value. From the perspective of
the entire loading process, the AE energy level continues to
decrease with the increase of the water content. According
to our previous research [9], the weakening of AE energy
by water can be attributed to the change of microscopic frac-
ture mode, the reduction of fracture mechanics properties,
and the lubrication effect of water on friction.

3. Waveform Analysis of AE

3.1. Original Waveform and Its FFT Analysis. A group of typ-
ical waveforms of AE signal at failure time (peak stress point)

of sandstone with different water contents was selected for
analysis. Figure 7 shows the original waveform. When the
sample is failure, its AE waveform assumes a shape that sud-
denly increases and then gradually decays. Comparing the
AE waveforms of samples with different water contents, it
is more obvious that the signal amplitude decreases signifi-
cantly as the water content increases. And the trend of signal
spikes seems to slow down. In order to reveal their frequency
domain characteristics in-depth, further analysis is carried
out with the help of FFT and HHT.

FFT is an efficient algorithm for discrete Fourier trans-
form. The discrete Fourier transform XðkÞ of sequence xðnÞ
with the length of N is

X kð Þ = 〠
N−1

n=0
x nð ÞWnk

N K = 0, 1,⋯,N − 1ð Þ, ð1Þ

where WN = e−jð2π/NÞ. The above formula is the basic princi-
ple of FFT. Figure 8 shows the FFT spectrums of the AE sig-
nals of samples in diverse water content. When the sample is
failure, the frequency of the AE signal is basically distributed
below 100 kHz. The main frequency (the frequency at the
highest amplitude point) is lower than 30 kHz. They are
low-frequency signals. The main frequency and its amplitude
of all samples were counted, as shown in Figure 9. As the
water content increases, the main frequency and its ampli-
tude of the AE signal gradually decrease. But the decrease
in the amplitude of the main frequency is more significant.
The average amplitude of the main frequency is about
0.12mV for dry samples, while that of the saturated samples
is 0.03mV. The decline was more than 73%. However, the
main frequency is only reduced from about 25 kHz to about
20 kHz. Therefore, the influence of water on the amplitude
of AE signal is far greater than that on the frequency.

Table 1: Physical parameters and experimental results of samples.

Sample no.
Density

(before water absorption)
(g/cm3)

Soaking time (h)
Water content

(%)

Uniaxial
compressive
strength
(MPa)

Elastic
modulus
(GPa)

Total AE energy (aJ)

Value Mean Value Mean Value Mean Value Mean

A-1 2.30 0 0 0 40.70 42.02 8.68 8.84 312621 324275

A-2 2.31 0 0 42.23 8.73 342312

A-3 2.30 0 0 43.12 9.12 317892

B-1 2.31 0.50 1.03 1.03 35.64 33.48 6.90 6.54 212348 214161

B-2 2.31 0.50 1.01 31.34 6.44 203412

B-3 2.31 0.50 1.05 33.45 6.27 226723

C-1 2.30 2.00 2.05 2.04 29.14 28.10 5.90 5.28 167364 158423.67

C-2 2.30 2.00 2.04 27.14 5.03 149214

C-3 2.31 2.00 2.03 28.03 4.91 158693

D-1 2.31 5.00 3.17 3.14 20.91 22.86 3.81 4.05 133603 124167.33

D-2 2.31 5.00 3.11 23.32 4.13 127967

D-3 2.30 5.00 3.14 24.34 4.21 110932

PA

AE source

AE probe

Preamplifier

AE monitoring host 

Loading system

Sample

Figure 3: Experimental system schematic.
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3.2. HHT Analysis

3.2.1. HHT Theory. HHT is constituted by Empirical Mode
Decomposition (EMD) and Hilbert transform (HT) [30,
31]. In the first place, the complex signal is decomposed into

a finite number of intrinsic mode functions (IMFs) through
way of EMD, and Hilbert transform is then performed on
the IMF components after decomposition so that the energy
distribution spectrum (Hilbert spectrum) is obtained on the
time-frequency plane. A brief description of the algorithm
is as follows.
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Figure 4: Time series changes of stress, strain, and AE energy.
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Huang et al. [30] put forward a method of signal decom-
position (EMDmethod) based on IMF. First, find the average
value mðtÞ of the upper envelope v1ðtÞ and lower envelope
v2ðtÞ according to the maximum and minimum points of
the signal xðtÞ, and then, calculate the difference h1t between
xðtÞ and mðtÞ:

x tð Þ −m tð Þ = h1t: ð2Þ

Take h1t as a new xðtÞ, and then, repeat the above oper-
ation before h1kðtÞ obtained by k cycles meets the standard
defined by Huang, and the first level of decomposition
comes to an end. c1 = h1kðtÞ is defined, and c1 is the first
intrinsic mode function (IMFc1). The rest of the part xðtÞ
− c1 = r is subjected to the identical decomposition proce-
dure to obtain IMFc2, IMFc3…. It can stop until rðtÞ is
monotonous or ∣rðtÞ ∣ is tiny. So far, n-th order IMF compo-
nents and residual rnðtÞ can represent the original signal xðtÞ
:

x tð Þ = 〠
n

i=1
cj tð Þ + rn tð Þ, ð3Þ

where rnðtÞ is the residual term, representing the average
tendency of the signal; IMF components (c1, c2,⋯, cn) con-
tain the signal components from high to low in different fre-
quency bands.

Perform Hilbert transform on all IMF components
obtained by EMD. Combining the calculation results of all
IMF components can gain the “time-frequency-energy”
three-dimensional spectrum of the signal, which is called

the Hilbert spectrum. The Hilbert transform on the IMF
component represented by cðtÞ is as follows:

H c tð Þ½ � = 1
π
P
ð+∞
−∞

c t ′
� �

t − t ′
dt ′, ð4Þ

where P is the Cauchy principal value. Then, the analytic sig-
nal of cðtÞ is

z tð Þ = c tð Þ + iH c tð Þ½ � = α tð Þeiθ tð Þ, ð5Þ

where the amplitude function is αðtÞ = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2ðtÞ +H2½cðtÞ�p

and
the phase function is θðtÞ = tan−1ððH½cðtÞ�Þ/ðcðtÞÞÞ. Then, the
signal’s instantaneous frequency is

f tð Þ = dθ tð Þ
dt

: ð6Þ

Neglecting the residual rnðtÞ, the Hilbert spectrum of the
original signal is

H f , tð Þ = Re 〠
n

i=1
αi tð Þej

Ð
θidt , ð7Þ

where Re is the real part.

3.2.2. Hilbert Spectrum Analysis. Figure 10 reveals the Hilbert
spectrum of the AE signal when samples with different water
contents failed. The color bar on the left in the figure indi-
cates the energy level. Compared with the FFT spectrum,
the Hilbert spectrum can clearly show the instantaneous
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Figure 7: The original waveform when the samples failed.
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performance of signal frequency and energy. During the sig-
nal duration, their frequency is basically lower than 120 kHz.
And signals all appear the situation that their frequency
reduces as time increases. As the water content increases,

the overall signal frequency level has a downward trend.
The signal performance of saturated sample below 40 kHz
is better than that of samples with lower water content. The
more significant difference is in energy. The maximum
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Figure 8: FFT spectrums of samples with different water contents.
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energy value of the dry sample can reach more than 20, while
that of the saturated sample is just over 0.14.

4. Discussion

According to the study of Wang et al. [32], the frequency of
the AE signal produced by crack propagation in brittle mate-
rials is related to the rate of fracture energy release. After fur-
ther derivation, they believe that the frequency of the AE
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signal is positively correlated with the effective elastic modu-
lus of the medium, that is,

f ∝ �E: ð8Þ

Water will reduce the fracture toughness of the rock and
its crack propagation speed, resulting in a weakening of the
release of fracture energy, which in turn weakens the AE sig-
nal [24]. These can explain the results of this experiment to a
certain extent. However, the failure mode of rock is often the
composite failure of tension and shear, and there is friction
between the fractured surfaces. This is an important reason
for the complexity of AE signals. The failure mode of a group
of samples with different moisture contents is shown in
Figure 11. The failure of sandstone samples is mainly shear
failure and mixed with tensile fracture. Due to the deteriora-
tion of water in sandstone, the number of cracks increases
with the increase of water content [9]. Therefore, the
single-crack propagation model cannot fully explain the
decrease of frequency and intensity (amplitude or energy)
of the AE signal caused by water when rock failed.

In fact, the failure process of rock under load is the trans-
formation process of strain energy (including elastic energy
and dissipation energy), and its failure can be regarded as a
state instability driven by energy [33]. And AE is a form of
energy dissipation. Figure 12 shows the energy evolution pro-
cess of rock under uniaxial compression. W1 is the prepeak
total strain energy; W2 is the postpeak dissipated energy;
W3 is the prepeak dissipated energy; W4 is the prepeak
recoverable elastic energy. As the load reaches the peak stress,
the elastic energy accumulated in the rock (W4) reaches the
limit. Coupled with the continuous work of the press (W2),
these energies will be dissipated in various forms in a short
time (such as the kinetic energy of rock block, plastic defor-
mation energy, surface energy of new cracks, work to over-
come friction, AE, and electromagnetic radiation) and
cause rock failure and instability. The elastic energy index
(WET) and burst energy index (KE) were defined by scholars

and used as important indicators to determine the burst
potentiality of coal and rock [34], as follows:

WET =
W4
W3

, ð9Þ

KE =
W1
W2

: ð10Þ

Among them, W1 =
Ð εp
0 σdε refers to the area before the

peak of the stress-strain curve; W2 =
Ð εs
εp
σdε means the area

after the peak of the stress-strain curve; W3 =W1 −W4.
W4 is the elastic energy that the rock can recover after
unloading. In the analysis of uniaxial compression experi-
ment [35], W4 is often calculated approximately as

W4 =
σ2p
2E

: ð11Þ

E refers to the elastic modulus of rock.
Figure 13 shows the mean values of uniaxial compressive

strength (UCS), peak strain (strain when stress reaches UCS),
and W4 for all samples. With the increase of water content,
the strength of the sample decreases; and more significant
plastic deformation leads to energy dissipation. These result
in less elastic energy accumulation (W4) before the peak.
The energy source of rock failure is mainly the elastic energy
accumulated before the peak and the continuous work of the
press after the peak. Less elastic energy accumulation (W4) is
not enough to support complete failure of rock. Therefore,
the higher the water content of the sample, the more work
the press does after the peak (W2).

The higher the concentration of elastic energy before
the peak and less work done by the press after the peak,
the more violent and sudden the rock failure is. WET
and KE can well reflect the brittleness and burst potential-
ity of rocks. WET and KE of all samples were calculated,
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Figure 14: WET and KE of samples with different water contents.
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and Figure 14 displays the results. WET and KE gradually
decrease with the increase of water content. This shows that
the lower the water content of the rock, the more violent
and sudden the energy release during failure. Along with
the rock failure, the AE signal responds strongly. We believe
that the performance of the AE signal is closely related to
these two indicators, and they are positively correlated. The
higher the WET and KE of rock, the higher the frequency
and intensity of AE signal.

5. Conclusion

According to this paper, sandstone samples of different water
contents were employed to carry out experiments of uniaxial
compression and collect AE signals. HHT analysis was per-
formed on the AE waveforms when the samples failed and
compared with the classical FFT. The relationship between
energy mechanism of water-bearing rock failure and AE sig-
nal performance was discussed. The major conclusions are
listed as follows:

(1) When the sample fails, the waveform of AE signal
assumes a shape that suddenly increases and then
gradually attenuates. As the water content grows,
the signal amplitude falls by degrees, and the trend
of signal spikes slows down

(2) The results of FFT show that AE signals are all low-
frequency signals (<30 kHz) when samples fail. As
the water content rises, the main frequency of the sig-
nal reduces slightly, while the amplitude of the main
frequency decreases greatly

(3) The HHT results show that the AE signal frequency
of sample failure gradually decreased with the
increase of time. And the HHT results have some
similar characteristics compared with the FFT. When
the sample with higher water content is failure, the
AE signal performs better in the lower frequency
range, and its energy value is greatly reduced

(4) Through the analysis of the energy mechanism of
water-bearing rock failure, it is pointed out that water
will weaken the brittleness and burst potentiality of the
rock and make the elastic energy index (WET) and
burst energy index (KE) decrease. And the frequency
and intensity (amplitude or energy) characteristics of
the AE signal when the rock is failure are positively
correlated with WET and KE

Data Availability
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