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This paper presents an experimental investigation of acoustic emission (AE) time-frequency characteristics of a water-bearing
sandstone specimen in a conventional uniaxial compression test. The main achievements are as follows: (1) The violent
fluctuation of AE time domain parameters indicates that the water-bearing sandstone specimen is about to be destroyed. This
characteristic provides a theoretical basis for predicting the failure of water-bearing rock in engineering practice. (2) In the
elastic phase, the AE b value is the lowest but has a sudden increase after falling into the steady crack propagation phase. In
the unsteady crack propagation phase, the AE b value is further increased. This characteristic is of great indicative value for
predicting the failure of the water-bearing sandstone specimen. (3) The difference of dominant frequency among the three key
points is very small, indicating that the crack initiation and propagation of the water-bearing sandstone specimen has a certain
stability in the damage and failure process. But, the two-dimensional frequency spectrum structure of AE waveform signals
shows that the closer to failure, the more the number of the frequency spectrum structure peaks. (4) The energy of AE signals
is mainly concentrated in the first three frequency bands. The closer to failure, the more the energy proportion of the first
three frequency bands is reduced; conversely, the energy proportion of the latter five frequency bands is increased, which leads
to more complexity of the failure modes of the water-bearing sandstone specimen.

1. Introduction

Deep mining is not only affected by the high ground stress
and high gas pressure but also affected by the high karst
water pressure; under the physical and chemical actions of
water, the rock composition and structure will change at
the fine and microlevel, thus resulting in more complex
mechanical behavior [1–4]. In China, many serious mine
water-inrush accidents have happened, such as the water-
inrush accidents in the Yongsheng coal mine on July 7,
2019, in the Wangjialing coal mine on March 28, 2010,
and in the Daxing coal mine on August 7, 2005. These acci-
dents have caused serious heavy losses of life and property.
So, it is of great significance for the safe and efficient produc-

tion of coal mine to carry out the mechanical test of water-
bearing rock and study its precursory characteristics of fail-
ure. Now, there are many studies on the strength character-
istics of water-bearing rocks, and a consistent conclusion has
been reached, namely, that the strength of rocks is inversely
proportional to the moisture content. However, the strength
index cannot be used as a precursor parameter for predicting
the water-bearing rock failure, because it only reflects the
strength value at failure. In order to determine the reason-
able precursory parameters of water-bearing rock failure, it
is necessary to deeply analyze its AE characteristics. As we
all know, in the damage and failure process of loaded rock,
the rock microcracks continue to generate and release strain
energy in the form of an elastic wave, which is the AE
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phenomenon [5–9]. The AE signals contain rich informa-
tion about the development and evolution of the rock inter-
nal fracture, which is an important manifestation form of
rock deformation and failure [10–14]. Therefore, to further
study the rock AE characteristics can effectively evaluate
the damage state of the rock, and it also has an important
theoretical guiding significance for predicting and prevent-
ing rock instability disasters. The analysis of AE signals is
mainly divided into two methods, namely, the time domain
parameter analysis and the frequency domain waveform
analysis [15]. The time domain parameter analysis can only
reveal some eigenvalue changes in the process of rock fail-
ure. However, the frequency domain waveform analysis
can deeply mine the rich information contained in the AE
waveform signals, and the extracted spectrum features can
more comprehensively reflect the rock failure mecha-
nism [16].

At present, some achievements have been made in the
frequency domain analysis of rock AE waveform signals.
For example, Li et al. [17] studied the AE waveform char-
acteristics of rock mass under uniaxial loading. Du et al.
[18] studied the time-frequency characteristics of tensile
and shear cracks of rock in various types of tests. Sheng
et al. [19] studied the frequency characteristics of various
AE signals during high-velocity waterjet rock drilling.
Mei et al. [20] studied the main frequency precursor char-
acteristics of AE signals from deeply buried Dali rock
explosion. Zeng et al. [21] proposed a dominant frequency
identification criterion model of multiband AE signals
based on the relationship between AE signal frequency
band proportion and rock stress through the uniaxial
compression AE test of gritstone, which has certain theo-
retical significance for the prediction of rock instability
and failure. He et al. [22] studied the evolution law of
AE spectrum characteristics of granite through an instan-
taneous strain rockburst simulation test and obtained the
dominant frequency and the evolution characteristics of a
two-dimensional spectrum of AE signals under different
stress values.

However, most of the current studies are related to dry
specimens, and the research on the spectrum characteris-
tics of AE signals of water-bearing rock is relatively rare.
Based on this, this paper firstly obtains the original AE
waveform signals of the water-bearing sandstone specimen
through the conventional uniaxial compression test, then
denoises these signals, obtains the two-dimensional spec-
trum by the fast Fourier transform (FFT), and extracts
the dominant frequency. At the same time, the wavelet
packet analysis is used to study the energy distribution
characteristics of AE signals in different frequency bands.

2. Specimens and Experimental Devices

2.1. Specimens. The sandstone samples were from the Yang-
cun Coal Mine in Shandong, China. These samples were
processed into several standard cylindrical specimens with
a diameter of 50mm and a height of 100mm. The basic
information of specimens are listed in Table 1.

2.2. Experimental Device and Method. A conventional uni-
axial compression test is conducted using the MTS815.02
rock mechanics test system (MTS Systems Corporation,
Eden Prairie, MN, USA) from the China University of
Mining and Technology, as shown in Figure 1. Prior to
each test, these specimens were firstly subjected to the
immersion test for 24 hours; then, an initial force of
1.0 kN was applied to each water-bearing sandstone speci-
men to ensure close contact between the test machine
pressure head and the specimen. The displacement control
mode with a loading rate of 0.003mm/s was employed. In
order to ensure the safety of the test machine, it is set that
the test is over when the axial displacement of these spec-
imens exceeds 3mm. The AE21C AE system (Shenyang
Computer Technology Research and Design Institute,
Shenyang, China) is employed. The sampling frequency
is set to be 1.0MHz. The preamplifier gain and threshold
were set to be 36.0 and 30.0 dB, respectively. The
MTS815.02 test system and AE21C AE system were oper-
ated simultaneously during the tests.

3. Test Results and Analysis

3.1. AE Characteristics in Time Domain

3.1.1. AE Ring Count Rate. Limited by space, the AE data of
the no. S1 water-bearing sandstone specimen is selected
for studying and analysis. Figure 2 shows the correspond-
ing AE ring count rate and axial stress versus time curve.
The evolution process of the AE ring count rate can be
divided into four phases, namely, the slow growth, rapid
growth, steady fluctuation, and violent fluctuation phases.
In the slow growth phase, the AE ring count rate does
not exceed 2600/s, which is roughly corresponding to the
compaction phase and the early term of the elastic phase

Table 1: The basic information of water-bearing sandstone
specimen.

Specimen number Diameter (mm) Height (mm) Mass (g)

S1 49.44 99.96 426.3

S2 49.50 99.82 428.2

S3 49.52 98.56 424.6

S4 49.46 99.78 429.1

Figure 1: MTS815.02 rock mechanics test system.
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of the water-bearing sandstone specimen. In this phase,
the water-bearing sandstone specimen is mainly com-
pacted by microcracks, and it basically generates no new
cracks. In the rapid growth phase, the AE ring count rate
basically increases linearly, indicating that the microcracks
in the water-bearing sandstone specimen initiate at some
stable rate, which is roughly corresponding to the midterm
of the elastic phase of the water-bearing sandstone speci-
men. In the steady fluctuation phase, the AE ring count
rate fluctuates from 25000/s to 75000/s, which is roughly
corresponding to the later term of the elastic phase of
the water-bearing sandstone specimen. In the violent fluc-
tuation phase, the AE ring count rate fluctuates from 0 to
90000/s, and the fluctuation range is further expanded,

corresponding to the unsteady crack propagation and fail-
ure phase of the water-bearing sandstone.

3.1.2. AE Energy Count Rate. Figure 3 shows the AE energy
count rate and axial stress versus time curve. The evolution
process of the AE energy count rate can be divided into four
phases, namely, the slow growth, rapid growth, steady fluc-
tuation, and violent fluctuation phases. By comparing
Figure 2 with Figure 3, it can be seen that the four-phase
division of the AE energy count rate is in line with the ring
count rate.

3.1.3. AE Hit Count Rate. Figure 4 shows the AE hit count
rate and axial stress versus time curve. The evolution process
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Figure 2: AE ring count rate and axial stress versus time curve.
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Figure 3: AE energy count rate and axial stress versus time curve.
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of the AE hit count rate can be divided into four phases,
namely, the steady, growth, steady fluctuation, and violent
fluctuation phases. In the steady phase, the AE hit count
rate keeps basically stable, which is roughly corresponding
to the compaction phase of the water-bearing sandstone
specimen. In the growth phase, the AE hit count rate basi-
cally increases linearly, which is roughly corresponding to
the early term of the elastic phase of the water-bearing sand-
stone specimen. In the steady fluctuation phase, the AE hit
count rate fluctuates from 10/s to 100/s, which is roughly
corresponding to the later term of the elastic phase of the
water-bearing sandstone specimen. In the violent fluctuation
phase, the AE hit count rate fluctuates from 20/s to 200/s
and the fluctuation range is further expanded. Besides, a

large count rate appears every some time interval. This
phase is corresponding to the unsteady crack propagation
and failure phase of the water-bearing sandstone.

3.1.4. AE Amplitude and b Value. Figure 5 shows the AE
amplitude and axial stress versus time curve. The evolution
process of the AE amplitude can be divided into five phases,
namely, the steady increase, steady, local fluctuation, violent
fluctuation, and postpeak fluctuation phases. The violent
fluctuation phase is corresponding to the unsteady crack
growth, and its occurrence can be regarded as the precursory
characteristics of water-bearing sandstone specimen failure.

The AE b value comes from seismology. Through the
study of global earthquake activities, Gutenberg and Richter
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Figure 4: AE hit count rate and axial stress versus time curve.
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Figure 5: AE amplitude and axial stress versus time curve.
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put forward the G-R relationship between earthquake mag-
nitude and occurrence times, with the relationship equation
as follows [23]:

lg N = a − bM, ð1Þ

where M is the earthquake magnitude, N is the number
of earthquakes with the magnitude greater than or equal to
M, and a and b are the constants.

The AE activities in the rock mechanics test also belong
to the vibration, which has the same physical meaning as
earthquake activities. But, there exists no concept of the
magnitude in the rock AE test. Therefore, it is necessary to

turn the AE amplitude into the equivalent magnitude. The
following equation is generally used [23]:

ML =
Ms

20 , ð2Þ

whereMs is the AE amplitude during the lab test andML
is the equivalent magnitude during the lab test.

So, the G-R relationship in rock AE research is as fol-
lows:

lg N = a − bML: ð3Þ
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Because the stress-strain curve can be divided into five
phases, namely, compaction, elastic, steady crack growth,
unsteady crack growth, and postpeak phases, so the AE
amplitude in the five phases is firstly turned into the equiv-
alent magnitude according to Equation (2). Then, these data
are summarized and analyzed according to the magnitude
interval of 0.05 dB to obtain the earthquake frequency.
Finally, the AE b value is obtained by Equation.(3).

Table 2 and Figure 6 shows the evolution curve of the AE
b value of the water-bearing sandstone specimen in different
phases. From Table 2 and Figure 6, the AE b value in the
elastic phase is the lowest, but the AE b value has a sudden

increase after falling into the steady crack growth phase. In
the unsteady crack growth phase, the AE b value is further
increased. This characteristic is of great indicative value for
predicting the failure of the water-bearing sandstone
specimen.

3.1.5. Discussions. By comparing Figure 2 with Figure 4, it
can be seen that there are some differences in the four-
phase division of the AE ring count rate and hit count rate;
they are consistent only in the latter two phases. Before the
failure of the water-bearing sandstone specimen, the AE
time domain parameters, including the AE ring count rate,
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Figure 8: Denoised signals and two-dimensional frequency spectrum near key point “A.”.

Table 2: The AE b value in different phases.

Phase Compaction Elasticity Steady crack growth Unsteady crack growth Postpeak

AE b value 0.7732 0.2469 1.6414 1.9164 0.4629
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energy count rate, hit count rate, and amplitude, show the
violent fluctuation characteristics. So, the violent fluctuation
of AE time domain parameters indicates that the water-
bearing sandstone specimen is about to be destroyed. This
characteristic provides a theoretical basis for predicting the fail-
ure of water-bearing rock in engineering practice. The AE hit
count rate reflects the frequency of crack propagation, so the
failure of the water-bearing sandstone specimen should be
measured by the AE hit count rate. From Figure 4, the maxi-
mum value of the AE hit count rate occurs after the peak stress.
This shows that the water-bearing sandstone specimen will be
destroyed at some time point after the postpeak phase.

3.2. AE Characteristics in Frequency Domain

3.2.1. Key Point Selection. The research shows that the com-
pression failure of rock is a process of energy absorption and
release, and the AE energy reflects the released elastic energy

during the initiation or propagation of cracks in rock. There-
fore, in-depth study of the AE energy characteristics is
helpful to reveal the essential characteristics of AE activi-
ties. Due to the large number of AE signals in the test
process, several representative key points need to be cho-
sen for analysis. The selection principle of key points is
the turning point with obvious change in the AE cumula-
tive energy curve.

As shown in Figure 7, three key points are chosen. The
key point “A” is the inflection point from slow growth to
rapid growth in the cumulative energy curve and is in the
elastic phase of the water-bearing sandstone specimen. The
key point “B” is the inflection point where the energy growth
rate begins to decrease and is in the unsteady crack propaga-
tion phase of the water-bearing sandstone specimen. The
key point “C” is corresponding to the peak stress point of
the water-bearing sandstone specimen.
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Figure 9: Denoised signals and two-dimensional frequency spectrum near key point “B.”.
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3.2.2. Dominant Frequency Characteristics near Key Points.
As a nonstationary signal, it is difficult for AE signals to
reflect all characteristics in the time domain. FFT needs to
be used to analyze the signals in the frequency domain.
FFT can decompose the time domain waveform signal into
the superposition of sine wave signals with different frequen-
cies and amplitudes to obtain the frequencies of these sine
wave signals. This method can convert the signal informa-
tion from the time domain to the frequency domain, and
its principle is as follows:

X ωð Þ =
ð+∞
‐∞

x tð Þe−jωtdt, ð4Þ

where XðωÞ is the expression of the original signal in the fre-
quency domain and xðtÞ is the expression of the original sig-
nal in the time domain.

Because AE signals are affected by the surrounding envi-
ronment in the data acquisition process, it is inevitable to
mix some noises. Therefore, firstly, the AE waveform signals
should be denoised. The mixed threshold rule of Heursure,
soft threshold function, and Daubechies wavelet basis are
chosen for AE signal denoising. The denoised signals near
three key points and the two-dimensional frequency spec-
trum obtained by FFT are shown in Figures 8, 9, and 10.

From Figure 8(b), the dominant frequency near the key
point “A” is 60.55kHz, and the two-dimensional frequency
spectrum of AE waveform signals shows a bimodal structure.
From Figure 9(b), the dominant frequency near the key point
“B” is 58.59kHz, and the two-dimensional frequency spectrum
of AE waveform signals shows a three-peak structure. From
Figure 10(b), the dominant frequency near the key point “C”
is 62.50kHz, and the two-dimensional frequency spectrum of
AE waveform signals shows a three-peak structure. The above
data shows that the dominant frequency of the water-bearing
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Figure 10: Denoised signals and two-dimensional frequency spectrum near key point “C.”.
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sandstone specimen is the highest at the peak stress point,
followed by the elastic phase, and the minimum at the unsteady
crack propagation phase. The current research shows that the
different dominant frequencies is corresponding to different-
sized crack propagation. The high frequency indicates that
small-sized cracks are generated, and the low frequency is cor-
responding to the formation of large-sized cracks [24]. How-
ever, the difference of the dominant frequency among the
three key points is very small, indicating that the crack initia-
tion and propagation of the water-bearing sandstone specimen
have a certain stability in the damage and failure process. This
shows that the water has an influence on the failuremode of the
sandstone specimen. Besides, the two-dimensional frequency
spectrum structure of AE waveform signals shows that the fail-
ure mode of the water-bearing sandstone specimen near the
key points “B” and “C” is more complex than that near the
key point “A.” That is, the closer to failure, the specimen pro-
duces more failure modes. So, the failure of the water-bearing
sandstone specimen can be predicted by the number of multi-
peak structures in the two-dimensional frequency spectrum. In
general, the closer to failure, the more the number of peaks.

3.2.3. Wavelet Packet Analysis of AE Signal. Different-sized
cracks release different amounts of energy in the process of
specimen compression failure. So, the wavelet packet analy-
sis method is used to decompose the AE waveform signals,
which is helpful to understand the energy distribution char-
acteristics of AE signals in different frequency bands. The
wavelet packet can simultaneously decompose the high-
frequency and low-frequency parts of the signals, which
improves the time-frequency resolution of AE signals. In
this paper, the Meyer wavelet is employed to decompose
the AE waveform signals near three key points by three
layers; that is, it is decomposed into eight frequency bands.
The energy distribution characteristics of each frequency
band near the three key points are shown in Table 3 and
Figure 11.

From Table 3 and Figure 11, near the key points “A,”
“B,” and “C,” the total energy proportions of the first three
frequency bands are 95.81%, 95.65%, and 95.43%, respec-
tively. Among them, the energy of the no. 2 frequency band
accounts for the highest and is 46.02%, 50.23%, and 56.41%,
respectively. It is the dominant energy frequency band of the

Table 3: Energy proportion in each frequency band near three key points.

Frequency band number Frequency band range (kHz)
Energy proportion (%)

Key point “A” Key point “B” Key point “C”

1 0~62.5 33.9 22.12 22.54

2 62.5~125 46.02 50.23 56.41

3 125~187.5 15.89 23.3 16.48

4 187.5~250 2.34 1.93 2.08

5 250~312.5 0.44 0.39 0.48

6 312.5~375 0.57 1.35 0.84

7 375~437.5 0.35 0.35 0.6

8 437.5~500 0.49 0.33 0.57
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AE signals, which determines the main failure mode of the
water-bearing sandstone specimen. In the no. 4~no. 8 fre-
quency bands, the total energy proportions are 4.19%,
4.35%, and 4.57%, respectively. In the latter five frequency
bands, the energy proportion of each frequency band does
not exceed 3%, which has little effect on the failure of the
water-bearing sandstone specimen. The above analysis
shows that the energy of AE signals is mainly concentrated
in the first three frequency bands. But, the closer to failure,
the more the energy proportion of the first three frequency
bands is reduced; conversely, the energy proportion of the
latter five frequency bands is increased, which leads to more
complexity of the failure modes of the water-bearing sand-
stone specimen. This characteristic can be used as a precur-
sor to predict the failure and instability of the water-bearing
sandstone specimen.

4. Conclusions

In this paper, the AE characteristic parameters, dominant fre-
quency, and frequency band energy evolution characteristics
of the water-bearing sandstone specimen are studied by time
domain and frequency domain analysis methods. The main
conclusions are presented as follows:

(1) The violent fluctuation of AE time domain param-
eters indicates that the water-bearing sandstone
specimen is about to be destroyed. This character-
istic provides a theoretical basis for predicting the
failure of the water-bearing rock in engineering
practice

(2) The AE b value fluctuates during the uniaxial com-
pression process. In the elastic phase, the AE b
value is the lowest, but the AE b value has a sud-
den increase after falling into the steady crack
growth phase. In the unsteady crack growth phase,
the AE b value is further increased. This character-
istic is of great indicative value for predicting the
failure of the water-bearing sandstone specimen

(3) The difference of the dominant frequency among the
three key points is very small, indicating that the
crack initiation and propagation of the water-
bearing sandstone specimen has a certain stability
in the damage and failure process. But, the two-
dimensional frequency spectrum structure of AE
waveform signals shows that the closer to failure,
the more the number of the frequency spectrum
structure peaks

(4) The energy of AE signals is mainly concentrated in
the first three frequency bands. The closer to failure,
the more the energy proportion of the first three fre-
quency bands is reduced; conversely, the energy pro-
portion of the latter five frequency bands is
increased, which leads to more complexity of the
failure modes of the water-bearing sandstone
specimen
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