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Abstract: The deformation and failure features of rock formation in deep coal mines are basic
mechanical problems in the complex geology environment and complicated excavation process.
Under the effect of cyclic loading and unloading, the bearing capacity weakens and damage degree
exacerbates significantly, which seriously threatens the safety and stability of the working face. To
study the damage characteristics of sandstone, especially the precursor characteristics of acoustic
emission (AE), this paper conduct the AE response experiments on sandstone under cyclic loading
and unloading. The results show that with the increasing number of cycles, the loading modulus,
unloading modulus, total strain energy, elastic energy, and dissipation energy of sandstone in the
cycle stage all increase continuously. In the initial loading stage, the sandstone has fewer cycles and
lower stress levels, fewer AE ringing counts and energy, and less rock damage. With the increasing
cyclic times and loading stress, the damage degree of sandstone increases rapidly in a very short
time. The damage variable represented by ringing count is more sensitive than by energy. Just before
rock failure, the ringing count and the energy value increase significantly, and the damage curve rises
sharply. In addition, AE waveform signals have obvious aggregation characteristics and four main
bands. Just before sandstone failure, the main frequency band becomes wider, the low frequency
bands f 1 and f 2 become connected, and the main signal frequency appears abnormally low and
high. The waveform signals before sandstone instability and failure show a phenomenon where
the low-frequency amplitude is generally at a high level, the high-frequency signal decreases, the
amplitude becomes low, and the multipeak phenomenon weakens. The above characteristics of the
AE time domain and waveform analysis can be used as the precursor characteristics of sandstone
failure and instability. This study can reveal the process of the sandstone deterioration and AE
response under the cyclic loading and unloading condition, and has certain guiding significance for
roof and floor control in deep roadway, instability warming monitor of working faces, and guarantees
for safety production.

Keywords: acoustic emission; cyclic loading and unloading; mechanical properties; precursory
characteristics

1. Introduction

In the process of coal mining, coal and rock masses are often subjected to repeated
loading and unloading, such as in the disturbance of the front coal and rock mass by
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the tunnel boring machine in the tunneling process of the coal roadway, the periodic
weighting of the roof strata during the mining of the working face, and the periodic loading
of the coal and rock mass caused by structural stresses such as earthquakes [1–3]. The
mechanical properties of the coal and rock mass gradually deteriorate, and the bearing
capacity gradually decreases under cyclic loading, which has a great influence on the
safety of the coal mining face [4–8]. Therefore, studying the damage caused by mechanical
properties of coal and rock masses under cyclic loading and unloading has important
practical significance and engineering value. Table 1 shows the latest relevant research.

Under cyclic loading and unloading, the mechanical characteristics of coal and rock
are markedly different from those under uniaxial loading [9,10]. The deformation capacity,
strength, and damage of rock is directly correlated with its stress state and loading his-
tory [11–13]. The cyclic loading tests are conducted on a press machine, repeating loading
and unloading until the rock is broken. The loading methods can be divided into two ways:
force control and displacement control, depending on the demand of research. Usually,
the loading and unloading rate are kept the same. To study the mechanical properties
of sandstone during cyclic loading and unloading, Richards et al. [14] developed an elas-
tic constitutive model that combined experimentally observed stress and plastic strain
with the evolution of the elastic bulk modulus and shear modulus. The nonlinear stress
dependence of the bulk modulus was modified by the plastic volumetric strain, which
accumulated during hydrostatic pressure and eccentric loading. Hagengruber et al. [15]
discovered that increasing permeability was inversely proportional to confining pressure
because increasing confining pressure inhibited the growth, coalescence, and expansion
of microcracks. When compared to the previous cycle, the permeability increased in each
unloading-reloading cycle, which was consistent with the increased damage in the form of
an extended microcrack network. Taheri et al. [16] discovered that during cyclic loading of
the system, the tangent Young’s modulus (E-tan) continued to degenerate, and the stiffness
decline rate increased rapidly until large plastic deformation occurred. The damage effect
during cyclic loading increased with the unloading stress level and unloading amplitude,
and the confined specimen had a longer fatigue life than the unconfined specimen.

AE is a natural phenomenon where part of the strain energy stored in the rock body is
released in the form of elastic waves when the rock is damaged, fractured, or destabilized
by external loads [17–19]. Quantitatively analyzing AE monitoring signals can reveal the
evolution of lattice dislocations and microcracks inside the rock, which can characterize
the degree of damage during the deformation and damage of the rock to a certain extent
and provide precursor information for the expansion of damage and destruction of the
rock [20–23]. To characterize the AE response to sandstone fractures, Makhnenko et al. [24]
found that the onset of the inelastic response in fluid-saturated rocks (similar to dry rocks)
was consistent with an increase in the AE rate. The clustering of AE events and the
onset of nonuniform deformation inferred from displacement measurements were closely
related to model predictions of the onset of local deformation under various rock–fluid
interaction conditions. Charalampidou et al. [25] described the spatiotemporal evolution of
the developmental deformation zone using the AE source location and mechanism. The
main mechanism for reaching peak stress was shearing, and the growth of the shear band
was primarily controlled by compression. The compaction zone formed at the tip of the
preexisting shear zone and extended circumferentially around the specimen.

To study the damage characteristics of sandstone, Panteleev et al. [26] developed an
isotropic nonlinear damage rheological model with damage parameters that accounted
for the mutation of the effective elastic modulus when stress inversion occurs. To evaluate
fracture deterioration, the ultrasonic P wave velocity and sound emission in the three major
directions were examined. The nonlinear stress—strain behavior and longitudinal wave
velocity change in sandstone were adequately described by the model. Xi et al. [27] assessed
the impacts of the heating temperature and cooling technique on the dynamic mechanical
characteristics of high-temperature rock and analyzed the thermal shock damage progres-
sion and mechanism. The fractal approach was used to analyze the debris distribution, and



Sustainability 2022, 14, 12024 3 of 16

the link between the fractal dimension, heat treatment temperature, and cooling mode was
determined. Different cooling procedures could be used to assess the damage caused by
the high-temperature rock after impact. There have been many studies on the physical and
mechanical properties, AE count energy, and other features of coal and rock under various
cyclic loading and unloading situations, as evidenced above.

Table 1. The latest relevant research about rock deformation.

Number Year Authors Works

[14] 2022 Richards
et al.

Establish a coupled elastic constitutive model to predict the
mechanical unloading response of high porosity sandstones

[24] 2020 Makhnenko
et al.

The clustering of AE events and the onset of nonuniform
deformation were related to predictions of the onset of

local deformation

[26] 2021 Panteleev
et al.

Developed an isotropic nonlinear damage rheological model to
describe the nonlinear stress—strain behavior and longitudinal

wave velocity
. . .

However, rock failure is a cumulative process, and there has been little research on the
damage process and failure antecedent of sandstone under cyclic loading and unloading
utilizing AE time domain and frequency domain parameters. There is still an emergent
need to establish the relation of AE parameters and rock mechanism.

Therefore, cyclic loading and unloading tests on sandstone are conducted. Four factors
are included in the analysis of the mechanical development of sandstone during the damage
and failure process. The degree of the rock loading damage is quantitatively analyzed using
the AE count, energy, and primary frequency. Moreover, the features of the time domain
and frequency domain establish the precursor characteristics of rock instability and failure.
The combination analysis of the sandstone failure and acoustic characteristic reveals the
evolution of energy and damage. The in-depth research on the AE response precursor
of sandstone failure can offer some theory support for monitoring the deformation of
surrounding rock and predicting the instability of roadway. It is of great significance for
analysis of the excavation disaster mechanism as well as recognizing and preventing the
dynamic disasters, especially rock burst.

2. Sandstone AE Response Experiment with Cyclic Loading and Unloading
2.1. Experimental Sample Preparation

The sandstone samples utilized in this article originated from a mine and came from
the same full rock block. The sandstone sample was processed into a rectangular shape
with a size of 50 mm × 50 mm × 100 mm, and the parallelism of the end face of the sample
was regulated to within 0.02 mm. The bulk density of sandstone was 2200 kg/m3. To avoid
weathering, the sample was wrapped in preservative film, meeting ISRM requirements [28].

2.2. Instruments for Experimentation

The experimental equipment consists mostly of a loading system and an AE test
system. A new SANS microcomputer-controlled electrohydraulic servo pressure testing
equipment served as the loading system, which comprised a press, a DCS controller, and a
PowerTestV3.3 control application. The maximum load was 3000 kN, allowing for load
control, displacement control, and other closed-loop control methods to be used with
excellent control precision and dependability. The displacement sensor is measuring the
axial displacement of the sample by monitoring the moving distance of the based loading
platform while the top platform is kept still. The AE test system made use of the CTA-I
dynamic acoustic and electrical data collecting system (Physical Acoustics, USA), which
can collect AE signals from 24 channels at the same time. To avoid ambient interference, the
AE acquisition system threshold, preamplifier gain value, and sampling frequency were all
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set to 40 dB and 2 MSPS. Coupling adhesive was applied between the AE probe and the
sample. Figure 1 depicts the experimental system.
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Figure 1. The experimental system on AE response.

2.3. Experimental Procedure

(1) Glue the Vaseline-coated AE probe to the sample surface, then examine the AE signal
using the lead breaking method to remove noise interference, and make sure the AE
test system to be normal.

(2) Mount the sandstone samples on the press, put the insulating gasket between the
spacemen and the press, and keep the contact well by using the adjustable base.

(3) Apply the loading and unloading method, that is, loading at the speed of 0.5 kN/s
and unloading at the same speed, until the sandstone breaks.

(4) Repeat the above process until all the samples are tested. Clean up the laboratory.
Collect and analyse the relevant data.

Figure 2 depicts the loading and unloading path of the experiment. To prevent the
interference of experimental error, the experiment was performed three times. Three
samples were tested and broken at the fourth loading cycle.
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Figure 2. The cyclic loading and unloading path of sandstone samples a, b, c.



Sustainability 2022, 14, 12024 5 of 16

3. Experimental Results and Discussion
3.1. Mechanical Characteristics

The basic mechanical parameters of sandstone damage and failure under cyclic loading
and unloading paths are shown in Table 2.

Table 2. Basic parameters of sandstone mechanics.

Sample Peak Stress (MPa) Peak Strain Breaking Load (kN)

a 46.92 0.0196 117.31
b 47.14 0.0202 117.85
c 45.26 0.0187 113.14

Mean 46.44 0.0195 116.10

The table shows that the mechanical parameters of the three trials are comparable,
indicating that the experiment is dependable, and the findings are accurate. In the three
studies, the average peak stress of sandstone was 46.44 MPa, the peak strain was 0.0195,
and the failure load was 116.10 kN. After reaching the peak stress, the sandstone samples
were broken in the form of split damage mainly penetrating the sample and shear damage
in some partial area.

The elastic modulus of sandstone determines its compressive strength and the forma-
tion of fractures in samples [29–31]. The elastic modulus of sandstone in the loading and
unloading stages is computed in this study using the following formula:

EL =
σ1 − σ2

ε1 − ε2
(1)

EU =
σ3 − σ4

ε3 − ε4
(2)

EL and EU are elastic strains in the loading and unloading stages, respectively. σ1 and
σ2 represent 70% stress and 30% stress in the loading stage, respectively; ε1 and ε2 are the
strains corresponding to σ1 and σ2, respectively; σ3 and σ4 represent 70% stress and 30%
stress in the unloading stage, respectively; and ε3 and ε4 are the strains corresponding to
σ3 and σ4, respectively.

Sandstone is a nonideal elastomer with some plasticity. The strain created during the
loading stage and recovered during the unloading stage is referred to as elastic strain. The
strain that cannot be recovered during the unloading step when the cracks and holes are
compressed is referred to as residual strain (plastic strain) [29–31]. The residual strain and
cumulative residual strain are calculated as:

∆εn = εe − εb (3)

εn =
n

∑
1

∆εn (4)

where εe is the end strain at each unloading; εb is the initial strain at each loading; ∆εn is
the residual strain; and εn is the cumulative residual strain.

Under cyclic loading and unloading, sandstone degradation and failure is a progres-
sive cumulative process accompanied by energy transfer and conversion. The analysis
of energy evolution in this process is useful in revealing the damage and failure pro-
cess [32–35]. As shown in Figure 3, the energies for sandstone deterioration and failure
during cyclic loading and unloading are calculated as:

U =
∫ εmax

εb

dε (5)
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UE =
∫ εmax

εe
dε (6)

US = U −UE (7)

where U, UE, and US are the total strain energy, elastic energy, and dissipation energy of
coal samples, respectively; εb and εe are the minimum stress levels associated with the
loading and unloading curves, respectively; and εmax is the strain associated with the
maximum stress level.
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The change in the loading and unloading elastic module under different cycles is
shown in Figure 4. The average elastic modulus of sandstone in the loading and unloading
stages increased as the number of cycles increases. The average elastic modulus during
the loading and unloading stages of the sandstone during the first cycle was 5.40 GPa and
8.08 GPa, respectively. The average elastic modulus during the loading and unloading
stages was 8.93 GPa and 10.04 GPa when the number of cycles was increased to three.
The increases were 65.37 percent and 24.26 percent, respectively, with the loading stage
increasing more than the unloading stage. The elastic modulus during the unloading stage
was larger than that during the loading stage in the same cycle state. This is because the
principal pores and fissures inside the rock are compressed early in the cyclic loading
stage, and the unrecoverable deformation of the sandstone in the unloading stage causes
the elastic modulus of the unloading stage to be larger than that of the loading stage.
The difference between the elastic moduli at the unloading stage and the loading stage
diminished constantly as the number of cycles increases, i.e., as the upper limit stress
level increased. The elastic modulus increased with the number of cycles in the loading
and unloading stage, indicating that the stress of elastic deformation of sandstone was
larger, i.e., the stiffness of the sandstone was greater. The internal fracture was closed when
loading, while the fractures rubbed with each other when unloading, which restricted the
rebound deformation and contributed to the plastic failure to a certain extent. There is a
close relation between the mature degree of internal cracks and the elastic module.

The changes in the total strain energy, dissipation energy, and elastic energy of sand-
stone at different cycle stages are shown in Figure 5. The total strain energy, dissipation
energy, and elastic energy of coal samples varied significantly among cycles. The total
strain energy, dissipation energy, and elastic energy of coal samples continuously rose as
the number of cycles increased. The mean values of total strain energy, dissipation energy,
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and elastic energy in the first cycle were 0.0266, 0.0093, and 0.0173, respectively. The total
strain energy, dissipation energy, and elastic energy of sandstone during the third cycle
were 0.0927, 0.0219, and 0.0708, respectively. These values increased by 248.50 percent,
135.48 percent, and 309.25 percent, respectively, when compared to the first cycle.
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The ratios of dissipation energy and elastic energy to total strain energy of sandstone
varied dramatically throughout the cycles. The amount of dissipation energy decreased as
the number of cycles increased, whereas the fraction of elastic energy grew. The proportions
of dissipation energy and elastic energy of sandstone in the first cycle were 34.85 percent
and 65.15 percent, respectively. The proportions of dissipation energy and elastic energy
of sandstone in the third cycle were 23.60 percent and 76.40 percent, respectively. The
dissipation energy ratio fell by 11.25 percent compared to the first cycle, but the elastic
energy ratio increased by 11.25 percent. The strain energy was converted mostly into
elastic energy, with some going into dissipation energy. The mechanical characteristics of
sandstone were continually degraded due to the dissipation energy, and the elastic energy
provided the surface energy necessary for crack initiation. When the elastic energy reached
a particular amount, it was immediately released, promoting the rapid proliferation of
micro-fissures and resulting in plastic deformation. The sandstone collapsed entirely and
was ruined. It is clear that the dissipation energy reflects the degree of the sandstone
damage, due to the micro-fracture surfaces. Every next cycle loading exacerbates the
damage, and the energy is released in the form of dissipation.

3.2. Characteristics of Damage and Instability Precursors

Many domestic and international researchers employ AE to monitor the fracture
activity of coal and rock masses during the loading process. A long-term study revealed
that the ringing count and energy of AE may accurately indicate the degree of damage
to coal and rock masses [36–40]. Therefore, this paper mainly used the ringing count
and cumulative energy to quantitatively describe the damage characteristics of sandstone
during cyclic loading and unloading experiments.

The damage and failure of sandstone during cyclic loading and unloading obey
a Weibull distribution [41,42], and the internal micro-element strength damage can be
expressed as:

ϕ(ε) =
m
α

εm−1exp
(
− εm

α

)
(8)

where ε is the strain value of sandstone during cyclic loading and unloading; m is a
structural parameter suitable for sandstone; α is the sandstone sample parameter of the
specimen; and ϕ(ε) is the time differential damage rate.

Kachanov [43,44] defines the damage variable as:

D =
Ad
A

(9)

where Ad is all the areas of microdefects on the bearing section and A is the initial
nondestructive area.

The relationship between the damage variable D and the microelement damage rate is
as follows:

φ(ε) =
dD
dε

(10)

Through Formulas (9) and (10), the damage variable D is expressed as:

D =
∫ ε

0
ϕ(x)dx = 1− exp

(
− εm

α

)
(11)

When the cumulative AE ringing count and cumulative energy of the whole section
area A of the nondestructive material are N0 and E0, the cumulative AE ringing count NW
and the cumulative energy EW of the unit area infinitesimal damage are:

Nw =
N0

A
(12)
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Ew =
E0

A
(13)

When the damage area of the cross section is Ad, the cumulative AE ringing count and
energy are:

Nd = Nw Ad =
N0

A
Ad (14)

Ed = Ew Ad =
E0

A
Ad (15)

Thus, there are:

DN =
Nt

N0
(16)

DE =
Et

E0
(17)

where Nt is the cumulative rising count when the loading time is t; Et is the cumulative
energy when the loading time is t; N0 is the cumulative AE rise count when the sample
is completely destroyed; E0 is the cumulative energy when the specimen is completely
destroyed; DN is the damage variable represented by the AE ringing count at time t; and
DE is the damage variable represented by the AE energy at time t.

Figure 6 depicts the stress, AE ringing count, energy, damage, and duration of sand-
stone under cyclic loading and unloading. At the load beginning, the AE signal was in a
relevant silent phase. The rock was at the compression stage of primary fracture and the
elastic deformation stage in the early stages of the cyclic loading and unloading experi-
ment, that is, during the first two loading and unloading cycles. In these two loading and
unloading periods, there were fewer new fractures, and the AE activity of the rock was
low, as seen in the low number and energy of ringing AEs. The maximum number of rings
was only 12, and the maximum energy of AE was 5 mv·ms. The damage degree within
the sandstone was likewise minimal, with D expressed by count of 0.014 and energy of
0.002. After the continued deterioration, there were generating more internal cracks, which
were the source of acoustic emission. When the load surpassed the maximum stress of the
previous cycle’s loading and unloading, the AE activity became strong, the ringing count
grew dramatically, and the energy also greatly increased. This began with the third cyclic
loading and unloading. The highest ringing count was 279, and the maximum AE energy
was 590 mv·ms. The rock entered the steady microfracture development stage, during
which a high number of microfractures were generated inside the sandstone and the dam-
age degree of the sandstone steadily increased. The count and energy values for the rock
damage D were 0.14 and 0.036, respectively. When the load reached the maximum stress of
the first loading and unloading cycle, the AE activity became severe at the beginning of the
fourth loading and unloading cycle. As the sandstone progressed into the unstable fracture
growth stage, the maximum AE ringing count rose to 590, and the maximum AE rose to
6351 mv·ms. In a relatively short period of time, the damage amount D of sandstone, which
was measured in terms of counts and energy, went from 0.14 and 0.039, respectively, of the
previous time to 1, indicating that the sandstone achieved its maximum strength, and that
the specimen was damaged. The coal rock fracture process was accelerated by the influence
of cyclic loading and unloading, and the collected AE energy was rapidly released during
the fracture process. Higher AE ringing counts and energy arose in the middle of the coal
and rock mass loading stage; however, the two were generally quiet in the unloading stage.
In the pre-peak stress stage, there was a long-lasting high value ringing count signal, and
the AE early warning of the coal rock fracture process was quite clear.
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Figure 6(a-2,b-2) shows a local magnification of the unstable stage of the formation of
rock fractures, or the fourth cyclic loading and unloading phase, to evaluate the precursor
features of rock instability more clearly. The features of the rock damage described by the
AE ringing count and energy are extremely comparable. The two damage characterization
approaches have one thing in common: the first loading phase is marked by a protracted
period of silence. The damage values will gradually rise when the load exceeds the
maximum value of the loading and unloading stress of the preceding cycle in both the
stable microfracture development stage and the unstable fracture development stage. In
the whole loading and unloading cycle, heterogeneity refers to the damage sent by energy.
At each level, the damage value represented by energy is often lower than the damage
value represented by the ringing count. Figure 6 illustrates how the damage values of the
two characterization methods rose gradually, followed by a brief period of calmness before
rock instability and failure. As the load increased, however, the damage curve became
steeper, the stress curve exhibited frequent stress drops, and the number of AE rings also
rose significantly. When the precursor happens, the sandstone enters into the stage of
accelerating failure. The aforementioned traits can be employed as sandstone failure and
instability precursors, and they offer some theoretical context for associated engineering
rock mass catastrophe warning.
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3.3. Distribution of the Failure Instability Precursor Features in the Frequency Domain of AE

The AE signal is unpredictable and nonstationary, and not all the signal information
can be found in a time-domain parameter analysis. The spectrum of various frequency
bands is split into the components of the AE signal. The properties that are challenging to
observe in the time domain can be efficiently analyzed using spectral analysis [45–47].

It is straightforward and rapid to process the AE waveform signal using fast Fourier
spectrum analysis (FFT), which transforms the frequency domain of the AE signal [48,49].
The evolution of the amplitude and frequency of the AE signal can be clearly obtained,
and the spectral characteristics of the AE signal can be well reflected, as shown in Figure 7
(the frequency corresponding to the peak amplitude in the spectrum is defined as the main
frequency of the waveform signal). The AE waveform signal is altered using the fast DFT
technique (FFT), calculated as follows:

X(k) =
N

∑
j=1

x(j)ω(j−1)(k−1)
N (18)

where X(j) is the data column for spectrum analysis, and N is the number of frequency
points, ωN = e(2πi)/N .
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Figure 7. Fourier transform processing of AE waveform signals.

Each waveform file had 1024 points in it. The fast Fourier transform (FFT) of each
AE waveform signal was programmed using MATLAB software in loading and unloading
cycles. The resulting two-dimensional spectrum of each waveform signal was then obtained,
and the primary frequency was retrieved [50–52]. The major frequencies of each waveform
are shown in a time-main frequency diagram in chronological order in Figure 8 to make it
easier to analyze rock damage and failure features using the frequency domain data.

The sandstone samples were selected and cut down from the homogeneous bed
rock. During the experiment, no initial crack and insert of other rock layers was found
in the sample. Figure 8 shows the four primary frequency bands that make up the AE
waveform signal: f 1 (0–50 kHz), f 2 (75–125 kHz), f 3 (175–200 kHz), and f 4 (220–325 kHz).
There is a negative relation between the AE signal frequency changes and the size of
maturing cracks, especially the little size fracture which can generate the high frequent AE
signal. The fracture event and AE frequency were increasing when loading, whereas the
deformation and frequency were decreasing when unloading. The low frequency bands f 1
and f 2, and the high frequency band f 4, are where the majority of the AE signals emerged
during the first loading period. In contrast to the first two stages of initial loading, the
low-frequency bands f 1 and f 2 and the high-frequency band f 4 were still present in the
steady microfracture growth stage, but the high-frequency band f 3 also appeared and
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there were more AE signals in the three frequency bands. There were dense regions in
the low-frequency bands, f 1 and f 2. This suggests that both large and tiny rock fractures—
particularly major ones—increase throughout this time. The low-frequency bands f 1 and f 2
and high-frequency band f 4 occurred in more concentrated regions than in the previous
three phases of rock fracture formation, and the three frequency bands were continually
enlarged. The frequency bands f 1 and f 2 increasingly converged, and the primary frequency
of the signal exhibited abnormally low and high values, indicating that the rock was about
to disintegrate and become unstable. The frequency domain features can be utilized to
identify rock instability in advance. The tensile and shear microfracture properties of the
rock are reflected in the primary frequency band. Microtensile fractures are represented by
the low main frequency band, whereas microshear fractures are represented by the high
main frequency band. Sandstone mostly develops shear fractures as a result of repetitive
loading and unloading. Tensile cracks primarily appear at the prepeak stage of stress as
time goes on, whereas shear fractures continue to grow in the early stage.
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Figure 8. The features of four main frequency bands. A, B, C, D represent the peak points of stress
under different loading cycles, respectively.

The frequency and amplitude of AE signals at the highest load of each loading and
unloading cycle were extracted and are depicted in Figure 9 to help assess the frequency
domain features of rock in various loading stages [53–55]. Figure 9a demonstrates that the
waveform characteristics of the initial loading peak A point were mostly low frequency,
high amplitude, high frequency, and low amplitude. At point B of the second loading
peak, the spectrum moved to high frequency overall relative to point A, and the amplitude
of the high frequency band somewhat increased from 150 kHz to 300 kHz. Previous
research has shown that low frequency is correlated with large cracks, whereas high
frequency is correlated with minor cracks. In the second loading step, rock specimens
formed tiny fissures and showed the characteristic coexistence of high and low frequencies.
The spectrum exhibited a multipeak form and complicated spectral features at point C of the
third loading peak, and there was a noticeable rise in the primary frequency. The amplitude
of the high-frequency band, 150 kHz to 300 kHz, was quite high. The amplitude in the low
frequency band was also at a high level, even though it was typically lower than that in
the high frequency band. This shows that the internal damage to the rock was severe and
that numerous large and tiny cracks emerged at this point. The low-frequency amplitude
in the spectrum was often at a high level at point D of the fourth loading peak, whereas
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the high-frequency signal weakened and had a low amplitude. The multipeak phenomena
were diminished, and the primary frequency returned to 56.324 kHz, indicating that the
rock was primarily forming large low-frequency cracks. After several cycles of loading
and unloading, the rock suffered severe internal damage. Numerous cracks widened and
condensed as the stress level rose, resulting in macroscopic collapse of the rock.
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4. Conclusions

The cyclic loading and unloading tests of sandstone samples were carried out to
monitor the evolution of the failure and AE response. The mechanical properties and AE
frequency were used to quantify the sandstone damage characteristics and the precursor
features of sandstone instability and failure. With the increasing cycles, there were maturing
micro-fractures in the sandstone that were deteriorating the compression strength and
bearing capacity. The AE precursor happened just before reaching the strength peak, and
then the large crack penetrated the specimen, and failure mode is dominated by the splitting
failure. The following are the primary conclusions:

The loading and unloading modulus increased constantly as the number of cycles,
namely the upper limit stress level, increased. The unloading modulus was larger than the
loading modulus, and the gap between the two continually narrowed. The proportion of
dissipation energy decreased while the proportion of total strain energy, dissipation energy,
and elastic energy increased.
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The sandstone damage degree D increased rapidly in a short period as the loading
cycle increased. The damage variable symbolized by the ringing count was more sensitive
than by the energy. The ringing count increased dramatically prior to rock collapse, as
did the energy value, and the damage curve climbed quickly. The time domain analysis
features can be utilized to predict sandstone failure and instability.

AE waveform signals exhibited evident aggregation features in the four main fre-
quency bands, which became wider before rock failure, and the main frequency of the
signal appeared abnormally low and high. The amplitude of the low-frequency signal
was generally at a high level, and vice versa. The multipeak phenomenon weakened. The
frequency domain analysis features can be utilized to predict sandstone instability.
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