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In underground engineering, the excavation and unloading processes of rocks
are extremely complex. In-depth understanding of the fracture patterns of rocks
and the characteristics of acoustic emission (AE) during this process is crucial for
ensuring the safe and stable operation of underground engineering. In this study,
a combination of the true triaxial disturbance unloading rock testing system and
the acoustic emission system was adopted to conduct true triaxial single-sided
unloading tests on several common rock types, including coal, siltstone, fine
sandstone, and granite. At the same time, in order to analyze the experimental
data more thoroughly, the Gaussian mixture model (GMM) clustering algorithm
was introduced to perform clustering analysis on the characteristic parameters
of acoustic emission, so as to explore the damage and fracture patterns of the
unloading rocks. The findings indicate that as the peak strength of the rock
decreases, the fractal dimension of the ultimately broken fragments becomes
larger, and the cracks within the failure zone develop more comprehensively.
The higher the peak strength of the rock after single-sided unloading is, the
greater its axial average elastic modulus will be. The acoustic emission ringing
count and the b-value curve indicate that compared with siltstone and fine
sandstone, granite and coal are more prone to rock burst after unloading. In the
RA-AF signals of coal and granite based on the GMM, the proportion of shear
signals is as high as 66.05% and 69.21% respectively, which makes it easy to
form shear cracks. While the proportions of tensile cracks in siltstone and fine
sandstone are 41.43% and 56.41% respectively. Under the action of axial stress,
they are prone to longitudinal splitting and form tensile cracks approximately
parallel to the direction of the maximum principal stress. The research findings
of this study are of great guiding significance for a deep understanding of the
characteristics of different rocks during the excavation and unloading processes
in underground engineering.

KEYWORDS

true triaxial unloading, single-side unloading, acoustic emission, different lithology,
Gaussian mixture model

1 Introduction

With the exploitation of mineral resources and the continuous spread of tunnel
construction to the deep, the deep rock mass is in a state of obvious high ground
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stress under the influence of self-weight stress and tectonic stress,
which leads to the occurrence of disasters such as hard rock
burst or large deformation of soft rock after roadway excavation
and unloading (Shi et al., 2023; Wang P. et al., 2024; Shi et al.,
2024). Therefore, it is of great engineering value and scientific
significance to actively explore the precursory information of
mechanical properties and failure deformation of coal and rock with
different lithology under single-sided unloading path, which is of
great engineering value and scientific significance for forming early
warning system of deep rock mass and realizing stable production
of coal resources.

The true triaxial compression test is the main means to
explore the mechanical properties of rock under complex stress
states. The early conventional triaxial compression test usually
only applied axial and lateral stresses (σ1 > σ2 = σ3) to the
cylindrical sample (Li andMa, 2024; Zhu and Chen, 2022; Sun et al.,
2024), making the sample in an axisymmetric stress state, which
is inconsistent with the three-dimensional unequal stress state
(σ1 > σ2 > σ3) of the rock in engineering practice. In order to
further understand the failure mechanism of rock unloading, a
large number of scholars have carried out true triaxial unloading
tests. For example, Zhao et al. (2014) studied the influence of
unloading rate on rock failure characteristics through true triaxial
unloading experiments. Li et al. (2018) found that under true triaxial
unloading conditions, both the aspect ratio and the intermediate
principal stress of the sample have an effect on the failure mode,
peak strength and severity of hard rock burst. Feng et al. (2021)
deeply studied the influence of intermediate principal stress σ2
on the failure mode of specimens through true triaxial unloading
test, and believed that linear Mogi criterion should be used to
predict the true triaxial unloading strength of granite. Xu et al.
(2019) carried out the unloading test of minimum principal stress
under different initial stress and unloading rate under true triaxial
compression, and analyzed the influence of initial stress and
unloading rate on the bearing capacity and deformation and failure
characteristics of rock. Wang et al. (2018) studied the effect of end
friction effect on the failure modes of specimens in true triaxial
unloading tests. Zhao et al. (2021) studied the influence of loading
and unloading rates on the mechanical properties, strain energy
and failure mode evolution of sandstone, and determined the crack
damage stress threshold of sandstone under different loading and
unloading rates.

AE is a kind of damage diagnosis technology, which evaluates
the damage degree of the object by the elastic wave released when
the object is broken. Since the AE technology was introduced
into the stability monitoring of underground engineering in the
1950 s, for the extremely brittle materials such as rock, through
the analysis and research of AE signals in the process of rock
fracture, the internal changes of rock can be inferred and the
failure mechanism of rock can be inverted (Liu et al., 2020;
Wang C. et al., 2024; Shkuratnik et al., 2019; Liu et al., 2024). So far,
AE monitoring technology has been widely used in rock mechanics
tests. For example, Du et al. (2020) carried out a variety of rock
mechanics tests such as Brazilian splitting, three-point bending, and
uniaxial compression, and studied the AE characteristics during
rock failure. He et al. (2010) used AE monitoring technology to
summarize the damage process and characteristics of limestone
under true triaxial single-sided unloading conditions. Yang et al.

(2024) proposed a wavelet analysis method for AE signals generated
by rock compression, which provides an effective method for
the dynamic damage evolution of rock. Jia et al. (2017) used
wavelet filtering, threshold denoising, time-frequency analysis, and
other methods to analyze the secondary response characteristics
of coal samples during uniaxial compression, and proposed
a method for predicting coal sample failure using secondary
characteristics.

Due to the significant differences in mechanical characteristics
exhibited by different lithological rocks after excavation and
unloading, this study selected four common rocks, including coal,
siltstone, fine sandstone, and granite, during roadway excavation.
The mineral composition of the four rocks was analyzed by X-
Ray Diffraction (XRD). The single-sided unloading test was carried
out by true triaxial disturbance unloading rock test system and
AE monitoring technology. The stress-strain curves throughout
the whole process from unloading to failure under loading were
analyzed. Based on the ringing count, cumulative energy, b-value
and peak frequency curve of AE, the failure modes of different
types of rocks were distinguished. GMM was constructed to cluster
the AE RA-AF signals, and the crack propagation modes were
differentiated according to the clustering results. This study will
contribute to a deeper understanding of the internal damage
evolution laws of unloading rocks and reveal the cracking and failure
characteristics of unloading surrounding rocks under different
geological conditions.

2 Test method

2.1 Test equipment

The test unloading equipment adopts the TAWZ-5000/3000
Microcomputer Controlled Rock True Triaxial (Disturbance)
Test System which independently developed by Anhui University
of Science and Technology. As shown in Figure 1, the system
mainly includes three-way independent loading and unloading
device, loading and unloading control host, hydraulic control
cabinet and high-pressure oil pump. It can carry out various
rock mechanics tests such as cyclic loading and unloading
and axial disturbance under true triaxial stress conditions.
The test system can independently control the pressure in
three directions in two ways of stress or displacement to
carry out three-axis independent loading and unloading tests.
The maximum load in the X and Y (horizontal) directions is
3,000 kN, and the maximum load in the Z (vertical) direction is
5,000 kN. The loading process is controlled by a full digital servo
controller.

The AE system of test adopts Beijing soft island DS5-16 B
dynamic and static AE monitoring system. The signal is collected
by six AE probes. In order to minimize the interference of noise,
the sampling frequency range of AE is set to 1 kHz∼1 MHz, and
the threshold value is 50 dB. The system can collect and locate AE
events, amplitude, energy and other parameters in the process of
three-dimensional positioning test in real time. These parameters
can characterize the initiation and development of cracks in the
process of rock failure.
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FIGURE 1
True-triaxial test system for characteristics of rock disturbance and
unloading.

FIGURE 2
Rock specimens.

2.2 Rock specimens

In this test, four kinds of common different lithology rocks in
underground engineering, such as coal, siltstone, fine sandstone and
granite, were selected for single-sided unloading test. In order to
reduce the influence of the discreteness of the specimen on the test
results, the original rock is coring along the bedding direction, and
cut and ground into a specimen with a size of 100 mm × 100 mm
× 100 mm.The flatness error of the specimen surface after grinding
is ±0.05, and the verticality error is ±0.30°. The processed specimen
is shown in Figure 2.

Quartz has a high hardness with a Mohs hardness of 7. An
increase in its content will significantly enhance the hardness and
compressive strength of rocks and strengthen the ability of rocks
to resist external forces. The hardness of feldspar is lower than that
of quartz, with a Mohs hardness ranging from 6 to 6.5. In granite,
feldspar is usually one of the mineral components with the highest
content. Together with quartz, it forms the skeletal structure of the
rock and enhances the compressive strength of the rock. Kaolinite is
soft in texture, with aMohs hardness generally ranging from 2 to 2.5.
Due to the weak bonding force among kaolinite particles, it is prone
to sliding and deformation when subjected to force, thus reducing
the shear strength and compressive strength of the rock.

Since different rocks are composed of different combinations of
minerals, and the content and distribution characteristics of mineral
components play a decisive role in the macroscopic mechanical
behaviors of rocks. Therefore, the XRD analysis technique was
adopted to determine the mineral compositions and contents in

the samples (Wu et al., 2024; Wu et al., 2022; Wu et al., 2020).
The test results are shown in Figure 3. Coal is mainly composed
of kaolinite accounting for 64.6% and muscovite accounting for
32.7%. In siltstone, quartz accounts for 71.3%, followed by kaolinite
with a proportion of 15%. In fine sandstone, quartz has the
highest proportion of 64.8%, followed by sodium feldspar with a
proportion of 31.2%, and it also contains a small amount of kaolinite.
Granite is mainly composed of quartz accounting for 48% and
potassium feldspar accounting for 46%,with a small amount of other
substances.

2.3 Test scheme

As shown in Figure 4, the surrounding rock of deep roadway is
in the original rock stress state before excavation. After excavation,
the surrounding rock forms a single-face empty unloading state.
The tangential stress in the unloading area increases, and the radial
stress drops to 0 (Xu et al., 2020) instantly.The cracks are compacted
or developed and expanded, causing damage and cracking of the
surrounding rock.

In Figure 4, σθ, σγ and σν are the maximum principal stress,
intermediate principal stress and minimum principal stress. The
maximumprincipal stress σ1 of the unloading surrounding rock unit
is set to the Z-axis direction, the intermediate principal stress σ2 is
set to the Y-axis direction, and the minimum principal stress σ3 is
set to the X-axis direction.

In order to simulate the change process of surrounding rock
stress after excavation of underground engineering roadway, this
study adopts the test method of “true triaxial loading-single side
unloading-axial loading”. Before the start of the test, the sample
placed in the true triaxial loading chamber is fixed with a fixture,
and then the AE probe coated with Vaseline is installed at
the corresponding position of the fixture. The test AE signal is
synchronized with the data acquisition of the true triaxial test
system. The loading in the test is controlled by force, and the stress
path is shown in Figure 5.

Firstly, loads σ1, σ2, and σ3 are applied simultaneously at the
loading rates of 60 kN/min, 40 kN/min, and 10 kN/min respectively
until they reach the predetermined values of 30 MPa, 20 MPa, and
5 MPa. Subsequently, the value of σ2 is maintained constant to
simulate the instantaneous unloading during roadway excavation.
Finally, the loading rate of 60 kN/min is increased by σ1 until
the specimen fails, thereby simulating the influence of stress
concentration on the surrounding rock after roadway excavation.

3 Test result analysis

3.1 Stress-strain curve analysis

The stress-strain curve is an important method to study the
failure characteristics of rock (Wang G. et al., 2022; Zhang et al.,
2024; Tian et al., 2023). It can completely reflect the failure process
of rock from crack compaction to crack initiation, expansion and
development, and then to the final formation of macroscopic
fracture surface. The stress-strain curves of different lithological
rocks during the test are shown in Figure 6. Taking the strain
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FIGURE 3
Rock XRD test: (A) Coal. (B) Siltstone. (C) Fine sandstone. (D) Granite.

FIGURE 4
Unloading diagram.

of the specimen at the beginning of unloading as the reference
value, the strain process of different lithologic rocks in the true
triaxial unloading test is basically the same, including four stages of
elasticity, crack propagation, plasticity and failure.

(1) Elasticity stage (OA): At this stage, with the increase of
the maximum principal stress, the stress-strain curve of the
specimen is approximately a straight line. This shows that in
the triaxial compression test, the single-sided unloading of the
initial stress state is not the main factor leading to rock failure.
Under the condition of keeping the intermediate principal

FIGURE 5
Unloading test paths for different rock properties.

stress constant, the continuous increase of the maximum
principal stress caused the failure of the specimen.

(2) Crack propagation stage (AB): With the continuous increase
of the maximum principal stress, the stress-strain curve of the
specimen is non-linear from point A. From the microscopic
point of view, there are micro cracks in the specimen at
this stage, and the volume of the specimen changes from
compression to expansion.
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FIGURE 6
Unloading stress-strain curves for different lithologies.

(3) Plasticity stage (BC): At this stage, the crystal structure in the
specimen may slip and dislocate, the relative position between
the particles has also undergone irreversible adjustment, and
the volume expansion rate of the specimen is accelerated.With
the increase of the maximum principal stress, the small cracks
and damage in the specimen expand, and the strength of the
specimen decreases gradually, which leads to the gentle slope
of the stress-strain curve.

(4) Failure stage (CD): At this stage, with the increase of the
maximum principal stress, the cracks inside the specimen
gradually penetrate and form a macroscopic fracture surface.
The formation and expansion of these fracture surfaces further
reduce the bearing capacity of the specimen, resulting in
the stress of the specimen decreasing with the increase of
strain. Due to the low stress level corresponding to the initial
unloading point during the true triaxial test, the one-sided
unloading in the direction of the minimum principal stress
did not lead to the direct failure of the specimen, while
the intermediate principal stress was kept constant, and the
continuous increase of the maximum principal stress caused
the failure of the specimen. This indicates that under a certain
confining pressure, the friction between the broken test pieces
is the main source of the residual strength of the test piece.

It can be seen from Figure 6 that with the increase of the
maximum principal stress, the second principal strain shows a
decreasing trend, and the expansion phenomenon occurs. The peak
strength of coal, siltstone, fine sandstone and granite in the single-
sided unloading test is 64.68 MPa, 117.86 MPa, 176.93 MPa and
226.12 MPa, respectively, showing an increasing trend. The peak
strain of different lithologic specimens is different, but the overall
change trend is similar.With the increase of the maximum principal
stress, the maximum principal strain σ1 increases continuously,
while the intermediate principal strain σ2 decreases continuously
and expands laterally.

In order to evaluate the bearing capacity of different lithologic
rocks after unloading, the change of unit strain force between

TABLE 1 Single-sided unloading test results.

Lithologic Density
(g/cm3)

Peak stress
(MPa)

EA (GPa)

Coal 1.37 64.68 4.85

Siltstone 2.55 117.86 11.09

Fine sandstone 2.60 176.93 12.84

Granite 2.65 226.12 17.85

unloading stress and 90% peak stress is counted, that is, the average
elastic modulus EA, as shown in Table 1. The harder the lithology of
the rock, the higher the peak strength and the greater the average
axial elastic modulus.

3.2 Analysis of failure pattern

Under the stress state of true triaxial single-sided unloading,
the expansion deformation of different lithologic specimens mainly
expands along the direction of the minimum principal stress
unloading surface. The failure of the specimen after single-sided
unloading mainly occurs near the unloading free surface, showing
obvious V-shaped failure accompanied by the spalling of rock
fragments and rock particles. There is also a small V-shaped crack
penetration surface near the unloading surface of the minimum
principal stress, but there is no rock spalling.

As shown in Figure 7, the coal is most seriously damaged in the
single-sided unloading state. Due to the large number of original
fissures in the coal and the strong heterogeneity, when the coal
is destroyed, the in-plane damage of the unloading free surface
is the deepest, the V-shaped damage depth is deeper, the fracture
surface is rough, and there are a large number of small fragments.
The failure form is complex and the overall crushing is serious.
The fractured rock mass in the V-shaped failure pit of siltstone is
large, and the unloading surface presents tensile failure. The fine
sandstone is denser and harder, and there aremore shear cracks near
the non-unloading surface. There are more shear cracks near the
V-shaped failure pit near the unloading surface. The macroscopic
tensile fracture surface is mixed with shear cracks, and there are
many discontinuous cracks.The boundary between the failure shear
and tensile crack surface of granite is the clearest. The spallation
phenomenon of pressure-induced tensile crack in X-shaped failure
pit is the most obvious, and there are many flake fragments. The
failure surface in V-shaped failure pit is ladder-shaped, and the
overall unstable shear crack is obvious.

Fractal geometry theory is mainly used to study nonlinear
complex phenomena. It is widely used in quantitative analysis of
rock damage degree (Liu C. et al., 2023; Pan et al., 2024). In order
to analyze and compare the damage degree of unloading specimens
with different lithology intuitively, the fractal dimension D of the
specimen is calculated by using the relationship between the mass
of the fragment and the equivalent side length to quantitatively
characterize the distribution characteristics of the broken block
(Zhou et al., 2023). The fractal dimension takes the fragment
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FIGURE 7
Macroscopic failure modes of unloading specimens with different
lithology: (A) Coal. (B) Siltstone. (C) Fine sandstone. (D) Granite.

size of the sample as the independent variable and the mass of
different grades of fragments as the dependent variable to reflect the
degree of fragmentation of the test block. The greater the degree of
fragmentation, the more uniform the size of the sample fragments.
The fractal dimension equations of the unloading specimen are
shown in Equations 1, 2 (Zhang et al., 2023):

D = 3− α (1)

α =
lg(ml/m)
lg(ml)

(2)

In the formula, the independent variable α refer to is the
slope value of ml/m-l in double logarithmic coordinates, ml is the
corresponding fragment mass when the equivalent side length is l,
m is the mass of the fragments in the calculated size. ml/m is the
cumulative proportion of fragments with equivalent side length less
than l.

It should be noted that when calculating the fractal dimension,
it is found that the self-similarity of fragments may only exist
in a certain local area, which is also reflected in the research
of relevant scholars (Deng et al., 2016). In order to reduce
the influence of discrete points on the slope and correlation
coefficient of the fitting curve of lg(ml/m) and lg(ml), the fractal
dimension is calculated by selecting the specimen fragments with
the fragmentation degree below 70.0 mm. According to the size
characteristics of the broken specimen block, a standard sieve with
a pore size of 0.5, 1.0, 2.5, 5.0, 10.0, 20.0, 40.0, and 70.0 mm was
selected. The fragments of each grade of unloading specimen were
weighed multiple times and averaged, and 8 groups of lg(ml/m) and
lgl were obtained. The linear fitting is carried out in the coordinates
of lg(ml/m) and lgl, and the double logarithmic relationship line
about the fragmentation of the specimen is obtained. The fractal
dimension D is derived from the slope of the fitted line, and R2 is
the fitting measure of the linear regression model, which measures

FIGURE 8
lg(ml/m) and lgl curves of coal and rock fragments.

the strength of the relationship between the fractal dimensionD and
the dependent variable lg(ml/m).

The relationship between lg(ml/m) and lgl of unloading rock
blocks with different lithology is shown in Figure 8.The compressive
strength of the unloading specimen has obvious influence on the
fractal dimension of the specimen, and the fractal dimension of the
unloading specimen decreases with the increase of the compressive
strength of the specimen. The maximum fractal dimension of coal
is 2.69, which indicates that the degree of fragmentation of coal
after single-sided unloading is larger, and there are more small
and medium-sized fragments. The minimum fractal dimension of
granite is 2.30, the degree of fragmentation is relatively low, and
the proportion of medium and high grade fragments is relatively
large. The fitting measures of lg(ml/m) and lgl of the four groups of
unloading specimens are all greater than 0.8, showing good linearity.
The degree of fragmentation of the unloading specimen is opposite
to the change trend of its hardness. The smaller the peak strength of
the rock, the larger the fractal dimension of the final failure debris.
Correspondingly, the degree of fragmentation is higher, and crack
development within the failure zone is most extensive.

3.3 Characteristics of mechanics and AE

The specimen of coal and rock mass will deform and fracture
under load, and release energy in the form of elastic wave. Through
the monitoring and analysis of elastic wave, the evolution process of
micro behavior such as the development, expansion and penetration
of micro cracks in the specimen can be obtained. At present,
the research on AE signals mainly obtains the internal fracture
characteristics of rocks by analyzing the characteristic parameters
in the elastic wave waveform. Common parameters include ring
count, amplitude, b value and peak frequency. The corresponding
characteristic parameter definitions are shown in Figure 9.

The ringing count refers to the number of oscillations when the
impact signal crosses the threshold value.The ringing count between
unloading specimens of different lithology does not represent
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FIGURE 9
Signal and parameters of AE.

the actual damage, but it can reveal the crack propagation law
of the specimen under different stress states. In order to more
intuitively reflect the damage characteristics of different lithology
specimens, the ringing count and cumulative energy during the test
were normalized. The variation curves of AE ringing count and
cumulative energy with time during the true triaxial single-sided
unloading test are shown in Figure 10.

After the coal is unloaded on one side, compared with the ringing
count at the time of failure, there is no obvious sudden increase in the
ringing count in the35%stress interval afterunloading, indicating that
the crack is developing and expanding, but there is no obvious large-
scale penetration failure. The cumulative energy is nearly horizontal,
and there is no obvious change, and the energy is accumulating.
When the peak stress reaches 82%, the ringing count rate begins to
rise gradually, and the slope of cumulative energy change gradually
increases, showinganexponential trend.Whenthedamageoccurs, the
ringing count rate and cumulative energy increase abruptly and reach
themaximumvalue.This failuremode isdue to the fact thatmostof the
local fractures continue to accumulate, and the accumulated energy
accumulates to a certain extent, which eventually causes the overall
instability, and the continuous progressive damage in the coal body is
more concentrated.Theevolution lawofAE signals of granite and coal
is similar. For a long timeafterunloading, there is noobviousmutation
in the ringing count rate, and the cumulative energy develops nearly
horizontally.However,different fromcoal, in the stageof ringingcount
rate change, the amplitude of mutation is large, the cumulative energy
increases linearly, and no damage shows the characteristics of gradual
and continuous increase.

The damage of unloading specimens with siltstone and fine
sandstone is more dispersed. After one-sided unloading, the AE
signal shows the characteristics of intermittent occurrence, and the
ringing count shows the characteristics of irregular sudden increase,
accompanied by the cumulative energy jump step growth. However,
before the sudden increase of most ringing count rates, the ringing
count rate will continue to increase in front of the sudden increase,
and gradually decrease after the sudden increase peak, and the local
approximation shows a “triangle” change. It shows that the damage
and failure of these two kinds of lithology is the overall instability
induced by the continuous accumulation of many local fractures,

and the ringing count rate does not increase continuously for a long
time at the peak value, indicating that the energy accumulated in the
unloading part has been gradually released.When the peak strength
is unstable, it is not as severe as coal and granite. The macroscopic
failure modes of different lithology specimens also show this point.
Therefore, compared with siltstone and fine sandstone, granite and
coal are more prone to rock burst.

3.4 Evolution characteristics of b value and
peak frequency of AE

The b value is a function of the crack propagation scale and
a very important parameter in the AE characteristics. Its physical
meaning is the ratio of the number of AE small-magnitude events
to the number of large magnitude events during the rock failure
process, which can reflect the rock failure process (Qi et al., 2022).
The time-varying dynamic b value can better reflect the internal
crack propagation mode of the specimen at different loading stages.
In order to avoid excessive error caused by too few AE events in a
certain magnitude range, 1000 AE events were taken as a set of data,
and 100 events were sampled and calculated by sliding, and the law
of b value evolution with time was obtained.

The peak frequency of each AE signal event can be obtained
by transforming the AE signal time domain signal into frequency
domain signal through Fourier transform during the true triaxial
single-sided unloading test of different lithologic specimens. By
analyzing the changes of b value and peak frequency during the test
process, the damage evolution law of different lithologic unloading
specimens can be revealed. When the b value rises and the high-
frequency AE signal gathers, it indicates that the specimen mainly
occurs the closed development of small-scale cracks; the decrease
of b value and the aggregation of low-frequency AE signals indicate
that the specimen is dominated by the expansion and penetration of
large-scale cracks. For the specimen with small change of b value,
the internal cracks expand gradually. The significant change of b
value indicates that the specimen may undergo sudden expansion.
There are two reasons for the decrease of b value before rock failure
and instability. One is that the micro-fracture changes from tensile
fracture to shear fracture. The other is that the crack interaction is
significantly enhanced.

The peak frequency-b value-time curve of unloading specimens
with different lithology is shown in Figure 11. The distribution law
and change trend of the main frequency distribution range of the
signal in the unloading specimen during the loading process are
analyzed, in which 0∼90 KHz is the low frequency, 90∼200 KHz is
the intermediate frequency, and 200∼500 KHz is the high frequency.
Therefore, it provides a basis for the fracture evolution of unloading
specimens with different lithology.

At the initial stage of loading, the b value of AE of coal and
granite shows a small fluctuation, which reflects that the micro-
fracture state changes slowly. The proportion of AE events of
different sizes does not change much, and the crack state of different
scales is relatively constant. With the increase of axial load, the b
value of AE decreases rapidly, accompanied by the accumulation of
a large number of medium and low frequency signals, indicating
that the fracture mode of coal and granite changes from tensile
fracture to shear fracture. In the later stage of loading, the number
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FIGURE 10
Ringing counts and energy evolution of unloading specimens of different lithologies: (A) Coal. (B) Siltstone. (C) Fine sandstone. (D) Granite.

FIGURE 11
Peak frequency-b value-time curves of unloading specimens with different lithology: (A) Coal. (B) Siltstone. (C) Fine sandstone. (D) Granite.
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of high-frequency and low-frequency signals of graniteAE increased
sharply, accompanied by b-value oscillation. This shows that at this
time, the microcracks inside the granite continue to expand and
connect to formmacroscopic cracks, whichmakes the rock structure
change greatly. This structural change will affect the generation and
propagation of AE signals, so that the b value will oscillate.

When the coal is about to reach the bearing limit, the b value
increases significantly, and the number of low, medium and high
frequency signals of AE increases sharply. It shows that the coal body
is relatively broken at this time, and the internal fracture surface
constantly rubs and collides in the process of relative motion. With
the increase of fracture surface and the intensification ofmotion, the
degree of friction and collision increases, which leads to the increase
of AE b value.

Comparedwith the rapiddecreaseofbvalue in the loadingprocess
of coal and granite, siltstone and fine sandstone are slightly uplifted
in the process of b value decrease, which indicates that siltstone and
fine sandstone are in the state of stress release at this stage. At the
same time, the oscillation of b value and the aggregation of medium
and high frequency signals in the later stage of loading also indicate
that the damage and failure of siltstone and fine sandstone are the
overall instability induced by the continuous accumulation of many
local fractures. Compared with fine sandstone and siltstone, coal and
granite are more prone to sudden expansion.

3.5 RA-AF characteristics

The RA and the average frequency AF in the AE characteristic
parameters can characterize the type of microcracks inside the rock.
RA is the ratio of the rise time to the amplitude, and AF is the
ratio of the ringing count to the duration. The signal distribution
characteristics of high RA and low AF represent the development
and expansion of shear cracks, while high AF and low RA represent
the development and expansion of tensile cracks. Predecessors have
conducted in-depth research on the RA-AF characteristics of coal
(Guo et al., 2021; Liu H. D. et al., 2023), and proposed to use RA-AF
to characterize the crack propagation mode of coal and rock mass.
As shown in Figure 12, the slope of the boundary line is defined as
k. When AF/RA > k, the crack presents tensile failure, and when
AF/RA < k, the crack presents shear failure.

It can be seen from Figure12 that the value of the slope k of the
boundary line has a significant effect on the determination of the
crack propagation mode, and the value of k does not have a clear
definition standard (Dong et al., 2023; Yin et al., 2023). Therefore,
in this paper, based on the GMM, combined with the maximum
expectation algorithm, the model clustering results are used to
distinguish the tensile cracks and shear cracks of different lithologic
specimens during loading and unloading (Wang L. et al., 2022).The
crack identification model based on GMM is shown in Figure 13.

Through the above model, the obtained RA-AF signal is
clustered and the percentage of tensile-shear cracks is calculated.The
calculation results are shown in Figure 14.

It can be seen from Figure 14 that the RA-AF signals of coal
and granite under true triaxial single-sided unloading conditions
are distributed in the tensile crack area and the shear crack area,
but there are more signals in the shear crack area. The proportion
of shear signals in the RA-AF signals of coal and granite is as high

FIGURE 12
Classification standard of RA-AF signal crack types.

FIGURE 13
Gaussian mixture model crack identification model.

as 66.05% and 69.21%, and the macroscopic fracture mode of the
unloading surface is shear failure. This shows that there are both
shear cracks and tensile cracks in the process of true triaxial single-
sided unloading failure of coal and granite, but shear cracks play a
leading role.The internal shear stress of coal and granite first exceeds
its shear strength, thus forming more shear cracks.

The proportion of tensile cracks in RA-AF signals of siltstone and
finesandstone is41.43%and56.41%, respectively.Comparedwithcoal
and granite, the proportion of tensile cracks in RA-AF signals of coal
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FIGURE 14
RA-AF distribution of unloading specimens with different lithology.

andgranite is33.95%and30.79%,which is significantly increased.This
shows that after single-sided unloading of sandstone, the unloading
surface of sandstone is prone to longitudinal splitting under the action
of axial stress, forming tensile cracks perpendicular to the direction
of the maximum principal stress. It is basically consistent with the
macroscopic failure mode of the unloading specimen.

4 Conclusion

This paper mainly studies the mechanical properties and AE
response characteristics of rocks with different lithology under
true triaxial unloading conditions. Coal, siltstone, fine sandstone
and granite are selected as representative rock types. Conduct
an in-depth analysis of the mineral compositions of four types
of rocks with the aid of X-ray diffraction technology. The true
triaxial disturbance unloading rock test system is used to carry
out the true triaxial single-sided unloading test along the “vertical
maximum principal stress direction loading-intermediate principal
stress direction constant load-minimum principal stress direction
unloading” path. On this basis, the ringing count, b value, peak
frequency and RA-AF distribution characteristics of AE signals are
analyzed, and the following conclusions are obtained.

(1) Under the condition of true triaxial single-sided unloading, the
stress-strain curves of different lithology rocks have obvious
differences, but the overall trend is similar, all of which show
that with the increase of the maximum principal stress, σ1
increases continuously, while σ2 decreases continuously and
expands laterally.Thepeak strength of coal is the lowest and the
degree of crushing is the highest after single-sided unloading.
The granite has the highest peak strength and the smallest
degree of fragmentation. The peak strength of the rock is
negatively correlated with the fractal dimension. The higher
the peak strength, the smaller the final fractal dimension of the
rock and the lower the degree of fragmentation.

(2) Before the sudden increase of the ringing count rate of siltstone
and fine sandstone, the ringing count rate will continue to

increase in front of the sudden increase, and gradually decrease
after the sudden increase peak, and the local approximation
shows a “triangle” change, indicating that the damage and
failure of these two lithology is caused by the accumulation
of many local fractures. There is no obvious sharp increase
in the ringing count of coal and granite in the 35% stress
interval after unloading. When the peak stress is 82%, the
ringing count rate begins to rise gradually. This failure mode
is due to the continuous accumulation of most local fractures,
and the cumulative energy accumulates to a certain extent,
which eventually causes the overall instability. Compared with
siltstone and fine sandstone, granite and coal are more prone
to rock burst.

(3) In the process of rapid decrease of b value, coal and granite are
accompanied by the aggregation of low frequency signals. The
siltstone and fine sandstone have a slight uplift in the process
of b value decline, and the internal stress is released. Compared
with fine sandstone and siltstone, coal and granite are more
prone to sudden expansion.

(4) The proportion of shear signals in RA-AF signals of coal and
granite is as high as 66.05% and 69.21%, and the internal
shear stress is the first to exceed its shear strength, thus
forming more shear cracks. The proportion of tensile cracks
in siltstone and fine sandstone RA-AF signals is 41.43% and
56.41% respectively, which indicates that siltstone and fine
sandstone are prone to longitudinal splitting under the action
of axial stress after single-sided unloading, forming tensile
cracks approximately parallel to the direction of the maximum
principal stress.
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