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Based on the energy evolution of limestone and acoustic emission evolution law, this paper takes the limestone unloading energy
evolution law and acoustic emission cumulative ringing count, cumulative energy, RA value, acoustic emission information
entropy, and acoustic emission damage as precursor discrimination indicators for the occurrence of rock explosion. Study of
the impact of the unloading rate on the rock explosion precursors indicates that with increasing unloading rate there are more
dramatic changes in the degree of each precursor discrimination indicators and rock ruptures within a short period of time
before the completion of the indicators. The establishment of the precursor response coefficient reveals that the precursor
response is the strongest when the rock rupture acoustic emission RA value time is the earliest. The remaining four precursor
discrimination indicators of rock rupture with different loading paths show fluctuations in the identification capacity of the
state. The research results can provide some reference for identifying rockburst precursor information.

1. Introduction

Rockburst is a dynamic phenomenon in which the elastic
variable situation energy accumulated in the underground
engineering rock is suddenly released under excavation or
other external disturbances, resulting in the bursting and
ejection of the surrounding rock [1]. As mining activities
gradually move to deeper areas, mines are often faced with
a series of problems such as increased rock stress and
increased ground temperature. Among them, rockburst is
the most difficult to deal with [2]. Papadopoulos and Benar-
dos [3] used machine learning (ML) to predict rockbursts.
The evaluation results showed that SMOTE had a tremen-
dous positive effect in improving the accuracy of classifica-
tion within the class. Zhang et al. [4] established rockburst
predictions based on tunnel engineering data. He et al. [5]
comprehensively considered the strength ratio and friction
of rock materials and proposed a new method for on-site
prediction of rockburst tendency of rock materials. Khan
et al. [6] introduced a new method of drawing induced fis-
sures and related line graphs based on microseismic data

to identify and predict dangerous areas that may lead to coal
mine collapse or rockburst. Zhang et al. [7] used the exper-
imental results and numerical simulation analysis of Hop-
kinson pressure bar (SHPB) to discuss the energy
mechanism of coal and gas outburst induced by rockburst.
Su et al. [8] used the true triaxial rockburst test system to
obtain the static period, waveform fractal dimension, and
activity of MS significant characteristics such as level, B
value, and frequency spectrum. Based on the unified
strength theory (UST), Jing-Lin et al. [9] established a rock-
burst instability model and analyzed the intermediate princi-
pal stress (IPS) and coal seam strength parameters (the
influence of cohesion and internal friction angle) on the dis-
tribution characteristics of rockburst. Jia et al. [10] used
numerical simulation methods and similar material simula-
tion tests to propose rockburst monitoring methods and pre-
vention measures to effectively reduce the probability of
rockburst occurrence. For rockburst monitoring by acoustic
emission and rock energy, Su et al. [11] conducted rockburst
tests on six intact hard and brittle rock specimens and then
investigated rockbursts of different rocks using high-speed
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cameras, acoustic emission systems, and scanning electron
microscopy. Guo et al. [12] conducted three-point bending
tests on prefabricated notched semicircular medium-
grained granite specimens and used acoustic emission to
monitor the development of microcracks. Tao et al. [13] fur-
ther investigated the differences in energy decomposition
and acoustic emission characteristics during sandstone dam-
age by testing the acoustic emission characteristics of rock
specimens under different unloading envelope pressures.

Gao et al. [14] conducted uniaxial compression experi-
ments on five rocks in multiple cycles and analyzed the
acoustic emission activities and damage modes of the five
rock destruction stages. On this basis, Gao et al. further ana-
lyzed the rockburst potential according to the energy conser-
vation index. Jiaxu et al. [15] conducted uniaxial
compression tests on amphibolite and recorded the acoustic
emission signals to analyze the relationship between various
key signals. Mei et al. [16] analyzed the spectral characteris-
tics and time-domain dominant frequency of acoustic emis-
sion during the whole rockburst process based on the
uniaxial strained rockburst test of deeply buried marble.
Wang et al. [17] studied the multiparameter synergistic
method for rockburst prediction by true triaxial test.

The current research on rockburst mainly focuses on the
definition, classification, research methods, characteristics,
formation conditions, prediction methods, and prevention
measures of rockburst [18]. The research results of rockburst
are quite abundant, and important progress in the mecha-
nism and prediction of rockburst has been made in theory,
but there is still a lack of reliable technology for accurate pre-
diction of rockbursts. It is necessary to accurately monitor
the process of rock mass energy accumulation, evolution,
rock mass rupture, damage, and energy dynamic release dur-
ing deep mining [19].

This paper studies the precursor laws of rockburst from
the perspective of energy and acoustic emission. In terms
of energy, the principle of energy calculation is explained,
the “energy pressure drop response ratio” is introduced,
and the law of energy evolution and energy pressure drop
response ratio of limestone under triaxial loading and
unloading conditions is analyzed. Based on the energy evo-
lution law, a rockburst is proposed. The change characteris-
tics of the response ratio of energy and energy pressure drop
of the rock sample before life (i.e., rockburst precursor infor-
mation), the total energy, elastic energy, dissipated energy,
axial strain energy, and hoop strain energy with the confin-
ing pressure and the changing law of unloading rate, the
influence of confining pressure, and unloading rate on the
information of rockburst precursors are studied. In terms
of acoustic emission, the time domain parameters of the

rock, including (cumulative) ringing count, (cumulative)
acoustic emission energy, and RA value change characteris-
tics, during loading and unloading are studied. The concept
of information entropy in thermodynamics is introduced,
and the acoustic emission ringing count is calculated. The
information entropy is used to quantitatively characterize
the failure process of limestone through information
entropy. The damage variable of the acoustic emission ring-
ing count is calculated, and the rock failure precursor is
studied from the perspective of rock damage evolution.
The abovementioned rock fracture precursor identification
indicators are selected to construct a multiple precursor
information identification systems of acoustic emission
time-domain parameters, and a comprehensive analysis of
the precursor information of rockburst acoustic emission is
carried out.

2. Materials and Methods

The material used in this experiment is limestone, and the
rock mechanical parameters are shown in Table 1 [20].

2.1. Energy Calculation Principle. The total strain energy U
of the specimen is

U =U1 +U3, ð1Þ

where U1 is the strain energy absorbed σ1 by the axial com-
pression and U3 is the strain energy generated σ3 by the
unloading of the surrounding pressure.

At any moment t in the test process, the absorbed axial
strain energy U1 and the strain energy U3 consumed by
the negative work of the enclosing pressure can be obtained
by integrating the stress-strain curve as follows:

U1 =
ðεt1
0
σ1dε1 = 〠

n

t=1

1
2 σt

1 + σt+11
� �

εt+11 − εt1
� �

,

U3 =
ðεt3
0
σ3dε3 = 〠

n

t=1
σt3 + σt+13
� �

εt+13 − εt3
� �

,

8>>>><
>>>>:

ð2Þ

where εt1 is the axial strain at any point t of the stress-strain
curve. εt3 is the circumferential strain at any point t in the
stress-strain curve, and σt1 end σt3 are the axial stress and cir-
cumferential stress at any point in the stress-strain curve.

Therefore, dissipated energy Ud :

Ud =U1 +U3 −Ue: ð3Þ

2.2. Energy Pressure Drop Response Ratio. In the process of

Table 1: Mechanical parameters of limestone.

Rock type Compressive strength/MPa Tensile strength/MPa Modulus of elasticity/GPa Poisson’s ratio

Limestone 65.7 3.62 15.3 0.25

Limestone 57.1 3.25 15.7 0.23

Limestone 59.6 3.62 16.0 0.25

The parameters obtained from the three experiments were averaged to obtain uniaxial compressive strength of 60.8MPa, tensile strength of 3.50MPa,
modulus of elasticity of 15.67MPa, and Poisson’s ratio of 0.24 for the limestone.
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Figure 1: Limestone energy and energy pressure drop response ratio under different unloading rates at the same confining pressure
(40MPa).
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unloading test, due to the influence of axial pressure and sur-
rounding pressure, the internal energy evolution of the rock
will have a certain influence. From the perspective of the
main stress difference, the energy pressure drop response
ratio index analyzes the law of the internal energy of the rock
with the fast and slow change of axial pressure and sur-
rounding pressure, which can be a good measure of the
degree of influence of pressure changes on the deformation,
damage, and destruction of the rock in the process of
unloading [21].

The energy pressure drop response ratio expression is

ΔUi t+1ð Þ
Δσ13 t+1ð Þ

=
Ui t+1ð Þ −Ui tð Þ

σ1 t+1ð Þ − σ3 t+1ð Þ
h i

− σ1 tð Þ − σ3 tð Þ
h i , ð4Þ

where ΔUiðt+1Þ is the increase in total strain energy (includ-
ing elastic energy and dissipation energy) inside the rock
sample at time (t + 1); Uiðt+1Þ and UiðtÞ are the total strain
energy (including elastic energy and dissipation energy)
inside the rock sample at t + 1 and t, respectively; Δσ13ðt+1Þ

indicates the pressure drop at t + 1; σ1ðt+1Þ are σ1ðtÞ, respec-
tively, indicate the axial pressure at t + 1 and t; and σ3ðt+1Þ
are σ3ðtÞ indicate the confining pressure at t + 1 and t,
respectively.

2.3. Information Entropy. Shannon [22] pointed out that
entropy could simplify complex information by quantified
representations and measure the determinism of a state
information. The evolution of self-organized critical phe-
nomena in limestones during loading can be visualized by
the change in the magnitude of the entropy of acoustic emis-
sion ringing count information.

The information entropy is

H X m, ω, σð Þð Þ = − 〠
ω+mσ

i=1
P xið Þ log10P xið Þ: ð5Þ

2.4. Acoustic Emission Damage Variables. Kachanov [23]

Table 2: Strain energy density at the peak point.

Unloading rate MPa/s
U1

MJ/m3
U3

MJ/m3
Ue

MJ/m3
Ud

MJ/m3
U

MJ/m3 Ud/U

0.1 1.7336 0.0279 0.7270 1.0346 1.7616 0.5873

0.3 1.3798 0.0107 0.7545 0.6145 1.3690 0.4489

0.5 1.3285 0.0074 0.6939 0.6273 1.3211 0.4748

0.7 1.3463 0.0138 0.7343 0.5982 1.3325 0.4489

1.0 1.3012 0.0103 0.7261 0.5648 1.2909 0.4375

2.0 1.3068 0.0094 0.7226 0.5748 1.2985 0.4426

Table 3: Strain energy density at the residual point.

Unloading rate MPa/s
U1

MJ/m3
U3

MJ/m3
Ue

MJ/m3
Ud

MJ/m3
U

MJ/m3 Ud/U

0.1 1.6580 0.2604 0.0003 1.39711 1.3974 0.9999

0.3 1.6446 0.2263 0.0002 1.4181 1.4183 0.9998

0.5 1.4811 0.2242 0.0006 1.2563 1.2570 0.9994

0.7 1.4694 0.2267 0.0006 1.2421 1.2427 0.9995

1.0 1.3861 0.2115 0.0010 1.1736 1.1746 0.9991

2.0 1.3695 0.1820 0.0008 1.1867 1.1875 0.9993

Table 4: Strain energy density at the unloading point.

Unloading rate MPa/s
U1

MJ/m3
U3

MJ/m3
Ue

MJ/m3
Ud

MJ/m3
U

MJ/m3 Ud/U

0.1 1.3015 0.0094 0.5113 0.7996 1.3109 0.6070

0.3 1.2111 0.0072 0.5822 0.6216 1.2039 0.5163

0.5 1.2080 0.0052 0.5491 0.6537 1.2028 0.5435

0.7 1.2550 0.0065 0.6311 0.6174 1.2485 0.4945

1.0 1.2150 0.0037 0.5341 0.6772 1.2113 0.5591

2.0 1.2454 0.0054 0.5452 0.6959 1.2410 0.5608
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Figure 2: Continued.
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defined the damage variable D as

D = Nt

Nm
: ð6Þ

The range of D is (0, 1), and the larger the value of D, the
greater the degree of damage to the rock. When D = 0, the
rock is not damaged; when D = 1, the rock is completely
ruptured.

3. Results and Discussion

3.1. Precursor Law of Limestone Energy Evolution under
Triaxial Loading and Unloading Conditions. Taking
40MPa as an example, the response ratio curves of lime-
stone energy and energy pressure drop under the same con-
fining pressure and different unloading rates are shown in
Figure 1. At the beginning of loading, the elastic energy of
the rock sample is greater than the dissipated energy. When
the confining pressure reaches the predetermined value, the
confining pressure remains unchanged, and the axial load

continues. At this time, the dissipated energy decreases for
a short time. This is because the confining pressure remains
unchanged and the negative work done by the confining
pressure is reduced, resulting in a decrease in the dissipation
energy. As the loading continues, the internal cracks in the
rock sample begin to initiate, develop, and gradually expand,
resulting in a slow rise in the dissipated energy and a gradual
decrease in the elastic energy. When the rock sample is
loaded to the peak strength, the dissipated energy begins to
rise sharply, and the elastic energy drops sharply. Also, the
value of the dissipated energy exceeds the elastic energy at
that time the rock sample is completely destroyed. There-
fore, the rapid changes of the dissipated energy and elastic
energy can be used as the precursor information of rock-
burst caused by the fracture of the rock sample.

The ratio graph shows that the energy pressure drop
response of the rock sample is relatively active at the begin-
ning of loading. As the loading continues, the energy pres-
sure drop response ratio continues to be active and the
degree of activity increases. It is believed that before the peak
strength of the rock sample, the deformation damage of a
rock sample is very sensitive to changes in stress. After the
peak strength of the rock sample, the energy pressure drop
response ratio gradually stabilizes. This is because the sam-
ple has been completely destroyed, and the difference
between the strain energy and the principal stress simulta-
neously decreases sharply, resulting in a smaller response
ratio of energy pressure drop. Therefore, the energy pressure
drop response ratio at the quiet period can be used as the
precursor information of the rockburst caused by the failure
of the rock sample. When it changes from continuous large
continuous fluctuations to a calm state, it indicates that the
rock sample is about to fail.

With the increase of unloading rate, the change of elastic
energy and dissipation energy in the post-peak residual
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Figure 2: The relationship between strain energy at unloading point, peak point, and residual point and confining pressure under triaxial
loading and unloading conditions. Note: in the figure, p represents the peak point, r represents the residual point, and o represents the
unloading point.

Table 5: The time it takes to increase the dissipation energy of the
residual stage at different unloading rates.

Unloading rate
MPa/s

t/s
Peak point Residual point Time interval/s

0.1 884 1212 328

0.3 797 948 151

0.5 780 887 107

0.7 780 869 89

1 776 904 128

2 771 840 69
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phase becomes more and more drastic, and the elastic
energy plunges, and the dissipation energy rises sharply,
indicating that the destruction of rock samples becomes
more and more drastic, and the increase of unloading rate
can accelerate the destruction of rock samples.

3.2. The Impact of Unloading Rate on Rockburst Damage. Fit
the axial strain energy U1, hoop strain energy U3, elastic
strain energy Ue, dissipation energy Ud , total strain energy
U and confining pressure at the peak point, residual point,
and unloading point of the rock sample, and the strain
energy, and Tables 2–4 show below.

From Figure 2, it can be seen that with the increase of
unloading rate, the change of strain energy at each charac-
teristic point is relatively small, which means that the
increase of unloading rate has almost the same effect on each
strain energy and the sensitivity of strain energy to unload-
ing rate is the same. The acceleration of the destruction of
rock samples may be due to that the energy stored before

the peak at each unloading rate is the same; that is, the
energy released at the residual stage after the peak is the
same, and the increase of unloading rate only shortens the
destruction time of rock samples and accelerates the release
of strain energy but does not change the energy values at the
peak and residual points.

In order to intuitively reflect the impact of the unloading
rate, the dissipated energy is taken as an example; the time
for increasing the dissipation energy from the peak point
to the residual point at different unloading rates is listed in
Table 5. When the unloading rate is 0.1MPa/s, the time
when the rock sample is loaded to the peak point is 884 s,
and the time at the residual point is 1212 s. During this
period, it takes 328 s for the dissipated energy to increase.
As the unloading rate increases, the time it takes for the dis-
sipated energy to increase is gradually shortened, and the
dissipated energy increases. The ground is getting faster
and faster, and the rock samples are destroyed more
severely.

0 200 400 600 800 1000 1200
T (s)

0.0
0.5

-0.5

1.0

Stress
Ring count (102 times/s)
Cumulative ring count (105 times/s)

1.5
2.0
2.5
3.0
3.510

8

6

4

2

00

50

100

150

200

250

300

(a) 0.1MPa/s

0 200 400 600 800 1000
T (s)

Stress
Ring count (102 times/s)
Cumulative ring count (105 times/s)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
10

8

6

4

2

00

50

100

150

200

250

(b) 0.5MPa/s

0 200 400 600 800 1000
T (s)

0.2
0.0

0.4

-0.5

0.6

Stress
Ring count (102 times/s)
Cumulative ring count (105 times/s)

0.8
1.0
1.2
1.4
1.6

10

8

6

4

2

00

50

100

150

200

250

(c) 1MPa/s

Figure 3: Limestone stress-(cumulative) acoustic emission ringing count-time relationship curve at the same confining pressure with
different unloading rates. Note: in the figure, the black vertical coordinate on the left side represents the stress magnitude during the
loading of the limestone, the red vertical coordinate on the right side represents the acoustic emission ringing counts during the loading
of the limestone, and the blue coordinate represents the cumulative ringing counts.
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Therefore, it can be concluded that in the triaxial com-
pression unloading confining pressure test, after the unload-
ing point, the increase of the unloading rate does not change
the energy level of the rock sample at the peak point and the
residual point. The impact of loading rate on the rock frac-
ture mainly lies in the following aspects. The time when
the sample is loaded to the peak point and the residual point
is advanced, and the time when the rock sample ruptures are
developed is advanced. The dissipated energy of the rock
sample increases faster, and the degree of rock rupture
becomes larger.

3.3. Research on Precursory Information of Limestone
Unloading Acoustic Emission

3.3.1. Counting Analysis of Acoustic Emission Ringing of
Limestone under the Same Confining Pressure and Different
Unloading Rates. Acoustic emission parameters can better
characterize the changes of rock under external forces,

reflecting the internal fine lattice dislocation and crack evo-
lution characteristics in the process of rock material defor-
mation [24, 25]. Among them, the ringing count can
reflect the intensity and frequency of the acoustic emission
signal [26]. Therefore, the acoustic emission ringing count
is selected to analyze the damage of the rock sample during
the failure process. Due to the similar trend of unloading
rates at 0.1, 0.3, 0.5, 0.7, 1, and 2MPa/s, the unloading rates
of 0.1, 0.5, and 1MPa/s are selected for analysis due to the
limitation of space.

Figure 3 presents the stress-(cumulative) acoustic emis-
sion ringing count-time relationship curves of limestones
with different unloading rates at the same surrounding pres-
sure (40MPa). The trend of the (cumulative) ringing count
changes at each unloading rate is relatively consistent. Before
the rock is loaded to the peak intensity, the ringing count of
each specimen is relatively small, with occasional jumps in
individual values. The cumulative ringing count curve is rel-
atively flat; this may be due to the fact that the internal
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Figure 4: Limestone stress-(cumulative) acoustic emission energy-time relationship curve at the same confining pressure with different
unloading rates. Note: in the figure, the black vertical coordinate on the left side represents the stress magnitude during the loading of
the limestone, the red vertical coordinate on the right side represents the acoustic emission ringing counts during the loading of the
limestone, and the blue coordinate represents the cumulative ringing counts.
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fissures of the rock are more developed and produce more
acoustic emission signals. When the rock is loaded to the
peak intensity, the ringing count program “exploded” and
grows to the maximum value within a short period of time,
and the accumulated ringing count shows a “vertical rise,”
indicating that the acoustic emission signal inside the rock
is very active at this time. This is because the internal frac-
ture of the rock is fully developed near the peak intensity,
which leads to the increase of ringing count.

It can be observed that the change pattern of ringing
count near the peak intensity of the rock shows different
characteristics at each unloading rate. With the increase
of unloading rate, the ringing count near the peak inten-
sity gradually decreases, and the growth trend of cumula-
tive ringing count curve gradually becomes “steeper.”
When the unloading rate is 0.1MPa/s, the ringing count
is active in 800-1200 s, 0.5MPa/s ringing count is active
in 780-830 s, and when the unloading rate increased to
1MPa/s, the ringing count is active in 790-820 s, and the
ringing count explodes in a very short period of time. This
indicates that the increase in unloading rate accelerates the
destruction of the rock, resulting in complete destruction
of the rock before the acoustic emission signal can be
emitted. The increase of unloading rate essentially reflects

the increase of unloading volume, and the increase of
unloading volume will lead to less restriction on the lateral
deformation of the rock, and the rock will be more likely
to be destroyed.

The analysis shows that the acoustic emission ringing
counts appear intensively and increase “explosively” before
the rock sample fractures. The linear increase of the cumula-
tive ringing count indicates that the main fracture of the
rock sample is about to occur. As the unloading rate
increases, the precursor of rock fracture appears earlier,
and the duration becomes shorter and shorter.

3.3.2. Acoustic Emission Energy Analysis of Limestone under
the Same Confining Pressure and Different Unloading Rates.
When there is external load applied to the rock, the rock will
undergo certain deformation. When the applied load
exceeds the peak strength of the rock, the internal cracks
of the rock will expand through, and then, damage occurs.
In this process, energy exchange occurs between the internal
and external loads. And the acoustic emission technique can
effectively monitor this process, so this subsection studies
the process of rock destabilization rupture by observing the
acoustic emission energy and the change law of accumulated
acoustic emission energy with time and stress.
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Figure 5: Limestone time-stress-entropy relationship curve under the same confining pressure (40MPa) and different unloading rates.
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Figure 4 shows the relationship curve between stress-
(cumulative) acoustic emission energy and time of lime-
stone with different unloading rates at the same confining
pressure of 40MPa. It can be seen that the trends of
acoustic emission energy and accumulated acoustic emis-
sion energy of rock samples at various unloading rates
are basically the same. Loaded in both direction and hoop
direction, there are few microcracks inside the rock, and
the acoustic emission energy and accumulated energy are
almost 0. When the confining pressure reaches the prede-
termined value, the axial load continues. At this time, the
rock is restricted due to the high confining pressure. Lim-
iting the circumferential deformation of the rock. The
crack expansion inside the rock is not obvious, resulting
in an insignificant energy release with small values and a
flat cumulative energy curve. When the axial load reaches
80% of the peak strength of the rock, the confining pres-
sure begins to unload. Due to ring unloading, the ring
deformation increases rapidly, and the cracks begin to
expand, through, leading to the “explosive” energy growth.
The cumulative energy curve shows a “linear” growth, and
the rock breaks completely. This change of acoustic emis-
sion energy and accumulated energy indicates that the

rock is about to fail and rupture. It suggests that the turn-
ing point of the curve of energy and cumulative energy
from a calm state to a sharp change can be used as the
precursor information point of rock rupture.

In order to study the influence of the unloading rate on
the precursory information points of rock fracture, the time
taken from the beginning of the precursor information point
to the end of the precursor phenomenon at each unloading
rate for the energy and cumulative energy profiles is
counted. Since the energy and cumulative energy curves
have the same changing trend, the cumulative energy curve
is selected as an example for the ease of description. At
0.1MPa/s, the cumulative energy curve change interval is
885 s~1167 s, the time used is 282 s. At 0.5MPa/s, the cumu-
lative energy curve change interval is 781 s~848 s; the used
time is 67 s. At 1MPa/s, the cumulative energy curve change
interval is 770 s~810 s; the time used is 40 s. It can be seen
that with increasing unloading rate, the occurrence of pre-
cursor information points of rock fracture is getting earlier,
the time for the cumulative energy curve to grow from a
steady state to the maximum value is getting shorter, the
slope of the curve is getting larger, and the degree of change
is getting more intense.
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Figure 6: Limestone time-stress-entropy relationship curve under the same confining pressure (40MPa) and different unloading rates.
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3.3.3. Analysis of the RA Value of Limestone Acoustic
Emission under the Same Confining Pressure and Different
Unloading Rates. RA values of each AE event are calculated
based on the rising time and amplitude of each AE wave-

form, and the variation rule of RA values of limestone dur-
ing triaxial compression and triaxial loading and unloading
failure is analyzed.

Figure 5 shows the time-stress-RA value relationship
curve of limestone under the same confining pressure
(40MPa) and different unloading rates. In the early loading
stage, the acoustic emission RA value is maintained at a low
level, which indicates that the rock sample is mainly com-
posed of shear cracks. As the loading progresses, the internal
fissures of the rock sample begin to develop and converge.
Around peak stress, the internal fissures of the rock sample
have developed sufficiently, and large damages occur. At this
time, the RA values begin to appear intensively, and a sud-
den increase occurs, indicating that a large number of ten-
sion cracks are generated at this time. Therefore, the
sudden increase in the value of RA near the peak stress
can be used as the precursor information of rock fracture.

It is also observed that as the unloading rate increases,
the values of rock RA at the peak stress become larger, but
the number becomes smaller, and the duration of high RA
values is shortened, with RA values of about 100 at
0.1MPa/s, increasing to about 260 at 1MPa/s. It is believed
that the increase in unloading rate leads to a greater rate of
rock destruction, and complete destruction is achieved in a
shorter period of time, leading to a reduction of the acoustic
emission signal from rock rupture damage. The acceleration
of the unloading rate is essentially the increase in the

300

250
1.0

0.8

0.6

0.4

0.2

0.0

200

150
St

re
ss

 (M
Pa

)

100

50

0
0 200 400 600 800

T (s)
1000 1200

(a) 0.1MPa/s

D
am

ag
e v

ar
ia

bl
e

1.0

0.8

0.6

0.4

0.2

0.0

D
am

ag
e v

ar
ia

bl
e

250

200

150

St
re

ss
 (M

Pa
)

100

50

0
0 200 400 600 800

T (s)
1000

(b) 0.5MPa/s

1.0

0.8

0.6

0.4

0.2

0.0

D
am

ag
e v

ar
ia

bl
e

250

200

150

100

50

0

St
re

ss
 (M

Pa
)

0 200 400 600 800
T (s)

1000

Stress
Damage variable

(c) 1MPa/s

Figure 7: Time-stress-damage variable D relationship curves for limestone under different unloading rates of the same surrounding
pressure.
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amount of unloading perimeter pressure. The increase in the
unloading volume of the surrounding pressure leads to less
restriction on the lateral deformation of the rock, which is
more likely to lead to rock damage. It can be concluded that
the increase of unloading rate makes the RA value at the
information point of rock rupture precursors become larger
and shorter in duration.

3.3.4. The Change Law of the Acoustic Emission Entropy
Value of Limestone under the Same Confining Pressure and
Different Unloading Rates. Figure 6 shows that as the load
increases, the acoustic emission entropy grows slowly. At
the unloading of confining pressure, entropy increases
sharply and reaches the peak value in a relatively short
period of time. As a result, the rapid growth of the informa-
tion entropy of the acoustic emission ringing count before
rock failure can be used as a precursor of rockburst.

At the same time, at the stage of rock failure, the entropy
increases faster with the increase of unloading rate. At
0.1MPa/s, the entropy value varies from 883 s to 1124 s in
241 s. At 0.5MPa/s, the entropy value varies from 771 s to
838 s in 67 s. At 1MPa/s, the entropy value varies from
771 s to 802 s in 31 s. It can be seen that the higher the
unloading rate is, the earlier the turning point of entropy
value appears, and the shorter the time to increase to the
maximum value is, the more drastic the change of entropy
value is. It can be concluded that the effect of unloading rate
on precursor of rock failure is mainly as follows: the time of
precursor of rock failure is advanced, the duration is short-
ened, and the variation degree is intensified. For field identi-
fication of the rockburst precursor, the effects of unloading
rate need to be considered. The increase of unloading rate
leads to increasing ringing count entropy change degree,
making it easier to capture the precursory characteristics.
At the same time, the advance of the entropy timing also
makes the precursory characteristics hard to capture.

3.3.5. Acoustic Emission Damage Analysis under the Same
Confining Pressure and Different Unloading Rates. Taking
40MPa confining pressure as an example, the axial strain-
axial stress-damage variable curves of the rock sample at
various unloading rates are shown in Figure 7. As shown
in Figure 7, the growth trend of the damage variable of the
rock sample under different unloading rates is roughly the
same. Similar to triaxial compression, the change process
of the damage variable can also be divided into four stages:

(1) Damage Formation Stage. Triaxial unloading stress
path is to add unloading confining pressure. The
transverse and axial loads are increased at a rate of
about 0.1MPa/s to the target confining pressure value.
At this stage, rock is at the elastic stage. Primary cracks
are in the initiation and development condition; defor-
mation is not obvious. The damage variable is very
small. Rock is at damage formation stage

(2) Damage Stabilization Stage. At this stage, confining
pressure is preset as 40MPa and remains unchanged;
axial loading rate is 0.5MPa/s until reaching 80% of
rock peak strength. Rock has not yet started unload-

ing the stage and is still in the stage of elastic loading.
Native microfracture is not apparent; new crack ini-
tiation is less. Damage variable change is very small,
from 0.001 to 0.005. It can be understood that the
rock is at the “accumulation” stage before unloading
failure, and the rock is in the stable stage

(3) Damage Acceleration Phase. At this stage, the rock
begins to be unloaded. At this time, the axial pres-
sure has reached 80% of the peak strength. The axial
pressure continues to be loaded at a loading rate of
0.1mm/min, and the confining pressure starts to be
unloaded from 40MPa. After unloading, the volume
deformation increases rapidly, volume dilatancy is
obvious, and lateral strain is also growing at the same
time. At this stage, the original cracks continue to
develop and expand and converge. New fracture
damage variable D value begins to increase. After
the peak strength, lateral strain begins to increase,
the original crack converges, and macroscopic cracks
begin to form, and the damage variable D value
shows explosive growth, which is close to the maxi-
mum value 1 at the end of unloading. At this stage,
rock is at the damage acceleration stage. The explo-
sive growth of damage variable D can be used as pre-
cursor information of rock fracture

(4) Damage and Failure Stage. At this stage, rock
unloading has ended, and rock deformation is still
at the residual plastic stage. Rock deformation is still
mainly manifested as block slip along the macro-
scopic fault surface, and the variation trend of dam-
age variables tends to be gentle, and rock is at the
postdamage stage

3.4. Multiple Precursor Synthesis Analysis of Acoustic
Emission Time Domain Parameters. The above analysis
shows that during the loading process, the precursor to iden-
tify factors shows relatively consistent laws: (cumulative)
acoustic emission ringing count, (cumulative) acoustic emis-
sion energy, RA value, acoustic emission information
entropy, and acoustic emission damage variables before rock
failure becomes active, all show a trend of substantial
increase. By analyzing the evolution law of acoustic emission
time-frequency signal in the whole process of limestone frac-
ture, it is concluded that the abnormal characteristics of
multiple precursor information of acoustic emission time-
frequency parameters before rock fracture are as follows:
the value increases, and the multiple precursors appear
intensively.

In order to facilitate the comparison of the response time
sequence of the 5 types of precursor information before lime-
stone fracture, the precursor response coefficients of the above
6 types of signals are, respectively, counted, and the precursor
response coefficient calculation formula [27–31]:

σ =
t j − ti
t j

, ð7Þ
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where ti is the time when the precursor of the acoustic emis-
sion indicator appears, t j is the time when the rock is
completely broken. A larger σ indicates the earlier precursory
response time of the indicator and the stronger precursory rec-
ognition ability.

It can be seen from Figure 8 that the response coefficient
of the acoustic emission RA value is still the largest for the
same surrounding pressure with different unloading rates,
and the identification of rock fracture is the strongest. The
response coefficients of the other four indicators fluctuate
with the increase of the unloading rate. When the unloading
rate is 0.1MPa/s, the response coefficient of the acoustic
emission ringing count is the smallest; the recognition ability
is the weakest. The acoustic emission energy, information
entropy, and the response coefficient of damage variables
are basically the same, and the recognition ability is rela-
tively close. At the unloading rate of 0.5MPa/s, the response
coefficient of acoustic emission energy is the largest, the
response coefficient of RA value and information entropy
is the second, and the response coefficient of damage vari-
able is the smallest. At other unloading rate, the response
coefficients of these four indicators are relatively close, and
the ability to identify rock fractures is basically the same.

4. Conclusions

This paper studies the acoustic emission precursor and
energy evolution precursor information of limestone under
unloading condition, and the research results obtained in
this paper are as follows:

(1) The precursory law of rock unloading energy evolu-
tion is that the elastic energy decreases rapidly and
the dissipated energy increases sharply. During triax-
ial loading and unloading, the energy pressure drop
response ratio changes from large fluctuation state
to stable period. These characteristics can be used
as precursory information of rock failure. The influ-
ence of unloading rate on rock instability failure is
discussed, and it is found that with the increase of
unloading rate, dissipated energy increases faster,
and rock instability failure becomes more serious

(2) Acoustic emission precursor information of rock
unloading: the ringing count will increase greatly
before rock instability and failure. Acoustic emission
energy and accumulated energy will rise rapidly and
reach the maximum value before rock instability fail-
ure. RA values will appear intensively and start to
increase suddenly, and the rock shows tensile failure.
The entropy value of ring counting will change from
a stable state to a sharp increase, and the slope of the
entropy curve will become larger, and the value will
increase. Rock changes from damage stability stage
to damage acceleration stage, and the damage vari-
able increases rapidly. The variation law of each pre-
cursor discriminant index is relatively consistent,
and there will be a sudden increase before the rock
instability failure. As a result, these information can

be used as the precursor information of rock insta-
bility failure. The influence of unloading rate on
the precursor of rock instability failure is studied,
and it is found that the increase of unloading rate
will lead to more drastic change of each precursor
discrimination index, and each index will complete
sudden increase in a short time before rock instabil-
ity failure

(3) A comprehensive analysis of each precursor discrim-
ination index of acoustic emission was conducted.
Based on the precursor response coefficient, the pre-
cursor recognition ability was compared. It was
found that the RA value response coefficient was
the largest, and the precursor recognition ability
was the strongest, and the recognition ability of the
other four indexes for rock rupture showed fluctua-
tions with the loading path, surrounding pressure
and unloading rate. The sudden increase and inten-
sive occurrence of RA value can be taken as the early
warning information of rock rupture
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