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Research on early warning of rock disaster based on the energy theory is closer to the
essence of rock failure. In this paper, static compression tests and acoustic emission
(AE) tests of coal rock under 0, 8, 16, and 25 MPa confining pressures were carried
out on the MTS815 test system. Energy evolution law in the rock failure process was
analyzed according to the relationship between mechanical parameters, AE
parameters, and energy dissipation rate (EDR) in the rock failure process.
Eventually, a new index for evaluating rock failure precursors was proposed
based on EDR. The results show that the EDR has a good correlation with
mechanical strength and AE events under different confining pressures. The
deformation and failure characteristics of coal rock can be truly characterized by
EDR. The variation of EDR can be divided into a quiet stage, a stable increasing stage,
an active stage, and a stable stage. The EDR level in the quiet stage is obviously
enhanced by confining pressure. When EDR reaches the peak, AE events increase
rapidly. In the active stage, the EDR peak value is concentrated and large, the AE
event is highly active, and stress drops abruptly, indicating that the EDR is reliable for
evaluating the rock failure process. Compared with AE test results, it is found that the
warning stress and warning time of the EDR failure precursor occur later than that of
the AE failure precursor, and the former is closer to the peak stress of rock, which is
more universal in engineering and could provide a better reference value for
preventing rock disaster.

Keywords: energy dissipation rate, confining pressure, failure precursor, acoustic emission, evolution of rock failure

INTRODUCTION

The research on early warning of rock disaster has been of concern to many scholars. As common
catastrophic accidents in underground engineering (such as mining, tunnel, and water conservancy
engineering), rock burst and large deformation of soft rock not only cause significant property losses,
but also pose a serious threat to the safety and productivity of underground projects (Jiang et al.,
2017; Zhang et al., 2017). In terms of engineering practice, drilling method (Qin et al., 2019), infrared
radiation, electromagnetic radiation (Tian et al., 2016; Zhou et al., 2019; Zhou C. H. et al,, 2020),
microseism (Cai et al., 2014; He et al,, 2017; Wang et al., 2021), and other early warning monitoring
methods have been widely used in underground engineering, playing an important role in disaster
early warning. However, most of them are present in existing projects, and all come from the site

Frontiers in Earth Science | www.frontiersin.org 1

February 2022 | Volume 9 | Article 812438


http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2021.812438&domain=pdf&date_stamp=2022-02-02
https://www.frontiersin.org/articles/10.3389/feart.2021.812438/full
https://www.frontiersin.org/articles/10.3389/feart.2021.812438/full
https://www.frontiersin.org/articles/10.3389/feart.2021.812438/full
http://creativecommons.org/licenses/by/4.0/
mailto:liuxh@mail.xhu.edu.cn
https://doi.org/10.3389/feart.2021.812438
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2021.812438

Liu et al.

TABLE 1 | X-ray fluorescence analysis of coal and rock.

Coal sample The sample element content (%)

Furong Baijiao Coal C (0] Si Ca
73.7964 16.2287 4.6982 2.3815
Al S Fe Cl
1.0512 0.8656 0.6790 0.0711
K Na Mn Ti
0.0876 0.0335 0.0400 0.0506
Sr Cr Co Br
0.0074 0.0037 0.0027 0.0028

monitoring and conceptual model of the project. How to reveal
the mechanism of rock disaster, how to prevent rock disaster in
advance, and how to optimize the measures of prevention and
control should be based on experimental research and
engineering numerical simulation.

In laboratory tests, the characteristics of rock failure
precursors can be discussed from a macrocosm and a
microcosm point of view. In the macroscopic aspect, failure
precursor characteristics of stress, strain, and macro-failure
morphology are analyzed, while energy, crack (Gao et al,
2021a; Gao et al, 2021b), infrared thermal image, acoustic
emission, and other auxiliary means are used in the
microscopic aspect. Among them, acoustic emission (AE)
monitoring can be used to evaluate rock damage by detecting
the location, direction, and size of AE sources during rock
deformation and failure (Liu et al., 2014; Du et al., 2020; Yang
et al., 2020). It is one of the most commonly used indoor test
methods to realize the guidance of indoor test to the engineering
field. Through research, it is found that the abrupt change of AE
time series parameter or AE accumulative parameter before rock
failure can be regarded as the precursor character of rock failure
(Li et al., 20165 Liu et al., 2020a). Zhao found that the minimum
frequency centroid of an acoustic emission signal can serve as a
precursor to rock failure (Zhao et al., 2020a). The quiet period of
acoustic emission before rock failure can also indicate that rock
failure is imminent (Ai et al, 2011; Guo and Wong, 2020).
However, in contrast to actual project monitoring, the
researchers found that the quiet period of acoustic emission
from coal rock prior to a gas or rock burst did not correlate
well with the time of the disaster (Li et al., 2019). Therefore, there
are some limits in the prediction of failure precursors by acoustic
emission, and the prediction methods of rock failure precursors
need to be further studied.

It is worth mentioning that the essence of rock disaster is that
the rapid release of elastic energy in rock leads to the instability
and failure of rock. As the core driving force of rock failure,
energy can better combine theory with engineering practice (Xie
etal.,, 2008). It is more universal to explain the failure mechanism
of rock in terms of energy. Research shows that the energy
characteristics of rock deformation and failure vary with the
storage environment (Li et al., 2014; Zhao et al,, 2015; Junthong
et al., 2019; Zhou Z. et al., 2020; Ma et al., 2021). Research shows
that the energy characteristics of rock deformation and failure
vary with the storage environment (Si and Gong, 2020; Xie et al.,
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FIGURE 1 | Coal rock sample.

2021). Xie revealed the failure mechanism of rock from the energy
point of view and established the strength and failure criterion of
rock based on the energy theory (Xie et al., 2005). Based on energy
theory, many scientists have established predictive indicators of
rock hazard strength grades, such as the peak strength strain
energy index (Gong et al,, 2019), impact energy index (Yaodong
et al.,, 2011), index of residual elastic properties (Gong et al.,
2021), and failure strength index (Gao et al., 2020). However,
these indicators cannot meet the requirements of early
warning. In the study of energy failure precursors, Hou
proposed that took the abrupt point of elastic-loss ratio as
the precursor point of rock failure (Hou et al., 2021). Based on
energy dissipation and energy release, Xu established a model
for predicting rock failure cusp catastrophe, which can be used
to predict rock failure precursors from an energy perspective
(Xu et al,, 2020). However, the study of rock energy mainly
focuses on the total energy or the energy at peak stress, and the
qualitative analysis of energy evolution in the rock failure
process is emphasized. There are few studies on the law of
energy changing with time, and the prediction of energy
destruction is not deep enough.

In this paper, static compression tests and acoustic emission
location test (AE) for coal rocks are carried out based on the
MTS rock mechanics test system under different confining
pressures. Focusing on the mechanical properties and
acoustic emission characteristics of rocks under different
confining pressures, energy evolution law in the process of
rock deformation and failure is discussed, and the
characteristics of energy dissipation rate are further
emphasized. Finally, the prediction method of rock failure
precursor based on energy dissipation rate is proposed, and
its applicability and accuracy are verified by acoustic emission
failure precursor.

EXPERIMENTAL THEORY

Sample Preparation and Test Plan

Coal rocks from Furong Baijiao coal mine in Sichuan, China were
used in the test. The main mineral compositions of coal samples
were determined as SiO, and AIPO, determined by X'Pert Pro
MPD diffractometer. The contents of elements in coal and rock
were analyzed by x-ray fluorescence, as shown in Table 1. The
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TABLE 2 | Basic characteristics of coal rock samples.

Energy Dissipation Rate of Rock

Serial number Confining Diameter/ Height/ Weight/ Density/ Compressive Elastic
pressure/MPa mm mm gcm™ strength/MPa modulus/MPa
0-1 0 47.740 101.100 263.500 1.457 10.892 1,967
0-2 47.547 96.373 243.000 1.421 6.759 1,591
0-3 47.273 99.707 252.500 1.444 4.006 730.5
8-1 8 47.447 08.187 262.000 1.510 42.999 2,994.4
8-2 47.460 100.500 233.000 1.311 43.252 3,672
8-3 47.300 100.613 234.000 1.324 40.210 3,725
16-1 16 47.320 100.313 271.000 1.537 61.468 3,646.9
16-2 47.220 99.147 267.000 1.539 71.395 3,659.3
16-3 47.407 101.107 262.000 1.469 53.167 3,136.9
25-1 25 47.700 93.100 240.500 1.446 70.725 3,443
25-2 47.340 100.147 288.000 1.635 79.217 4,402
25-3 47.447 101.233 272.000 1.520 88.009 3,883
Z

FIGURE 2 | Test system (1, Acoustic emission data acquisition and
processing system; 2, MTS data acquisition and control system; 3, Ultrasonic
collecting and processing system; 4, MTS loading system; 5, Acoustic
emission probe; 6, Axial extensometer; 7, Transversal extensometer).

coal rocks in Baijiao coal mine mainly contain three elements,
carbon, oxygen, and silicon, of which sulfur accounts for 0.8656%
and belongs to sulfur-rich coal rocks. In order to minimize the
influence of manual operation on the properties of coal rock, the
whole and block coal rock are sampled, and cut and polished
uniformly, and the flatness of both end is not more than 0.05 mm.
According to the method recommended by the International
Society of Rock Mechanics, coal rocks are prepared into ¢p50 mm
x L100 mm cylindrical standard specimens (Ulusay, 2015), as
shown in Figure 1. Before the test, both ends of the specimen was
coated with Vaseline to reduce the influence of inertia effect and
end contact friction effect on compression test.

In order to study the effect of confining pressure on the energy
dissipation rate of rock, the static compression tests of coal rock
under the confining pressures of 0, 8, 16, and 25 MPa were carried
out. All are loaded with a static strain rate of 107> s™'. Three
repeated tests were carried out under each confining pressure,
and a total of 12 tests were conducted. The basic characteristics of
the samples are shown in Table 2.

FIGURE 3 | Arrangement of acoustic emission sensors.

Test System
The static compression test of coal rock adopts MTS815 rock

mechanics test system and equipped with PCI-2 acoustic
emission positioning test system, as shown in Figure 2. The
strain rate of 107> s~ is loaded along the axial direction of the
specimen, and it is controlled by LVDT. The PCI-2 acoustic
emission positioning test system is equipped with 8 acoustic
emission sensors, and the installation position is shown in
Figure 3. Considering the low intensity of coal rock and the
fast attenuation of acoustic wave, in order to reduce the influence
of noise during loading, the threshold value of acoustic emission
signal acquisition is set to 40 dB.

Calculation Method of Rock Energy
According to the Eqs 1-3, the total energy, elastic energy and
dissipative energy of coal and rock are calculated (Xie et al., 2005;
Xie et al., 2008).

Frontiers in Earth Science | www.frontiersin.org

February 2022 | Volume 9 | Article 812438


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Liu et al.
150 T T T 5000
" S E=-5.780,>+2330,+1565 o
! 14000
100 - 13000
S <
& 1 ¥
g 2000 S
>’ 5
© 11000
50
150
0 . . 0
0 10 20 30
oy/MPa
FIGURE 4 | Compressive strength and elastic modulus of coal under
different confining pressures.
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where t is the loading time. U (t) is the total energy input by the
test system. U, (t) is the elastic energy stored inside coal rock.
U, (t) is the dissipative energy in the process of coal rock failure.
o; (t) is the stress of coal and rock at any time. ¢; (¢) is the strain of
coal rock at any time. E; (¢) is the elastic modulus of coal rock at
any time, and it is regarded as the slope of elastic stage of axial
stress—strain curve in this paper; 1 represents axial direction, 2
and 3 both represent circumferential direction.

The energy dissipation rate (EDR) can reflect the process of
rock deformation and failure and is calculated by Eq. 4 (Feng
et al., 2018).

U, (t)
Oe, (t)

8U4 (1) = 4

RESULTS

Analysis of Mechanical Characteristics

The peak stress of the stress—strain curve is an important physical
parameter in engineering application, which is seen as
compressive strength. The compressive strength and elastic
modulus of coal rock under different confining pressures are
shown in Figure 4. From the diagram, it can be seen that with the
increase of confining pressure, compressive strength increases
exponentially, and the elastic modulus of coal rock increases in a
quadratic function. It is not difficult to see that confining pressure
significantly enhances the compressive strength and elastic
modulus of coal rock. This is because internal fissures of coal
rock are closed tightly under the confining pressure, and its
deformation and failure are restrained. With the increase of
confining pressure, the energy storage limit of coal rock is

Energy Dissipation Rate of Rock

raised, the bearing capacity is improved obviously, and its
ability to resist deformation and failure is also enhanced.

According to the size grades of 0.25, 0.5, 1.0, 5.0, 10.0, 20.0,
40.0, and 50.0 mm, the coal rocks were screened, as shown in
Figure 5. From the block after screening, it can be seen that the
axial splitting failure of coal rock is dominant under 0 MPa, the
coal rock fragmentation is more serious, and the medium size coal
rock fragment is more. The reason is that coal rock is
unconstrained laterally under 0 MPa, and the accumulated
energy is released laterally under axial load. Therefore, the
internal cracks mainly extend in the form of tension cracks,
forming the failure mode of axial splitting. With the increase of
confining pressure, shear failure mainly occurs in coal rock, and
there are larger blocks and more powder rock particles after
failure. The higher the confining pressure is, the larger the
fragment size is and the more the powder particles are. Under
the effect of confining pressure, the internal fissures of coal rock
are closed tightly, and the deformation and failure of coal rock are
restrained. Under axial compression, coal rocks often slip and
friction along the internal weak cementation surface until shear
failure. These powder particles are mainly caused by frequent
friction on the weak cementation surface.

AE Characteristics

The propagation and development of internal cracks in coal rock
make the energy transfer outside in the form of elastic wave. The
acoustic emission information can be monitored and collected
during this period. The cumulative number of AE events and AE
energy of typical coal rocks under different confining pressures
are shown in Figure 6. In order to better observe the distribution
of AE at low energy, the breakpoints of some vertical coordinates
are processed. As shown in Figure 6, the stress—strain curves can
be roughly divided into the compaction stage (OA), the linear
elastic stage (AB), the yield stage (BC), and the post-peak failure
stage (CD), which is consistent with these references (Li et al.,
2014; Liu et al., 2020b; Xie et al., 2021). As can be seen from the
diagram, AE events seldom occur in the compaction stage and the
linear elastic stage. In the yield stage, the AE events increase
slowly and the cracks begin to grow. When the stress increases to
a certain extent, the crack propagation speed increases and the AE
activity becomes active. Around the peak stress, the AE activity is
particularly intense, often accompanied by high-energy AE
events, which shows that the crack inside the rock has been
greatly expanded.

From the distribution of AE in Figure 6, it can be seen that the
AE activity of coal rock under 0 MPa is mainly concentrated in
the pre-peak yield stage. With the increase of confining pressure,
the AE activity decreases before the peak stress, and mainly
distributes in the post-peak failure stage. The reason is that
the deformation and failure of coal rock are restrained under
confining pressure, and the internal fissures of coal rock are
closed tightly so that they are not easy to expand and develop in
the pre-peak stage. After the peak stress, the internal cracks
penetrate coal rock, the specimen loses its bearing capacity,
and the whole structure suffers severe damage. The crack is
easy to expand and develop under the load disturbance.
According to the number of accumulated AE events, the total
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FIGURE 5 | Screen diagram of broken coal-rock block. (A) 0 MPa, (B) 8 MPa, (C) 16 MPa, (D) 25 MPa.
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FIGURE 6 | Acoustic emission characteristics of coal under different confining pressures. (A) O MPa, (B) 8 MPa, (C) 16 MPa, and (D) 25 MPa.
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number of AE events of coal rock under 0 MPa is less, so the coal
rock is broken into small and medium blocks. The total number
of AE events under triaxial condition is more than that under
uniaxial condition. Confined by confining pressure, micro-cracks

mainly occur in the slip and friction parts of weak structural
plane. Therefore, under the confining pressure, the fine particles
of coal rock are more obvious. With the increase of confining
pressure, the accumulated number of AE time and the maximum
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energy of AE decrease obviously, which indicates that confining  continuously, and the dissipation energy is increased

pressure can restrain the deformation and failure of coal rock
obviously.

Law of Energy Evolution

According to Eqs 1-3, the total input energy, elastic energy, and
dissipative energy in the whole process of coal rock failure are
calculated, as shown in Figure 7. As can be seen from the
diagram, with the increase of confining pressure, the energy
level of coal rock obviously increases. With the increase of
stress under different confining pressures, the total energy
input from outside increases continuously, and the growth rate
increases first and then decreases. In the compression stage, the
internal cracks and cemented particles of coal rock slip, squeeze
and friction under axial load, and the internal cracks of coal rock
gradually close. During this period, there will be less acoustic
emission activity, less energy dissipation, and elastic energy
increases slowly. In the elastic stage, the input energy is stored
in the rock mass, and the crack is not expanded, the AE activity is
quiet, and the energy of coal rock is not dissipated. When the
stress reaches the yield point, the cracks in coal rock begin to
initiate, expand, and merge. The AE activity becomes active, the
elastic energy increases slowly, and the dissipated energy
increases gradually. When the peak stress is reached, the
elastic energy of coal rock reaches the energy storage limit, the
crack penetrates rock sample, and energy is released intensely. In
the post-peak stage, the joint action of energy release and energy
dissipation leads to the continuous development of cracks and the
frequent AE activities, which leads to the aggravation of coal rock
damage. The internal elastic energy of coal rock is released

continuously. The energy evolution traits are consistent with
previous studies (Zhao et al., 2020b; Ma et al., 2021).

The energy characteristic values at the peak stress of coal rock
under different confining pressures are shown in Table 3. When
the confining pressure increases from 0 to 25 MPa, the average
values of total energy are 0.028, 0.335, 0.701, and 1.2517], the
average values of elastic properties are 0.019, 0.225, 0.450, and
0.606 ], and the average dissipation energy values are 0.009, 0.111,
0.252, and 0.645], respectively. It can be seen that with the
increase of confining pressure, the total energy, elastic energy,
and dissipated energy of coal rock increase greatly. Under the
restraining action of confining pressure, the higher the confining
pressure, the higher the closure degree of the primary fracture, the
stronger the elastic energy accumulation ability, the more difficult
the coal rock failure, and the more energy dissipation is needed. It
shows that in deep underground engineering, more energy will be
released and the damage will be more severe if the rock is
damaged catastrophically. As can be seen from Table 3, with
the increase of confining pressure level, the difference of
dissipated energy of coal rock increases gradually under the
same confining pressure, which shows that the crack
propagation law is not identical even under the same
occurrence environment. The evolution of the crack is mainly
determined by the primary defects in coal rock. It is not difficult
to see that the failure process of rock under confining pressure
cannot be well reflected by a single energy dissipation index. It is
necessary to analyze the whole process of energy evolution. In
addition, Hou thinks that when the elastic energy and dissipative
energy of rock are equal, it can be regarded as the precursor point
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TABLE 3 | Energy characteristics of peak stress of coal rock.

Energy Dissipation Rate of Rock

Serial Confining Peak Total Mean/J Elastic Mean/J Dissipation Mean/J
number pressure/ stress/ Energy/J energy/J energy/J
MPa MPa
0-1 0 10.892 0.041 0.028 0.032 0.019 0.009 0.009
0-2 6.759 0.024 0.014 0.010
0-3 4.006 0.019 0.011 0.008
8-1 8 42.999 0.396 0.335 0.274 0.225 0.122 0.111
8-2 43.252 0.326 0.209 0.117
8-3 40.210 0.284 0.191 0.094
16-1 16 61.468 0.687 0.701 0.427 0.450 0.260 0.252
16-2 71.395 0.857 0.555 0.303
16-3 53.167 0.560 0.367 0.193
25-1 25 70.725 1.163 1.251 0.628 0.606 0.534 0.645
25-2 79.217 1.113 0.483 0.630
25-3 88.009 1.477 0.706 0.771
A , , , — 1000 B s : 300
g =
Q o
: 40 b 1200 =
) < ~
£ 1500 & > 2
S 8 = 32 - 1100 &
% o 3 Mob =
4 S 8 I 2
= 40 = =24 10 =
& g z =
s 2 16 1-100 2
= {500 B Energy dissipation rate N
< ) < 8 1200 B3
= Yt
[} [}
=)
| | | | -1000 =) 0 L L L -300
0O 200 400 600 800 000 0 800 1600 2400 3206 H
Time/s Time/s
OMP SMP.
C a - D a e
80 . . . 1000 90 T T T 500 'E
. = Axial stress 5
Axial stress o =
< = < - T.)
860+ S 1500 & =¥ {250 8
S Energy dissipationfate ] S60k s
5 o %) Wsada LI =]
2 o S a K .S
g 40 10 B = 10 E
@ & @ 8=
E Z 2307 E disgipation rat g
%ol | cnn 5 5 er, isgipation rate 19503
%20 -500 S < 8y dissip 9 250 >
>
a0 &0
= —
g s
s s s -1 (=1 0 L L L -500
00 700 1400 2100 2800 0005 0 900 1800 2700 3600 M
Time/s Time/s
16MPa 25MPa
FIGURE 8 | Energy dissipation rate of coal rock under different confining pressures. (A) 0 MPa, (B) 8 MPa, (C) 16 MPa, (D) 25 MPa.

of rock failure (Hou et al., 2021). However, as can be seen from
Figure 7, the failure precursor cannot be found at 25 MPa. It can
also be seen from Table 3 that the energy failure precursors based
on the ratio of elastic energy and dissipation energy are not
necessarily applicable. Therefore, it is necessary to carry out an in-
depth study on the damage precursor and put forward more
applicable indicators of damage precursor.

Energy Dissipation Rate
In order to further study the evolution of dissipative energy under
different confining pressures, the change rate of dissipative energy

relative to axial strain, namely, energy dissipation rate (EDR), is
calculated according to Eq. 4. The energy dissipation rate curves
of coal rock under different confining pressures are shown in
Figure 8. As can be seen from the diagram, the energy dissipation
rate is mainly concentrated in the range of ~200-200J cm ™. In
the compression stage and elastic stage, little energy dissipation
occurs in coal rock, and the fluctuation of energy dissipation rate
is relatively quiet. With the increase of stress, the deformation and
failure of coal rock increase after entering the plastic stage. The
crack is constantly germinating, expanding, and developing. The
fluctuation degree of energy dissipation rate increases. Near the
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peak stress, the level of energy dissipation rate will generally
increase. After the peak stress, the fluctuation of energy
dissipation rate becomes more severe. Especially when the
stress drops rapidly, the energy dissipation rate will have a
large positive or negative value. This is because the original
intact structure of coal rock was seriously damaged, quickly
lost the bearing capacity, and suddenly released a large
amount of energy when the rock cracks run through at the
peak stress. In the post-peak stage, the structure of coal rock
was adjusted to a temporary structure with a certain bearing
capacity after the dislocation and slippage of coal rock along the
internal defective surface, and continued to fail slowly under the
action of axial load. It is shown by a slow decrease in stress. As a
result, the cracks are more easily developed on the existing
defects, and the energy dissipation is strengthened and the
energy dissipation rate fluctuates greatly. When the stress of
coal rock reaches the residual stage, the fluctuation of energy
dissipation rate decreases and remains in a certain range. This is
because there are more internal cracks in post-peak than pre-
peak, and the continuous propagation of cracks will dissipate
more energy, which results in higher energy dissipation rate in the
residual stage than in the pre-peak stage. Therefore, according to
the change law of EDR, the process of rock failure can be roughly
divided into a quiet stage, a stable increasing stage, an active stage,
and a stable stage.

Before the peak stress, the energy dissipation rate under
different confining pressures is mainly kept in a certain range,
and the fluctuation range is small. The EDR was maintained in
the range of 0.1-7Jcm™ at 0MPa, 3-10Jcm ™ at 8 MPa,
10-20J cm™ at 16 MPa, and 20-40 ] cm™ at 25 MPa. It is not
difficult to see that with the increase of confining pressure, the
level of energy dissipation rate before the peak stress has
increased obviously. The reason is that the deformation and
failure of surrounding rock is restrained by confining pressure.
The larger the confining pressure is, the stronger the confining
effect is. When energy is the same, the slow increase of strain
makes energy dissipation rate increase. In addition, the
fluctuation range of the energy dissipation rate shows that
with the increase of confining pressure, the fluctuation of the
peak energy dissipation rate increases, but the level of energy
dissipation rate is not high. It is shown that the increase of
confining pressure enhances the microcrack growth before the
peak stress. With the increase of confining pressure, the
fluctuation of energy dissipation rate becomes more frequent
and the level of energy dissipation rate is higher in the post-peak
failure stage. The results show that the increase of confining
pressure makes the damage of coal rock more serious in the post-
peak stage, and the main reason is the passing of local cracks.

DISCUSSION

Relationship Between Energy Dissipation
Rate and Crack Propagation

From the above analysis of acoustic emission, it can be seen that
the acoustic emission information reflects the characteristics of
rock damage evolution. However, the acoustic emission

Energy Dissipation Rate of Rock

information collected by acoustic emission (AE) acquisition
equipment will be seriously disturbed by the noise in the
practical rock engineering. The crack propagation and damage
evolution in the process of rock failure are discussed from the
view of energy, which is closer to the essence of rock failure. In
order to study the relationship between the energy dissipation
rate and the crack propagation, the energy dissipation rate is
compared with the acoustic emission information.

The relationship between the energy dissipation rate and
the number of AE events during rock failure under different
confining pressures is shown in Figure 9. In the diagram, the
blue circles show where the AE increases rapidly, and the
black circles show where the stress decreases rapidly. From the
diagram, it can be seen that the energy dissipation rate in the
local area before the peak stress suddenly increases or drops to
form a peak value. At the same time, the number of AE events
increases rapidly, which indicates that the crack inside the
coal rock grows rapidly at the peak value of the energy
dissipation rate, causing damage to coal rock. In the post-
stress stage, the frequency of the EDR peak value increases
obviously, and the position of the EDR peak value is relatively
concentrated and it is relatively large. The corresponding
stress often drops suddenly, and the number of AE events
increases obviously, which indicates that the crack
propagation degree is high and even penetrates the rock
sample. In the process of rock failure, the crack
development is usually caused by the tensile crack tip,
which extends along the crack surface and produces a new
crack. Under 0 MPa confining pressure, the axial tension
crack is the main crack. The specimen deforms in lateral
direction under axial pressure and forms axial splitting
failure. Rock is prone to sudden stress drop and complete
loss of bearing capacity. With the increase of confining
pressure, the limiting effect of confining pressure on the
lateral deformation of rock increases, and the crack
develops into a large shear crack. After the shear crack
runs through, the coal rock block slips along the crack to
form the shear failure surface, which leads to the sudden drop
of stress. These sudden stress drops are caused by the
propagation of micro-cracks into macro-fracture surfaces.
The more obvious the stress drop is, the greater the crack
propagation degree is, and the more energy is dissipated, so
the energy dissipation rate is higher when stress drops. In a
word, the peak value of energy dissipation rate is caused by
crack propagation. It is reliable and universal to use energy
dissipation rate to evaluate crack propagation and damage
evolution in coal rock.

Failure Precursor Based on Energy

Dissipation Rate

Acoustic emission (AE) technique is the most commonly used
method to study the precursors of rock failure. As can be seen
from Figure 9, the sudden increase in the number of AE events
indicates that the extent range of crack propagation is wide, which
can be regarded as the precursor of coal rock failure. However,
before the peak stress, there are many sudden increase points of
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AE counting, and the determination of damage precursor point is
not clear enough. In addition, as shown in Figures 6A,D, there is
an obvious quiet period of AE activity before peak stress, which

can be used as a precursor of rock failure. These quiet periods do
not mean the stability of the rock, but indicate that the rock is
about to be destroyed (Zhang et al., 2006). However, in Figures
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6B,C, the quiet phase of AE is difficult to distinguish. In the actual
project monitoring, the researchers also found that the
corresponding relationship between disasters and the quiet
period of AE is not obvious in time (Li et al., 2019). It can be
seen that the engineering results are similar to the experimental
results, which shows that the applicability of AE quiet period as a
precursor of rock failure is questionable. Some scholars have
proposed that the counting of AE events or the sudden increase of
energy can be regarded as the characteristic of failure. However,
in most cases, this sudden increase occurs at the peak stress, and
after the peak stress, the early warning for rock disaster is put off
because the requirements of early warning are not met (Li et al.,
2019). It can be seen that there are still some deficiencies in
monitoring rock stability by acoustic emission technology.
Considering the influence of engineering environment noise
on acoustic emission monitoring equipment, it is more
practical to propose an energy failure precursor of rock failure
from the view of energy.

According to the evolution law of energy dissipation rate
under different confining pressures, it is found that the energy
dissipation rate has a stable increasing stage before reaching the
peak stress, which indicates an impending failure of the rock, as
shown by the blue diagonal in Figure 10A. Therefore, taking a
sample as an example, the last peak of energy dissipation rate
before the level of energy dissipation rate rises is proposed as the
failure precursor, where the peak of energy dissipation rate
corresponds to the stress value of P1, as shown in Figure 10A.
In order to verify the accuracy and practicability of rock failure
energy precursor P1, it is compared with acoustic emission failure
precursor. Li proposed that the peak value of AE ringing count
rate and AE energy count rate before peak stress should be
regarded as the precursory characteristics of rock failure,
which can effectively give an early warning of rock failure (Li
et al,, 2016). The maximum values of AE ringing count rate and
AE energy count rate before peak stress are P2 and P3
respectively, as shown in Figures 10B,C.

For the convenience of comparison, P1, P2, and P3 are divided
by compressive strength and normalized. The closer the
normalized value of stress is to 1, the closer the failure
precursor of the peak stress and the faster the failure of rock
occurs. The normalized values of stress at the rock failure
precursor points under different confining pressures are shown
in Figure 11A. It can be found that the failure precursor points
based on AE energy counting rate and AE ringing counting rate
are very close, and some samples appear almost at the same time,
which is basically consistent with previous studies (Li et al., 2016).
The normalized value of P2 determined by AE ringing count in
samples 8-3, 16-1, and 25-3 is over 0.99, and the failure
precursor point is very close to the peak stress. This may lead
to shorter warning time; the actual project engineers do not have
enough time to take the corresponding rock disaster prevention
measures. In addition, the corresponding stress values of P2 and
P3 in samples 8-2 and 16-2 are small, which may be too safe.
Based on the energy dissipation rate, the stress normalization
values of the failure precursor P1 are in the range of 0.85-0.99.
Generally speaking, the stress normalization values of P1 are
larger than those of P2 and P3. The early warning time for rock
failure is obtained by subtracting the corresponding moments of
P1, P2, and P3 from the time of peak stress, as shown in
Figure 11B. On the whole, the early warning time based on
energy dissipation rate is longer than that based on acoustic
emission. The minimum warning time of P1 is 37.5s under
different confining pressures, and it shows that the failure
precursor points determined based on the energy dissipation
rate can reserve enough time for the early warning and prevention
of rock disasters. With the increase of confining pressure, the time
of P1 early warning increased. It is not difficult to see that the
above-mentioned characteristics of the energy failure precursors
fully show that the rock failure precursors determined by the
energy dissipation rate have better reliability and universality, and
it can provide a reference value for the prevention and control of
underground rock dynamic disasters such as rock burst.
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CONCLUSION

In this paper, the static compression tests and acoustic emission
location tests (AE) of coal rocks were carried out under different
confining pressures. Based on the analysis of rock energy
evolution, the characteristics of energy dissipation rate (EDR)
under different confining pressures were emphatically discussed.
The main conclusions were obtained as follows:

(1) Confining pressure effect is better reflected in the mechanical,
AE, and energy properties of coal rock. With an increase in
confining pressure, the increasing trend of elastic modulus
and compressive strength is found. The deformation and
failure of coal rock are restrained. Correspondingly, the total
energy, elastic energy, and dissipative energy are obviously
improved.

The variation of EDR can be roughly divided into a quiet
stage, a stable increasing stage, an active stage, and a stable
stage. The EDR level remains in a low range in pre-peak and
increases with an increase in confining pressure. The EDR
increases gradually near the peak stress and fluctuates sharply
after the peak stress.

The EDR can be used as an internal index to evaluate the
crack propagation in rock. When the EDR increased or
decreased suddenly, the acoustic emission events increased
rapidly. When the peak value of EDR fluctuates greatly and
concentrates in the post-peak period, the internal fissures will
penetrate rock causing a sudden stress drop.

A new energy precursor point of rock failure is proposed
based on the EDR. The stress level of EDR precursor point is

2)

3)

(4)
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