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*e deformation and failure process of coal rock under different strain rates is a significant challenge which must be solved in
dynamic excavation. It is important to study the influence of strain rate on the evolution of coal rock crack. *e triaxial
compression tests and acoustic emission tests under the strain rate of 10− 5 s− 1 to 10− 3 s− 1 were conducted on coal rock using MTS
815 hydraulic servo-control testing machine. During the loading process, acoustic emission energy and spatial distribution have
obvious stage characteristics. *e damage variable is defined by acoustic emission energy, and the rate of damage evolution is
obviously affected by the strain rate. Based on stage characteristics of acoustic emission energy, spatial distribution, and damage
evolution, the use of damage evolution curve to determine stress threshold is proposed. In order to verify the rationality of the
damage evolution method, the stress threshold values determined by damage evolution method and existing method are
compared and analyzed. In order to study the effect of strain rate and confining pressure on the stress threshold, the stress
thresholds under uniaxial and triaxial stress states at different strain rates were analyzed.

1. Introduction

With the development of social economy, the demand for
energy has increased in recent years, and the exploitation of
mineral resources has gradually emerged as a large-depth
feature [1]. Under high geostress environment, the redis-
tribution of stress field caused by excavation will increase the
probability of severe disasters such as rock bursts [2].
*erefore, the study of the dynamicmechanical properties of
coal under high in situ stress is of great significance to the
safety of coal mining.

Acoustic emission (AE) is often accompanied with the
instability of coal, so AE technology is widely used in the
study of mechanical and deformation characteristics of coal
rock [3].Shkuratnik et al. studied AE characteristics of coal
rock under uniaxial and triaxial loading [4, 5]. Liu et al.
conducted uniaxial compression tests and AE tests on dif-
ferent bedding direction of coal rock, indicating that the AE

parameters of vertical bedding coal (including AE ring-
down, AE energy, and AE event count rate) were smaller
than that of parallel layered coal [6]. Su et al. pointed out that
the AE of coal rock has obvious confining pressure effect,
and the AE energy in conventional triaxial test is obviously
greater than that in uniaxial test [7]. Considering the dy-
namic excavation, the effect of strain rate on AE has attracted
much attention. Gao et al. studied the mechanism of the
influence of strain rate on the AE characteristics of rock
deformation and found that the AE rate and the strain rate
are highly correlated between the elastic deformation stage
and the plastic deformation stage [8]. Li et al. pointed out
that the AE peak count increased, and the cumulative count
decreased with the strain rate increases [9]. Huang and Liu
found that the combination of coal rock decreased the AE
peak count and AE peak energy as the loading rate increased
[10]. Wang et al. pointed out that the coal rock failure
process and AE under different strain rates could be divided
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into two periods of periodic linear growth and transient
growth [11]. At the same time, the damage variable defined
by AE is used by many scholars to study the mechanical
properties of rock. Zhang et al. defined the damage variable
by AE energy and analyzed the difference between different
rock mechanical properties [12]. Li and Zhang used cu-
mulative ring-down counts to study damage evolution of
coal and rock mass [13]. Cao et al. also defined damage
variable using the cumulative ring-down count and pointed
out that damage evolution was more sensitive to strain rate
and could be divided into three stages [14]. Kim et al. used
the stress strain relationship and the AE parameters to define
the damage variables, respectively, and pointed out that the
damage variables defined by AE parameters were more
advantageous in the in situ test [15]. As mentioned above,
confining pressure and strain rate have important effects on
AE and mechanical properties of rock, but there are few
reports on AE of coal rock considering strain rate under high
confining pressure, so it is significant for the engineering
safety to study the mechanical characteristics of high stress
coal rock by using AE.

As we all know, the accurate determination of the stress
threshold is also particularly important for the design and
construction safety of underground engineering, which has
attracted a large number of scholars to study it for decades
[16–18]. Bieniawski described the failure mechanism of brittle
rock and divided the prepeak failure process into four stages
corresponding to four stress thresholds, respectively: crack
closure stress σcc, crack initiation stress σci, damage stress σcd,
and peak stress σf [19–21]. Among them, crack initiation
stress and damage stress are considered as the key parameters
for describing the rock mass response of underground cav-
erns [22, 23].*emethod for determining the stress threshold
value can be divided into three types: stress strain curve
method, AE method [15], and energy dissipation method
[24, 25]. *e stress strain method can be subdivided into
cumulative crack volume strain method, axial stiffness
method, and volume strain method, and many scholars use
them to determine the crack initiation stress and damage
stress and get good results [22, 26]. But it is a remarkable fact
that there are defects in the stress strain method. For example,
in the cumulative crack volume strain method, there are
certain human factors in the process of determining elastic
modulus and Poisson’s ratio [27]. As far as the AE method is
concerned, the stress threshold points are determined by
using the changing characteristics of AE parameters during
compression. Crack initiation and propagation are driven by
energy, which is used to determine the stress threshold in the
energy dissipation method. Over the years, a large number of
studies have used various methods to determine the stress
threshold, but there are differences between the results de-
termined by different methods, and the physical meaning
behind some methods is not clear. *e change law of stress
threshold of some rocks (e.g., sandstone, concrete, etc.) under
quasi-static strain rate has been studied [28, 29], but con-
sidering the discreteness of coal rock, especially, there are few
reports on the determination of stress threshold under quasi-
static strain rate. *erefore, no matter the determination of
the stress threshold of coal rock under quasi-static strain rate,

or to have a reliable method to define the stress threshold in
laboratory tests, it has important theoretical significance for
the safety of coal mines engineering.

Generally speaking, the development and expansion of
cracks are the root cause of damage evolution in rocks, and
research on damage evolution of rocks is relatively complete
[15, 30, 31], so combining damage mechanics to determine
the stress threshold of coal rock is a feasible method. In order
to investigate the change of stress threshold of deep buried
coal rock under different strain rates, this paper firstly an-
alyzes the results of AE tests under quasi-static strain rate
and uses AE to analyze the damage evolution characteristics
of coal rock. Secondly, the stress strain data and AE are used
to preliminarily determine the stress threshold of coal rock.
Finally, the damage evolution curve is used to determine the
stress threshold, and the effects of strain rate and confining
pressure on the stress threshold are discussed.

2. Experiment Test and Damage Theory

2.1. Coal Sample. *e test coal rock is selected from the
Furong Baijiao Coal Mine in Yibin City, Sichuan Province,
China, with a depth of 450m. *e microscopic character-
istics of coal were first analyzed by 5E-MACIII infrared rapid
coal quality analyzer. Based on the industrial analysis and the
measurement of the calorific value (20.5∼28.6MJ/kg), the
Furong Baijiao Coal Mine is determined to be sulfur-rich
anthracite. *en, X’Pert Pro MPD type diffractometer and
XRF-1800 CCEDX-ray fluorescence spectrometer were used
to quantitatively analyze the internal material composition,
element type, and content of coal rock. According to the
results obtained by the X-ray diffraction analysis, the main
compound of the coal sample was determined to be SiO2 and
AlPO4. Finally, combining mineral composition and ele-
mental content measured by X-ray fluorescence analysis, the
main components of the coal sample are amorphous min-
erals (79.02%) and quartz (10.07%).

In order to possibly reduce the influence of human
disturbance on the original state of coal rock, samples are
prepared according to the International Society of Rock
Mechanics [32]. *e coal rock is made into
φ50mm × L100mm cylindrical sample by the preparation
method of coring, cutting, and grinding at both end faces
and controlled the diameter of the coal sample at 50+6

− 2 mm
and the ratio of height to diameter at 2 ± 0.2. *e degree of
nonparallelism between the two ends is less than 0.05mm,
the end is perpendicular to the axis of the sample, and the
maximum deviation degree is less than 0.25°. *e coal rock
sample after sample preparation is shown in Figure 1.

2.2. Test Equipment. *e coal rock triaxial compression test
was carried out on the Sichuan University MTS 815 Flex Test
GTrock mechanics test system, with maximum axial load of
4600 kN and maximum confining pressure of 140MPa.
During the triaxial loading process, the axial and lateral
deformations were measured by the axial extensometer and
the circumferential extensometer installed on the surface of
the heat shrinkable sleeve and recorded in real time
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(Figure 2(a)). Different strain rates are achieved by setting
different loading speeds, which are controlled by the linear
variable differential transformer (LVDT). To simulate the
dynamic disturbance of deep buried coal rock during the
normal excavation process, the test loading confining

pressure is set to 25MPa and the loading strain rate is set
to10− 5 s− 1, 10− 4 s− 1, and 10− 3 s− 1.

*e AE test was performed by the PCI-2 AE test system
of the United States. It synchronizes AE feature parameters,
waveform acquisition, and analysis. Considering the specific

Figure 1: Physical map of coal rock.
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Figure 2: Coal rock triaxial compression test system. (a) Triaxial compression test system. (b) Acoustic emission monitoring site.
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conditions of low strength of coal rock and fast attenuation
of sound wave, the threshold value of this AE signal ac-
quisition process was set as 40 dB to minimize the influence
of noise in the nonloading process on AE signal. In order to
realize real-time monitoring of AE timing parameters and
spatial location, four AE sensors (eight in total) are arranged
at the position of 10mm above and below the sample in
Figure 2(b) (red point) [12].

2.3. Damage 7eory Based on AE. *e damage variable is
defined as [33]

D �
Ad

A
, (1)

where Ad is the total area of all microcracks on the bearing
surface and A is the initial nondestructive section area.

In the existing research, it has been proved that using AE
parameters to define damage variables and perform damage
analysis is scientific [15, 34–36]. *erefore, the following
damage variables will be established based on AE
parameters.

If C0 is defined as the number of AE counts when the
whole section of material is completely destroyed, the
number of AE events per unit area of the coal rock mi-
croelements at the time of failure Cw is

Cw �
C0

A
. (2)

When the area of the damage of the section is Ad, the
number of AE events is

Cd � CwAd �
C0

A
Ad. (3)

So, the damage variable can be defined as

D �
Cd

C0
. (4)

Due to the confining pressure limitation, the coal rock
after the peak strength still has bearing capacity, and the
samples have not reached a fully damaged state [13, 14].
*erefore, a correction coefficient Du is introduced to
correct D, and its physical meaning can be expressed as

Du � 1 −
σr

σf

, (5)

where σr is the residual strength of coal rock and σf is the
peak strength of coal rock.

So, the damage variable can be revised as

D � Du

Cd

C0
� 1 −

σr

σf

 
Cd

C0
. (6)

3. Test Results and Analysis

3.1. Evolution Characteristics of AE Energy. According to the
AE and MTS tests, Figure 3 is the curve of the evolution of
AE energy and stress with time under different strain rates.

*e AE energy curve at different strain rates can be divided
into four stages according to its evolution characteristics: (i)
quiet stage, (ii) stable growth stage, (iii) fast growth stage,
and (iv) postpeak stage. (i) In quiet stage, the rock is under
small load, and defects such as primary cracks and holes in
the coal rock are compacted under the action of axial
pressure. However, since the energy of AE signal produced
by crack closure is low [37], it is not easy to be captured by
the AE sensor, so no AE signal is produced at this stage, and
the AE energy is 0. (ii) In stable growth stage, the material is
in the elastic stage, and the stress of coal rock and AE energy
keep linear relationship with time. Since the axial pressure
has not increased to the stress condition that produces a
large amount of AE, the AE signal is produced in small
amount, and the AE energy curve grows slowly. (iii) In fast
growth stage, as the stress increases, the coal rock gradually
yields, a large number of cracks are produced, and the AE
enters a stage of rapid growth. Compared with the second
stage, the AE energy growth rate is faster; that is, the average
slope of the curve increases significantly. (iv) In postpeak
stage, the load of coal gradually exceeds its ultimate strength,
and macroscopic cracks begin to form. *e occurrence of a
large number of cracks and the friction of the macroscopic
crack surface lead to a rapid increase in the AE energy, and at
the same time the increase rate is greater than that in the
third stage.

At the same time, it can be seen from Figure 3 that as the
strain rate increases, there are differences in the evolution of
AE energy. Firstly, the AE energy corresponding to the peak
stress decreases gradually as the strain rate increases from
10− 5 s− 1 to 10− 3 s− 1, and the average AE energy of three
groups of coal samples decreases from 4.055 to 1.813
(9.31× 10− 19 J). *is is because, at faster loading rates, cracks
with smaller discharge energy and smaller dimensions are
more activated. Meanwhile, the loss of AE signal increases
with the increase of crack number. *e two factors cause the
AE energy to be smaller at higher strain rate. *en, with the
increase of strain rate, the evolution rate of AE energy at each
stage is obviously accelerated because of the acceleration of
test rate. In Figures 3(a) to 3(c), for example, the rate of
energy evolution in the second stage increases from 0.827 to
34.182 (9.31× 10− 22 J/s). From the perspective of the AE
energy curve as a whole, the increase in strain rate leads to
more obvious phase characteristics of the curve. For ex-
ample, the turning point of the stable growth stage and fast
growth stage stages of Figure 3(c) is easier to identify
compared to that of Figure 3(a).

3.2. AE Spatial Distribution Characteristics. In order to
further explore the evolution law of AE in coal under quasi-
static strain rates, the AE spatial distribution diagram of each
stress level section of a typical coal sample in each strain rate
is selected as shown in Figure 4.

*e AE spatial distribution under different strain rates
shows that when the stress level is less than 50%, the energy
is mainly stored in coal and rock by elastic energy, and the
amount of AE is small in this period. As the stress continues
to increase near the peak stress, the concentration of AE
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signals indicates that the cracks in a certain region begin to
connect with each other and propagate. *is corresponds to
the rapid increase in the AE energy of the third stage in
Figure 3. From Figure 4, we can summarize the three laws of
AE evolution with strain rate: (1) With the increase of strain
rate, the concentration of AE in the coal rock space decreases
obviously. When the strain rate is 10− 5 s− 1, AE is concen-
trated at 90–100% stress level with obvious nucleation area.
When the strain rates are 10− 4 s− 1 and 10− 3 s− 1, the AE
distribution becomes more uniform and dispersed in the
space. (2) *e stress level, which mainly produces AE signal,
decreases with the increase of strain rate. When the strain

rate is 10− 5 s− 1, the stress level of a large number of AE
signals is mainly from 90% before the peak to 80% after the
peak.When the strain rate is 10− 4 s− 1, it is 80% before peak to
90% after peak, and when the strain rate is 10− 3 s− 1, it is 70%
before peak to peak stress. (3) As can be seen clearly from
Figure 4, the amount of AE decreases with the increase of
strain rate. It means that it is more difficult to predict rock
failure by AE monitoring with the speed of excavation.

3.3. Damage PerformanceBased onAEEnergy. In view of the
fact that the AE energy curve and the spatial distribution of
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Figure 3: AE energy at different strain rates. (a) _ε � 10− 5s− 1. (b _ε � 10− 4s− 1. (c) _ε � 10− 3s− 1.
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coal rock are analyzed from the surface, the analysis of damage
evolution from the damage theory is closer to the essence of the
mechanical properties. *erefore, in combination with

equation (6), the AE energy at the end of the test is used to
determine C0, and the evolution curve of the damage variable
with the stress level is calculated as shown in Figure 5.
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6 Advances in Civil Engineering



As shown in Figure 5, the damage evolution curves of coal
rock under different strain rates also have four stages similar
to AE energy: (I) initial calm, (II) stable damage evolution,
(III) rapid damage evolution, and (IV) postpeak stage. In the
initial calm stage, no new cracks are generated, so the number
of AE is small, and the damage variable is zero. With the
increase of stress level, the new crack increases in order, and
the damage evolution shows a linear increasing trend at the
second stage. In the rapid damage evolution stage, the crack
increases rapidly with the increase of stress, so the number of
AE increases greatly, and the damage evolution curve presents
obvious nonlinear growth trend. Meanwhile, as the strain rate
increases, the (σ/σf) value at the end of the initial calm and
stable damage evolution phase decreases. Specifically, as the
strain rate increases from 10− 5 s− 1 to 10− 3 s− 1, the (σ/σf) value
at the end of the initial quiet period decreases from 0.538 to
0.350, and the (σ/σf) value at the end of the stable damage
evolution phase decreases from 0.924 to 0.804. It can be
clearly seen that as the strain rate increases, the rate of change
in the stage of stable damage evolution increases, and the rate
of change in the stage of rapid damage evolution decreases.
*is is because the strain energy in the early stage of coal rock
is more saved at low strain rate, and near the peak stress crack
propagation leads to a large amount of strain energy release,
resulting in greater damage evolution rate.

4. Determination of Stress Threshold

4.1. Determination of Stress 7reshold Based on Damage
Evolution. Based on the above, it is very clear that there are
several stages, whether the change of AE energy, AE spatial
distribution, or damage curves. In other words, under the
quasi-static strain rate, the changes in the mechanical
properties of coal rock have obvious stages, and those stages
can be expressed by the stress threshold in actual engi-
neering practice.

*e most common method to determine the stress
threshold is the crack volumetric strain method. Many re-
searchers have discussed the crack volumetric strain of rocks
using formulas εVcrack � εv − (1/E)(σ1 − 2μσ3) and pointed
out that when the stress reaches σcc and σci, the crack
volumetric strain will be zero [16, 38, 39]. *e damage stress
σcd is usually determined by the inflection point of the
volumetric strain, that is, the expansion point of the rock.
However, it can be seen from Figure 6(a) that, under dif-
ferent strain rates, the crack volume strain before the peak
stress point is greater than 0. So, for coal rock, the crack
initiation stress σci cannot be determined by the crack
volumetric strain method, due to the nonlinear nature of
coal rock. As Figure 6(b) shows, when _ε� 10− 5s− 1 or
_ε� 10− 4s− 1, the strength limit of coal rock is reached, but the
volumetric strain has not yet reached the maximum value, so
the volume strain method cannot be used to determine the
damage stress σcd at this time. When the strain rate is
10− 3 s− 1, the maximum volume strain appears before the
peak stress point, so the damage stress σcd can be determined
in this case. *erefore, the location where the maximum
volume strain appears is not fixed in Figure 6(b), which
makes it difficult to determine the damage stress σcd only by
the volume strain method.

As mentioned above, it is difficult to determine the
characteristic stress values by a traditional method. Mean-
while, in view of the obvious stage characteristics of the
damage evolution curves of coal rock under different strain
rates in Section 3.3, the initiation stress σci and damage stress
σcd are determined by the damage evolution curve in the
following. Figure 7 shows the damage evolution law of three
coal rock samples at the strain rate of 10− 3 s− 1, indicating that
coal-rock damage at the same strain rate also has periodic
characteristics. Before the stable damage evolution stage,
coal rock is in the initial damage quiet period, and coal rock
undergoes the crack compaction stage and the linear elastic
stage. In those processes, the damage of the coal rock is
caused only by the compaction of the crack, so the damage
variable value is close to 0. When entering the stage of
damage stable evolution stage, coal-rock deformation is
mainly elastic deformation, a small amount of AE signals is
generated, and internal fractures of coal rock started to form.
So, the initiation stress σci can be identified as the start of
initial calm period. As damage evolution continues, the
damage rate accelerates significantly, and a large number of
AE signals are generated; therefore, the junction of the stable
and rapid damage evolution stages can be considered as the
beginning of the unstable crack growth, that is, the damage
stress point σcd.

4.2. Stress 7reshold at Different Strain Rates. *e stress
thresholds determined by the damage evolutionmethod (DE
method) are listed in Table 1 in order to clarify the variation
of the response stress threshold with strain rate.

With the increase of strain rate, the average damage
stress σcd (or the average initiation stress σci) changes from
60.072 to 60.601 (or from 38.655 to 29.770), and the
change amplitude is small. It is also worth noting that as
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the peak stress increases from [63.090, 79.217] to [76.847,
87.702], the ratio (e.g., (σci/σf)) decreases from [0.539,
0.551] to [0.293, 0.430] as the strain rate increases,
showing a clear decreasing trend. As the stress rate in-
creases from 10− 5 s− 1 to 10− 3 s− 1, the average value of
(σci/σf) decreases from 0.544 to 0.358, and the average
value of (σcd/σf) decreases from 0.848 to 0.709. Some
scholars have found the same law through research,
pointing out that the internal damage of rocks is more
likely to form under high strain rate conditions, which
leads to a reduction in (σci/σf) and (σcd/σf) [29, 40]. We

should note that the strain rate has a significant effect on
the development of cracks, both from the existing studies
and from the fracture morphology of coal rock in Figure 8
[41, 42]. As the strain rate increases from 10− 5 s− 1 to
10− 3 s− 1, the degree of coal-rock fragmentation increases,
and the proportion of low-size broken coal blocks be-
comes greater. Microdefects (e.g., microcracks and
microvoids) with higher strain rate are easier to activate
under lower stress [42]. *erefore, it is easier to satisfy the
crack initiation conditions at the defects and to propagate
and penetrate for cracks. As a result, (σci/σf) and (σcd/σf)

gradually decrease with increasing strain rate.

4.3. Determination of Stress 7reshold by Existing Method.
In order to discuss the rationality of using the DE method to
determine the stress threshold and compare with the existing
method, the following will first introduce the feasible
existing method and determine the stress threshold.

As described in section 4.1, when the strain rate is
10− 3 s− 1, the damage stress σcd can be determined by the
volume strain method but not by the method completely, so
it must be determined in combination with acoustic emis-
sion. As shown in Figure 9, when the stress reaches the
damage stress σcd, the AE energy rate will have obvious
protrusions after the quiet period, because the expansion of
the crack leads to a sudden increase in the number of AE
signals.

Based on the determination of damage stress σcd,
Nicksiar and Martin proposed a method for accurately
determining the initiation stress σci through the lateral
strain curve-lateral strain response (∆LSR) method [26].
First, determine the reference line by connecting the
damage stress point and the stress zero point, and calculate
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the difference between the lateral strain and the reference line
under the same stress in Figure 10(a), the lateral strain dif-
ference (∆LSR). *en, as shown in Figure 10(b), determine the
stress point corresponding to the maximum lateral strain
difference as the initiation stress point σci.

(σci/σf) and (σcd/σf) determined by the two methods
at different strain rates are shown in Figure 11. First,
(σci/σf) is determined by the existing method; with the
strain rate increasing from 10− 5 to 10− 3 s− 1, the average
value changed from 0.409 to 0.415, and the average value

Table 1: Stress characteristic values with different strain rates.

_ε Group (σci/MPa) σci (σci/σf) (σci/σf) (σcd/MPa) σcd (σcd/σf) (σcd/σf) (σf/MPa)

10–5
5–1 34.195

38.655
0.542

0.544
52.680

60.072
0.835

0.848
63.090

5–2 43.649 0.551 62.185 0.785 79.217
5–3 38.121 0.539 65.350 0.924 70.725

10–4
4–1 29.772

38.680
0.380

0.509
58.448

62.340
0.746

0.820
78.348

4–2 35.637 0.600 54.109 0.911 59.395
4-3 50.632 0.546 74.465 0.803 92.733

10–3
3–1 37.712

29.770
0.430

0.358
63.759

60.601
0.727

0.735
87.702

3-2 24.701 0.293 50.264 0.596 84.305
3-3 26.896 0.350 67.781 0.882 76.847

(a) (b)

(c)

Figure 8: Failure patterns of coal rock under different strain rates. (a) _ε� 10− 5s− 1. (b) _ε� 10− 4s− 1. (c) _ε� 10− 3s− 1.
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of (σcd/σf) decreased from 0.867 to 0.806. Comparing
(σci/σf) and (σcd/σf) determined by the two methods,
they all show a certain tendency to decline, which shows
that the DE method is effective to determine the stress
threshold value. At the same time, as the strain rate in-
creases, (σci/σf) and (σcd/σf) determined by DE method
show a more obvious decreasing trend. For deep geo-
technical engineering, an increase in the excavation rate or
an increase in the surrounding rock strain rate will often
increase the probability of engineering disasters such as
collapse and rock burst. *us, smaller stress threshold,
determined by DE method, has more safety guarantees for
engineering excavation.

4.4. Comparison of Stress 7resholds under Uniaxial and
Triaxial Conditions. *e ratio of stress threshold to peak
stress in uniaxial and triaxial state is listed in Table 2 to

analyze the effect of confining pressure on stress threshold
at different strain rates. *e stress threshold in uniaxial
state is determined by energy dissipation rate method and
∆LSR method in the paper in [43]. In the uniaxial stress
state, (σci/σf) (or (σcd/σf)) decreases with the increase of
the strain rate, from 0.627 to 0.536 (or from 0.883 to 0.828),
showing the same law as that in the triaxial state. Under the
same strain rate, (σci/σf) and (σcd/σf) in uniaxial state are
greater than those in triaxial state. At the same time, with
the increase of strain rate, the difference of (σci/σf) (or
(σcd/σf)) between uniaxial and triaxial states will increase.
For example, for (σci/σf), when the strain rate is 10− 5 s− 1,
the difference is 0.083, and when the strain rate is 10− 3 s− 1,
the difference increases to 0.178. *is means that the stress
state of the original rock and the excavation rate have a
positive effect on the evolution of cracks. In the triaxial
stress state, the rock absorbs more energy when reaching
the same stress level compared to the uniaxial stress, the
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energy dissipates more, and the corresponding number of
cracks is greater.

5. Conclusions

Based on AE energy and spatial distribution under 25MPa
confining pressure, the AE parameters and the stress
characteristics are analyzed under different strain rates. *e
AE energy at different strain rates can be divided into four
stages: quiet stage, stable growth stage, fast growth stage, and
postpeak stage. With the increase of strain rate, AE energy
decreases, and the growth rate of AE energy in each stage
becomes larger. *e spatial distribution of AE under quasi-
static strain rate is also characterized by stages. With the

increase of strain rate, the spatial distribution of AE tends to
be uniform, and the quantity of AE decreases andmost of AE
occurs in the prepeak stage.

*e damage evolution law under quasi-static strain
rate is studied, and the damage variable is defined by using
the AE energy. *e damage evolution curves of coal rock
under different strain rates have four stages: initial calm,
stable damage evolution, rapid damage evolution, and
postpeak stage. With the increase of the strain rate, the
rate of change in the stable damage evolution phase in-
creases, and the rate of change in the fast damage evo-
lution phase decreases.

According to the phase characteristics of AE energy,
spatial distribution, and damage evolution, determining the
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Figure 11: Variation of stress threshold determined by two methods at different strain rates.

Table 2: Stress thresholds under uniaxial and triaxial conditions.

Confining pressure 0MPa [43] 25MPa 0MPa [43] 25MPa
_ε (σci/σf) (σci/σf) (σci/σf) (σci/σf) (σcd/σf) (σcd/σf) (σcd/σf) (σcd/σf)

10–5
0.790

0.627
0.542

0.544
0.915

0.883
0.835

0.8480.550 0.551 0.908 0.785
0.541 0.539 0.825 0.924

10–4
0.495

0.541
0.380

0.509
0.915

0.850
0.746

0.8200.566 0.600 0.849 0.911
0.561 0.546 0.787 0.803

10–3
0.507

0.536
0.430

0.358
0.813

0.828
0.727

0.7350.596 0.293 0.863 0.596
0.505 0.350 0.807 0.882
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stress threshold based on damage evolution is proposed. It is
determined that the stress level at the beginning of the stable
damage evolution stage is the initiation stress, and the stress
level at the starting point of the rapid damage evolution stage
is the damage stress. Under quasi-static strain rate, (σci/σf)

or (σcd/σf) determined by the DE method decreases with
increasing strain rate. At the same time, the stress thresholds
of uniaxial and triaxial under quasi-static strain rate are
compared and analyzed. (σci/σf) (or (σcd/σf)) in the triaxial
stress state is always smaller than that in the uniaxial stress
state. As the strain rate increases, the difference between
uniaxial and triaxial stress states becomes larger.
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