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In the field of rock engineering, complexity of stress environment is an important
factor affecting its stability. Thus, in view of fracture mechanism of rock under
different loading rates within the scope of quasi-static strain rate, four groups of
uniaxial compression tests with different strain rates were carried out on
sandstone specimens, and strength, deformation, failure modes and acoustic
emission characteristics of specimens were compared and analyzed.
Furthermore, the fracture mechanism was discussed from the perspective of
fracture characteristics based on fractal dimension, crack propagation law
inverted through acoustic emission b-value, and micro fracture morphology.
The results showed that as the strain rate increased from 10 to 5 s−1 to 10−2 s−1,
the fractal dimension of rock fragments increased, and the fractal dimension of
rock fragments increased by 9.66%, 7.32%, and 3.77% successively for every
10 times increase in strain rate, which means that the equivalent size of
fragments was getting smaller, and the fragmentation feature was becoming
increasingly prominent. The crack propagation process based on acoustic
emission b-value showed that with the increase of loading rate, the specimen
entered the rapid crack propagation stage earlier, in order of 68%, 66%, 29%, and
22% of peak stress. Moreover, the microscopic fracture morphology showed that
with the increase of loading rate, transgranular phenomenon was clear, and the
fracturemorphology changed from smooth to rough. Thatmeant that the fracture
of sandstone rock at high loading rates was mainly caused by the propagation of
large cracks, which was different from the slow process of initiation, convergence
and re-propagation of small cracks at low strain rates.
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1 Introduction

In mining, tunnel, subway and hydropower engineering, the mechanical response
(Huang et al., 2018; Zhao et al., 2018; Zhou et al., 2019; Hasan et al., 2022), seepage
property (Ma et al., 2022a; Khurshid et al., 2022; Ma et al., 2023), thermal effect (Zhao et al.,
2020; Dong et al., 2023) of rock are related to the effective bearing capacity and long-term
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stability of engineering structures. Especially, due to a series of man-
made and natural conditions during the construction and use of
underground rock mass engineering, such as excavation
disturbance, blasting construction and occurrence conditions of
rock strata, the stability of surrounding rock is often affected by
unsteady and complex stress environment, which leads to the
complexity and uncertainty of deformation and failure
characteristics (Yin and Xie, 2019; Ji and Guo, 2020; Lv et al.,
2022; Yang et al., 2023). Therefore, it is of great engineering value
and practical significance to study deformation and failure
characteristics of rock under variable loading rates.

When it comes to the influence of loading rate on mechanical
responses of rock, scholars have carried out a lot of research work on
strength, deformation and failure characteristics, and achieved fruitful
research results (Hashiba and Fukui, 2015;Meng et al., 2016; Imani et al.,
2017; Feng et al., 2018; Kang et al., 2019; Thongprapha et al., 2020; Tang
et al., 2021; Lu et al., 2022; Tie et al., 2023). It has been proven that
loading rate, as an important factor, can significantly affect the
mechanical characteristics of rock. Loading process can be classified
as static and dynamic, and research results showed that the ability of rock
to resist deformation under dynamic conditions is much greater than
that under static loading conditions (Wasantha et al., 2015; McNamara
et al., 2016; Mahanta et al., 2017; Ranjith et al., 2017; Yasin et al., 2018;
Zhang et al., 2019; Qiu et al., 2022; Li et al., 2023). These studies play an
important role in understanding mechanical responses of rock to
loading rates. In addition, considering that macroscopic mechanical
responses of rock are the essence of microscopic crack initiation,
propagation and ultimately penetration (Liang et al., 2015; Xu et al.,
2015; Cao et al., 2019; Zhu et al., 2019), it is of great significance to
further understand the deformation characteristics and fracture
mechanism of rock by studying the whole process from damage
initiation to overall instability in the microscopic perspective. Among
them, with the continuous improvement of data acquisition accuracy,
acoustic emission technology also has been widely used in monitoring
development and propagation of rock cracks (Wang et al., 2018; Yang
et al., 2020; Su et al., 2022; Zhao et al., 2022; Khadivi et al., 2023). It states
that acoustic emission, as the earliest reflection of strain energy released
in the form of pulse wave during crack propagation inside metal
materials, plays an important role in analyzing damage and fracture
law. Therefore, characterizing the deformation and failure process of
rock based on acoustic emission parameters is of great significance for
revealing the essence of rock deformation and failure from amicroscopic
perspective.

The instability of rock mass under dynamic impact is completed
in an instant, while most rock mass engineering is under the
condition of long-term bearing quasi-static loading, and the
damage and instability have to undergo an obvious incubation
process. In this paper, fine sandstone was selected as research
object, and on the basis of previous studies, uniaxial compression
tests with different strain rates of 10−5, 10−4, 10−3, and 10−2 s−1 were
successively carried out within the quasi-static loading rate range, as
well as real-time acquisition of acoustic emission information. The
macroscopic mechanical responses, fragmentation feature, crack
propagation evolution characteristic based on acoustic emission
and microscopic fracture morphology of sandstone were
comprehensively analyzed, aiming to reveal the difference of
fracture mechanism of sandstone under different strain rate
loading conditions from the macro and micro perspectives.

2 Experimental methodology

2.1 Specimen preparation

In this experiment, considering the widespread distribution of
sedimentary rocks within the scope of human activities, sandstone
blocks were derived from Linyi City, Shandong Province, China, and
belong to Paleogene stratum. The component analysis showed that
the size of mineral particles was relatively uniform, mainly
concentrated in the 0.125–0.25 mm, and it is generally yellowish
in color. In addition, its components were mainly composed of
quartz and feldspar, belonging to the category of fine sandstone with
dense structure, as shown in Figure 1.

In the laboratory, rock blocks without visible defects on the
surface were drilled in a direction perpendicular to the rock
deposit surface. Finally, cylindrical specimens with a diameter of
50 mm and a height of 100 mm were made by coring, cutting and
grinding, according to the standards of International Society for Rock
Mechanics (Fairhurst and Hudson, 1999). In order to improve the
reliability of testing process and reduce the discreteness of testing
results, twelve specimens with machining accuracy meeting the
requirements were randomly divided into 4 groups with
3 specimens in each group. The basic physical parameters of the
sandstone specimens were obtained, as shown in Table 1. The average
values of height to diameter ratio, density and velocity of longitudinal
wave were 2.02, 2.95 g·cm−3 and 5.15 km·s−1, respectively.

2.2 Experimental schemes

In terms of loading rate, the strain rate is taken as the index,
which is successively defined as creep, quasi-static and dynamic
loading (Zou et al., 2016; Saeidi et al., 2017), where the quasi-static
strain rate is from 1 × 10−5 to 1 × 10−2 s−1. Therefore, the four groups
of specimens were designed to be loaded within the quasi-static
loading range, which were strain rates of 1 × 10−5, 1 × 10−4, 1 × 10−3,
and 1 × 10−2 s−1 respectively.

The experimental systems were shown in Figure 2A. Among
them, the rock mechanics testing system was used to carry out
loading tests at different strain rates, and in order to ensure the
uniformity of strain rates in the experimental process, displacement
loading method was adopted to carry out loading tests on the
specimens and the corresponding loading rates is 0.001, 0.01, 0.1,
and 1 mm·s−1. The mechanical response characteristics such as peak
strength, peak strain and elastic modulus were obtained. Meanwhile,
the acoustic emission monitoring system was simultaneously
adopted to collect real-time acoustic emission information with
four type R15a sensors as shown in Figure 2B. In order to ensure
monitoring reliability, the preamplifier gain is set to 40 dB, the
threshold 45 dB, and the sampling frequency 1 MHz.

3 Results and analysis

3.1 Mechanical characteristics

In order to analyze the mechanical characteristics of specimens
under the influence of different loading rates, peak strength, peak
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strain and elastic modulus were obtained and statistically analyzed,
as shown in Table 2.

According to the statistical results, Figure 3 shows the variation
trend of peak strength, peak strain and elastic modulus with strain

rates. In general, peak strength and elastic modulus increased with
the increase of strain rate in the range of quasi-static loading rates,
showing a positive correlation, and the increasing trend gradually
slowed down. However, there was a negative correlation between

FIGURE 1
Microscopic composition of sandstone. (A) Scanning electron microscope. (B) Mineral particle distribution. (C) Element composition.

TABLE 1 Physical parameters of sandstone specimens.

Group D H M ρ v Group D H M ρ v

G1 No. 1 49.33 98.74 550.78 2.92 5.23 G3 No. 1 49.01 100.01 564.81 2.99 5.23

No. 2 48.91 100.94 563.38 2.97 5.13 No. 2 49.15 100.27 569.24 2.99 5.10

No. 3 50.08 100.86 570.82 2.87 5.17 No. 3 49.81 101.22 569.92 2.89 5.13

G2 No. 1 49.49 98.88 570.62 3.00 5.15 G4 No. 1 48.91 99.29 565.31 3.03 5.07

No. 2 50.08 100.02 568.03 2.88 5.26 No. 2 50.12 101.32 565.63 2.83 5.15

No. 3 48.81 99.17 559.82 3.02 4.95 No. 3 49.39 98.90 566.09 2.99 5.20

“D” denotes the diameter (D, in mm), “H” denotes the height (H, in mm), “M” denotes the mass (M, in g), “ρ” denotes the density (ρ, in g·cm3), “v” denotes the velocity of longitudinal wave (v, in

km·s−1).

FIGURE 2
Experimental process. (A) Mechanics testing system and acoustic emission monitoring system. (B) Schematic diagram of acoustic emission sensor
arrangement.
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peak strain and strain rate. Different from peak strength and elastic
modulus, peak strain decreased with the increase of strain rate, and
the decreasing trend of peak strain also showed a gradual
slowdown. In addition, the dispersion of experimental results
was slightly higher than that of low strain rates at higher
loading rates. The maximum dispersion of peak strength and
peak strain was at a strain rate of 10−3 s−1, and elastic modulus
was at a strain rate of 10−2 s−1.

3.2 Failure modes

Figure 4 shows the failure characteristics of sandstone specimens
under different loading rates. It can be seen that with the increase of
loading rates, more macroscopic fracture surfaces appeared,
showing more significant fragmentation. When the loading rate
was 10−5 s−1, the macroscopic fracture surface of about 60° through
the center of specimen mainly appeared, and the failure mode was

TABLE 2 Mechanical parameters of the specimens.

Group σ ε E Group σ ε E

G1 No. 1 53.78 0.97 6.37 G3 No. 1 65.12 0.75 8.97

No. 2 55.91 1.01 6.55 No. 2 68.89 0.78 9.05

No. 3 56.62 1.03 6.89 No. 3 69.88 0.81 9.12

G2 No. 1 58.77 0.83 7.88 G4 No. 1 70.55 0.69 10.26

No. 2 59.37 0.86 8.07 No. 2 71.28 0.71 10.55

No. 3 60.12 0.89 8.12 No. 3 73.28 0.73 11.01

“σ” denotes the peak strength (σ, in MPa), “ε” is the peak strain (ε, in %), “E” is the elastic modulus (E, in GPa).

FIGURE 3
Mechanical characteristics. (A) Peak strength. (B) Peak strain. (C) Elastic modulus.

Frontiers in Earth Science frontiersin.org04

Li et al. 10.3389/feart.2023.1224645

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1224645


relatively single. When the loading rates were 10−4 and 10−3 s−1, the
number of macroscopic fracture surfaces increased, and fracture
surfaces distributed along the axial loading aspect appeared. When
the loading rate was 10−2 s−1, the distribution of fracture surfaces
became more complex, and the specimen was broken into more
small pieces, and the fragmentation of fracture was further
increased.

Furthermore, the fragments was counted and divided into
7 groups corresponding to different size grades, which were
0–0.15, 0.15–0.6, 0.6–2.36, 2.36–9.5, 9.5–13.2, 13.2–37.5, and

37.5–72 mm respectively. Accordingly, the equivalent size of
fragments was calculated by Eq. 1.

dm � ∑n
i�1

�di
M di( ) −M di−1( )

M
( ) (1)

where dm is the equivalent size of all fragments, di is the equivalent
size of fragments within the range of size grade i, M(di) is the
cumulative mass of fragments within the range of size grade i, M is
the total mass of all fragments.

FIGURE 4
Fragmentation characteristics of rock specimens under different strain rates. (A) 10−5 s−1. (B) 10−4 s−1. (C) 10−3 s−1. (D) 10−2 s−1.
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To sum up, it can be seen that with the increase of strain rate, the
equivalent size of fragments was 45.26, 33.35, 26.60, and 23.19 mm
in turn, and the equivalent size of fragments was getting larger. In
addition, the size distribution of fragments showed obvious

differences. The proportion of small fragments (0–37.5 mm)
increased from 16.74% to 30.32% in strain rate of 10−5 s−1 to
64.25%–71.70% in strain rate of 10−2 s−1. On the contrary, large
fragments (37.5–72 mm) become smaller in proportion.

FIGURE 5
Acoustic emission amplitude and event evolution at different loading rates. (A) 10−5 s−1. (B) 10−4 s−1. (C) 10−3 s−1. (D) 10−2 s−1.
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3.3 Acoustic emission characteristics

It is well known that acoustic emission events can reflect the three-
dimensional location of damage inside rocks, in addition, considering
that the acoustic emission amplitude, as a physical quantity reflecting
the intensity of acoustic emission activities, can indirectly reflect the
level of crack propagation, so two parameters, amplitude and event,
are selected, as shown in Figure 5. It can be seen that, with the increase
of loading rate, the density of low-amplitude acoustic emission events
became smaller and smaller, and the proportion of events with larger
magnitude was larger. The acoustic emission events with large
amplitude were mainly concentrated in the later segment of
loading process, especially at high loading rates. Although there
will be large-amplitude events in the front section at high loading
rates, short weak events will still occur in the middle section of
loading. In addition, the three-dimensional distribution of acoustic
emission events vividly reflects the whole process of damage from
initiation, expansion to penetration with the loading process, and it
can be inferred that with the increase of loading rates, the damage
shows more and more obvious dispersion, indicating an increase in
the degree of damage.

Thus, the acoustic emission amplitude varies with loading process.
Further, the loading process was divided into seven stages according to

10%, 20%, 40%, 60%, 80%, 90%, and 100% of peak stress. The threshold
value of acoustic emission amplitude was 40 dB, and the of intensity
amplitude was divided into 6 levels with each 10 dB increase. The
number distribution of acoustic emission events corresponding to
different loading stages under different loading rates were respectively
counted, as shown in Figure 6. It can be seen that acoustic emission
events with lower amplitude were the main ones. As the loading process
continued, the number of acoustic emission events with larger amplitude
began to increase and the proportion increased as well as, indicating that
acoustic emission activities began to intensify. However, there were
differences in acoustic emission amplitude distribution under different
loading rates. With the increase of loading rates, the proportion of high-
amplitude acoustic emission events became larger, indicating that cracks
growth was aggravated.

4 Discussion

For purpose of revealing the fracture mechanism, the
fragmentation feature characterized by fractal dimension, the
micro-crack propagation extracted by micro fracture morphology
and acoustic emission b-value evolution were discussed from the
macro and micro dimensions.

FIGURE 6
Number distribution of acoustic emission events with different amplitude levels at different stress stages. (A) 10−5 s−1. (B) 10−4 s−1. (C) 10−3 s−1. (D)
10−2 s−1.
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4.1 Strength and deformation analysis

In order to establish the quantitative relationship between peak
strength, peak strain, elastic modulus and strain rate, their mean
values were linear fitted to logarithm of strain rate, as shown in
Figure 7. The variation relationship was consistent with Eq. 2.

m � k log _ε + b (2)
wherem refers to the average value of peak strength, peak strain and
elastic modulus under different strain rates, and k is the slope of
linear fitting between average value of mechanical parameters and
logarithm of strain rate indicating the absolute change value of
mechanical parameters as a function of strain rate.

Furthermore, the concept of sensitivity of mechanical
parameters to strain rates was given, as shown in Eq. 3.

d � m _ε( ) −m _ε0( )
m _ε0( )( )% (3)

where d is the relative change value of peak strength, peak strain and
elastic modulus among different strain rates, which is used to
characterize sensitivity of mechanical parameters to strain rate.

Figures 7A–C give the fitting relationship between mechanical
properties and logarithm of strain rate. In general, the peak strength
and elastic modulus increased by 5.73 MPa and 1.303 GPa with the
increase of strain rate by ten times, and peak strain decreased by
0.096%. However, the absolute change value can only reflect the
actual value of mechanical parameters with the increase of strain
rate, but the relative change value can better reflect the sensitivity of
mechanical parameters to strain rate, as shown in Figure 7D. In the
range of quasi-static strain rates, the growth rate of peak strength
was 9.02%, the reduction rate of peak strain was 10.85%, and the
growth rate of elastic modulus was 17.16%. It can be seen that the
elastic modulus was more sensitive to strain rate, which increased by
90.24% and 58.16% compared with peak strain and peak strain,
respectively.

4.2 Fragmentation feature

Further, on the basis of results and analysis in Section 3.2, in
order to quantitatively characterize the relationship between
fragmentation feature and loading rate, fractal dimension of rock

FIGURE 7
Relationship between mechanical properties and logarithm of strain rate. (A) Peak strength. (B) Peak strain. (C) Elastic modulus. (D) Sensitivity of
mechanical parameters to strain rate.
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fragments was introduced. The relationship between mass of rock
fragments and size was shown in Eq. 4 (Turcotte, 1986).

M di( )
M

� di

d max
( )

3−Df

(4)

where Df is the fractal dimension of rock fragments, di is the
equivalent size of fragments, dmax is the maximum equivalent
size of fragments, M(di) is the cumulative mass of fragments with
equivalent size smaller than di, M is the total mass of all fragments.

Take the logarithm of both sides of Eq. 4 to get Eq. 5 (Carpinteri
et al., 2004).

ln
M di( )
M

� 3 −Df( ) ln di

d max
( ) (5)

Linear fitting of mass and size parameters was performed
according to Eq. 5, as shown in Figure 8, and the fractal
dimension of rock fragments under the influence of different
strain rates can be obtained. It can be seen that the fractal
dimension varied from 2.073 to 2.639, and on the whole, fractal
dimension decreased with the increase of strain rates, indicating that
the fragmentation feature was more significant at high strain rates.

Figure 9 shows the relationship between fractal dimension and
logarithmic of strain rate. With the increase of loading rates, the
fractal dimension increased, but its increasing trend gradually
slowed down. When the strain rate was from 10−5 to 10−4 s−1, the
fractal dimension growth rate was 9.66%, and the fractal dimension
growth rates from 10−4 to 10−3 s−1 and from 10−3 to 10−2 s−1 were
7.32% and 3.77%, respectively. The reason was that with the increase
of loading rates, within the range of quasi-static loading, the
fragmentation feature experienced an initial drastic change from
a lower loading rate to a higher loading rate, and with the further
increase of loading rates, the influence of strain rates on the
fragmentation feature gradually weakened and became stable.

4.3 Damage cracking evolution

To reveal the damage evolution of sandstone under the influence
of different loading rates, the acoustic emission b-value was selected
to the study deformation and failure process, and the quantitative
characterization relationship between acoustic emission b-value and
micro crack propagation process was established. Acoustic emission
b-value was first proposed to investigate seismicity (Gutenberg and

FIGURE 8
Fractal dimension of fragments with different loading rates. (A) 10−5 s−1. (B) 10−4 s−1. (C) 10−3 s−1. (D) 10−2 s−1.
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Richter, 1944). It was used to describe the activity of earthquakes by
establishing the relationship between earthquake magnitude and
frequency. Further, research proved that the acoustic emission
events generated during rock failure were similar to seismic
activity in the underground rock stratum, and the acoustic
emission amplitude was positively correlated with the scale of
rock fracture. Therefore, a large number of studies have found
that the relationship between acoustic emission events and
amplitude can be established by dividing acoustic emission
amplitude by 20 instead of the magnitude of seismic activity,
expressed in Eq. 6 (Sagasta,et al., 2018; Parsons, et al., 2018;
Dong, et al., 2022).

log10 N � a − b AdB/20( ) (6)
where AdB is the acoustic emission amplitude, N is the cumulative
number of acoustic emission events with amplitude greater than
AdB, b is the fitting slope of log10N and AdB, which represents the
relative ratio of large amplitude acoustic emission events to small
amplitude acoustic emission events. The smaller b-value is, the more
proportion of large amplitude acoustic emission events, and the
severity of rock damage is aggravated.

In Eq. 6, according to the number distribution of acoustic
emission events with different amplitude levels at different stress
stages given in Figure 6, the fitting relationship between log10N and
AdB at different loading times was established. The variation
characteristics of b-value with the deformation and fracture
evolution process under the influence of different strain rates
were obtained, as shown in Figure 10.

It can be seen that from Figure 10, due to the influence of loading
rates, the b-value showed a different trend with the evolution of
stress. When the loading rate was 10−5 s−1, the evolution of b-value
first went through a process of early decrease, indicating that the
number of acoustic emission events with low amplitude had obvious
advantages. When the stress was greater than 21%, b-value began to
show a slow increase process, indicating that the initiation of micro
cracks was still the main part in the process of specimen damage.

When the stress reached 68%, b-value began to decrease, and the
specimen entered the stages of small crack penetration and large
crack propagation. The evolution processes of b-value under loading
rate of 10−4, 10−3, and 10−2 s−1 were similar, but the stresses at the
peak point of b-value were 66%, 29%, and 22% respectively. In
addition, the range of b-value was significantly different under
different loading rates, and on the whole, it decreased with the
increase of loading rates, which means that acoustic emission
activities with small amplitude were mainly dominated under low
loading rate, while acoustic emission events with violent activity
account for a larger proportion under high loading rates. It showed
that with the increase of loading rates, the proportion of large cracks
inside the specimen will increase in a short period of time, leading to
a more serious degree of failure, thus presenting the fracture
characteristics in Figure 4.

4.4 Micro fracture morphology

It is well known that the micro fracture morphology of rock is
closely related to the macroscopic mechanical behavior. Therefore,
to explore the fracture mechanism of sandstone affected by different
strain rates from a microscopic perspective, scanning electron
microscope was used to scan the representative area of thin
sections selected from the fracture surfaces, aiming to retrieve the
characteristics of micro cracks initiation and propagation by
comparing the microscopic images of fracture surfaces.

Figure 11 gives the microscopic fracture morphology randomly
selected from the fracture surface at different strain rates. It can be
seen that at low strain rates, there were more intergranular cracks
and more debris at the fracture surface, but with the increase of
strain rate, there were more transgranular cracks and large mineral
grains were destroyed. On the whole, with the increase of strain
rates, the fracture morphology changed from smooth to rough, and
the size of rock debris near the fracture was larger, showing a
phenomenon of more intense damage characteristics. In Figure 11A,

FIGURE 9
Relationship between fractal dimension and strain rate. (A) Change of fractal dimension as logarithm of strain rate. (B) Relative change rate of fractal
dimension.
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when the strain rate was 10−5 s−1, cracks mainly appeared on the
cementation interface of mineral particles, mainly intergranular
cracks, accompanied by a large number of debris generation. The
micro fracture morphology was not smooth but generally regular. In
Figure 11B, when the strain rate is 10−4 s−1, at the same time of the
initiation of intergranular crack and the occurrence of intergranular
dislocation, the transgranular crack phenomenon began to appear.
In Figure 11C, when the strain rate was 10−3 s−1, the fracture
morphology presented significantly different characteristics
compared to the low strain rates, and the number of
transgranular cracks increased significantly. Especially when the
strain rate was 10−2 s−1 in Figure 11D, the fracture exhibits significant
unflatness, the roughness increased, and the fracture morphology
began to appear in the form of larger fragments.

5 Conclusion

(1) On the whole, peak strength and elastic modulus increased by
5.73 MPa and 1.303 GPa with the increase of strain rate by ten
times, and peak strain decreased by 0.096%. In addition, it can

be seen that elastic modulus was more sensitive to strain rate,
which increased by 90.24% and 58.16% compared with peak
strain and peak strain, respectively.

(2) With the increase of strain rates, fractal dimension
increased, but its increasing trend gradually slowed
down. When the strain rate was from 1 × 10−5 to 1 ×
10−4 s−1, fractal dimension increased was 9.66%, and
fractal dimension increased were 7.32% and 3.77%,
respectively for strain rate from 1 × 10−4 to 1 × 10−3 s−1

and from 1 × 10−3 to 1 × 10−2 s−1.
(3) With the increase of strain rates, fracture morphology

changed from smooth to rough showing a phenomenon of
more intense damage characteristics. The number of
transgranular cracks increased significantly, the fracture
exhibited unflatness, the roughness increased, and the
fracture morphology began to appear in the form of larger
fragments.

(4) Acoustic emission b-value decreased with the increase of
strain rates, which means that acoustic emission activities
with low amplitude were mainly dominated under low strain
rates, while violent acoustic emission activities accounted for

FIGURE 10
Evolution of acoustic emission b-value of sandstone under different loading rates. (A) 10−5 s−1. (B) 10−4 s−1. (C) 10−3 s−1. (D) 10−2 s−1.
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a larger proportion under high strain rate. When the strain
rate was 1 × 10−5 s−1, stress reached 68%, b-value began to
decrease, and damage entered the stages of small cracks
penetration and large cracks propagation. Evolution of
b-value under 1 × 10−4, 1 × 10−3, and 1 × 10−2 s−1 was
similar, but stress corresponding to peak point of b-value
were 66%, 29%, and 22% respectively.
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