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In order to further investigate the strain rate effects on characteristic stresses
and acoustic emission parameters of rock under quasi-static compression,
uniaxial compressive tests were conducted on cylindrical specimens measuring
50 mm in diameter and 100 mm in height using a rock material testing machine
and a multi-channel acoustic emission monitoring system at strain rates ranging
from 107® s to 1072 s7%. The stress-strain curves of rock samples, characteristic
stresses, energy data, and temporal and spatial distribution of acoustic emission
signals were obtained and analyzed. The experimental results certified a linearly
positive correlation between characteristic stresses and the logarithm of strain
rates, despite the fact that the linear correlation varies for different characteristic
stresses, whereas the ratios of characteristic stresses essentially do not change
with increasing strain rates. The input energy and elastic strain energy at the
damage point, UCS point and failure stress point exhibit a linearly positive
correlation with the logarithm of strain rates when the strain rate exceeds
107°s. Meanwhile, the characteristics of energy conversion between input
energy and elastic strain energy or the dissipated energy at different
characteristic stresses points were explored. Based on this, the energy
conversion process of rock under quasi-static compression can be divided
into three stages: energy accumulation, energy dissipation, and energy release,
respectively. Besides, it is noted that the total number of the located AE events
decreases as strain rates increase when the strain rate exceeds 107°s™, and the
majority of located AE events occur during the crack closure stage and unstable
crack growth stage. Finally, based on the perspective of energy conversion and
the structural properties of multi-scale defects in rock, the mechanism of the
increase of characteristic stresses with the increase of strain rates was
proposed: that is, when rock is subjected to quasi-static compression, the
higher strain rates can activate the small-scale defects, which necessitates more
input energy from the external load via continuous work and causes an increase
in the associated characteristic stresses.
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1 Introduction

Rock is a type of special solid material generated by long-
term tectonic geological movement. It is heavily fractured and
contains numerous joints, fissures, and microflaws.
Consequently, when rock is subjected to a variety of loading
conditions, such as different strain rates, confining pressures, or
loading paths, its mechanical properties may significantly vary.
This implies that investigating the relationship between external
loading conditions and rock mechanical properties is crucial, as
the results of this research can help us better comprehend the
process of rock deformation and failure, as well as provide more
precise mechanical parameters of rock for use in practical
engineering designs.

According to the magnitude of the strain rate, loading
conditions can be roughly categorized into five groups: creep
loading, quasi-static loading, intermediate strain rate loading,
high strain rate loading and ultra-high strain rate loading (Zhang
and Zhao, 2014). It is commonly acknowledged that the mechanical
characteristics and corresponding fracture process of brittle rock can
be influenced by varying loading strain rates under quasi-static
loading conditions, such as blasting, explosion and seismic stress
(Brace and Jones, 1971; Lindholm et al., 1974; Lajtai et al.,, 1991;
Zhao et al., 1999; Li et al., 2005; Li et al., 2014; Liang C. et al., 2015;
Hokka et al., 2016). A series of laboratory tests on granite samples
were conducted at loading strain rates ranging from 10™*s™ to
10°s7", and the results of these tests indicated that the compressive
strength of rock samples increased with the increase of the strain rate
and confining pressure, whereas elastic modulus and Poisson’s ratio
had no rate-dependence on loading strain rates (Li et al., 1999).
When the loading strain rate exceeds 5 x 10™*s™, Liang C. et al.
(2015) found that the uniaxial compressive strength (UCS) of
granite samples was dependent on strain rates. In addition, the
uniaxial compressive strength of shale (Mahanta et al., 2018), marble
(Li et al, 2014) and sandstone (Zhao Z. et al., 2021) exhibits a
substantial dependence on strain rates, but the variation differs
slightly from that of granite. The uniaxial compressive strength of
rock, an essential parameter for evaluating rock mechanical
characteristics, is a function of rock stress state (Martin and
Chandler, 1994) and is easily affected by the size of rock
samples, confining pressure, the shape of rock samples and other
factors. Therefore, in addition to the uniaxial compressive strength
of rock, characteristic stresses, including crack initiation stress,
damage stress and failure stress, should be adopted to
systematically analyze the strain rate effects on rock mechanical
properties during rock deformation and failure. Wang C. et al.
(2011) found that the varation between the crack initiation stress
and damage stress of red sandstone samples and strain rates ranging
from 107°-107s™" was irregualr, while the ratio between the crack
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initiation stress and damage stress and the uniaxial compressive
strength decreased as strain rates increased. Jaczkowski (2018) also
determined that there was no significant relationship between the
crack initiation stress, damage stress or uniaxial compressive
strength of argillaceous limestone and axial strain rate. However,
Liang C. Y. et al. (2015) discovered that the crack initiation stress,
damage stress or uniaxial compressive strength of granite increased
as strain rates increased, and silimar results were determined using
grain-based finite-discrete element method (Li et al., 2020). In light
of the aforementioned review of literature, a unified understanding
of the variation of strain rate effects on charactersitic stress has not
yet emerged, and the mechanism underlying these effects requires
further investigation.

The essence of rock deformation and failure, from the viewpoint
of thermodynamics, is the result of energy input, energy
accumulation, and energy conversion (Xie et al, 2009). The input
energy and elastic strain energy are typically calculated by integrating
stress and strain, which can characterize the process of rock
deformation and failure more comprehensively and systematically
than stress or strain alone. Zhang et al. (2000) conducted dynamic
compression tests on Gabbro samples and marble samples and
discovered that rock samples can absorb more energy as strain
rates increase. The greater the strain energy accumulated by rock
samples under quasi-static compression prior to the peak point of the
stress-strain curve, the greater the intensity of rock fracture (Li et al,
2014). Liang C. et al. (2015) provided an explanation for why rock
samples can absorb more energy when strain rates increase: that is, at
low strain rates, the predominant micro-fracture pattern of rock is the
intergranular fracture, which consumes less energy. At the high strain
rate, the process of energy input is rapid. Consequently, the
transgranular fracture develops gradually. Due to the difficulty of
the transgranular fracture, this mode will require more energy than
the mode of the intergranular fracture. The variation trend of energy
parameters of rock subjected to quasi-static compression is the
primary focus of the aforementioned studies. Moreover, these
studies are only limited to qualitative descriptions or simple data
fitting between energy data, mechanical parameters, and strain rates,
and there are a few investigations into the root cause of this
phenomenon. In addition, the structural properties of multi-scale
defects in rock have not been taken into account in the energy
conversion during rock deformation and failure, necessitating further
investigation.

Acoustic emission technology (AE), as an excellent approach
for real-time and non-destructive monitoring of microscopic
damage features, has been widely adopted in rock mechanics
throughout recent decades (Lei et al., 2000; Cai et al., 2007; Meng
et al, 2016; Wang et al, 2018). Several investigations have
demonstrated that AE activities correlate well with the process
of rock deformation and failure under quasi-static compression
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FIGURE 1
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Rock samples. (A) Cylindrical specimens; (B) rock sample SEM; (C) quartz XRD; (D) potassium feldspar XRD; (E) biotite XRD.

(Sirdesai et al., 2018; Zhao Z. et al., 2021). AE events decrease as
the strain rates increase (Zhang et al., 2017), while the maximum
AE ring rate and the maximum AE energy rate correlate
positively with strain rates (Zhao et al., 2018). Using the AE
location technology, Zhao Z. et al. (2021) determined that under
high strain rates, AE events of rock samples occurred
predominately along the axial loading direction, and their
spatial distribution was more dispersed than under low strain
rates. Despite the fact that the current studies have yielded
significant results regarding the AE characteristics at various
strain rates, additional research into the spatial distribution of AE
events and the mechanism underlying the strain rate effect on AE
properties is necessary.

According to the above review, numerous studies on the
strain rate effects of rock mechanical properties and AE features
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have been conducted under quasi-static compression. However,
the energy conversion in the process of rock deformation and
failure and the structural properties of multi-scale defects in rock
are rarely considered when investigating the mechanism of the
increase of characteristic stresses with increasing strain rates. In
this paper, uniaxial compressive tests of different strain rates in

"' to 107%s™" were comprehensively

the range from 10°°s
performed to investigate the mechanical behaviors and AE
characteristics of granite samples subjected to quasi-static
compression. Then, the stress-strain curves of rock samples,
characteristic stresses, energy data, and temporal and spatial
the

mechanism underlying the increase of characteristic stresses

distribution of AE events were analyzed. Finally,

with the increasing strain rates was discussed from the
perspective of energy conversion and rock intrinsic properties.
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TABLE 1 Physical parameters of rock samples.

10.3389/feart.2022.960812

Samples Strain rate/s™ Diameter/mm Height/mm Quality/g Volume/cm® Density/g.cm™
GS-1-1 1x10° 49.87 100.31 525.10 195.94 2.68
GS-1-2 49.81 100.20 526.30 195.25 2.70
GS-1-3 49.90 10047 524.70 196.48 2.67
GS-2-1 1x10°° 49.85 10030 525.80 195.76 2.69
GS-2-2 49.87 100.45 524.30 196.21 2.67
GS-2-3 49.89 100.25 525.10 195.98 2.68
GS-3-1 5% 107 49.81 100.20 522.10 195.25 2.67
GS-3-2 49.88 100.33 526.20 196.05 2.68
GS-3-3 49.96 100.15 524.40 196.33 2.67
GS-4-1 1x 10 49.92 100.59 525.10 196.88 2.67
GS-4-2 49.87 10056 525.80 196.42 2.68
GS-4-3 49.79 100.49 523.80 195.66 2.68
GS-5-1 5% 107 49.91 100.60 526.60 196.82 2.68
GS-5-2 49.92 100.40 524.50 196.50 2.67
GS-5-3 49.93 10034 525.20 196.47 2.67
GS-6-1 7.5%x10™ 49.87 100.25 523.90 195.82 2.68
GS-6-2 49.91 100.41 525.10 196.45 2.67
GS-6-3 49.93 100.48 526.00 196.74 2.67
GS-7-1 1x10° 49.81 100.52 524.10 195.87 2.68
GS-7-2 49.92 100.49 524.60 196.68 2.67
GS-7-3 49.86 100.82 524.90 196.85 2.67
GS-8-1 25 x 10 49.89 100.32 525.60 196.11 2.68
GS-8-2 49.85 100.69 524.00 196.52 2.67
GS-8-3 49.84 10036 524.80 195.80 2.68
GS-9-1 5% 107 49.88 100.29 525.50 195.97 2.68
GS-9-2 49.94 100.46 526.40 196.78 2.68
GS-9-3 49.84 100.67 524.60 196.40 2.67
GS-10-1 7.5 % 107 49.89 100.66 524.60 196.78 2.67
GS-10-2 49.81 100.60 523.60 196.03 2.67
GS-10-3 49.87 100.77 525.00 196.83 2.67
GS-11-1 1% 107 49.93 100.24 525.10 196.27 2.68
GS-11-2 49.94 100.52 525.10 196.90 2.67
GS-11-3 49.88 100.48 523.80 196.50 2.67

2 Rock samples and tests
2.1 Rock samples and testing system

The natural granite blocks were extracted from northern
China, as shown in Figure 1A. It is noted from the microscopic
structure in Figure 1B that the irregular mineral grains, tiny
micro-pores and crannies are intertwined, which may have an
effect on the macroscopic mechanical properties of granite
samples. The X-ray Diffractometer (XRD) results of rock
flakes are shown in Figures 1C-E, which represent quartz,
potassium feldspar and biotite respectively, indicating that
these minerals are the primary constituents of the testing
samples. In accordance with the standard testing procedure of
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the International Society for Rock Mechanics (Kovari et al.,
1983), the rock blocks were drilled and polished into
cylindrical specimens measuring 50 mm in diameter and
100 mm in height, as shown in Figure 1A. The flatness of the
specimen end surface must be less than 0.02 mm, and the
parallelism of the upper and lower surfaces must be less than
0.05 mm. The physical parameters of rock samples were listed in
Table 1, and the thirty-three processed specimens were randomly
divided into eleven groups containing three specimens each.
These specimens were numbered GS-1-1, GS-1-2, GS-1-3, GS-
2-1, GS-2-2, and GS-2-3, etc., in accordance with the “GS-A-B”
naming convention.

As shown in Figure 2A, uniaxial compressive tests were
conducted in the Key Laboratory of Rock Mechanics and
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FIGURE 2
Schematic diagram of the testing system. (A) material testing system; (B) AE signals preamplifier; (C) AE signals acquisition system.
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FIGURE 3
Schematic diagram of sensor installation. (A) The installation layout of AE sensors; (B) the layout of mechanical transducers.

Geohazards of Zhejiang Province using the mechanics testing digital AE monitoring system (12CHsPCI-2) with 32 channels
system MTS815.04 with strain rates ranging from 10°s™" to manufactured by Physical Acoustic Company, and this test
10 s™" over eleven levels. AE signals were acquired using a utilized eight of these channels, as shown in Figures 2B,C.
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FIGURE 4
Stress-strain curves of a portion of granite samples at various
strain rates.

2.2 Procedures for testing

The quasi-static strain rates utilized in this paper ranged
from 10°°s™! to 107 s™" and were divided into three stages
containing eleven levels (Li et al., 2014; Liang C. et al., 2015).
As shown in Table 1, testing was undertaken on three
replicates for each strain rate level to reduce the
dispersion of experimental results. The three stages of
strain rates were as follows: The first stage of the strain
rate consists of two levels ranging from 10°s™' to 107°s™;
the second stage of the strain rate has three levels: 107 s to
5 x 107 s7'; six levels comprise the third stage of the strain
rate: 5 x 10™*s7" to 10 s7". Detailed procedures for testing
include: First, eight AE sensors were adhered to the surface
of the rock sample using hot adhesive according to the
position designed in Figure 3A; Next, as illustrated in
Figure 3B, the loading transducer and extensometer were
mounted on the bottom and middle of the samples,
respectively, ensuring that they did not come into contact
with any AE sensors; Then, the acquisition parameters of the
AE monitoring software were configured. In order to avoid
erroneous interference from surrounding noise, the external
amplifiers were set to 45 dB, which aided in amplifying the
AE signals originating from the cracks within the rock
samples. The operating frequency of the sensors was
300 kHz, and the sampling frequency was 1,000 kHz;
Afterwards, 4 kKN axial pre-stress was applied in the load-
controlled mode of 0.5 kN per second, and then maintained
for 30 s; Finally, uniaxial compressive tests of different strain

rates were carried out at a loading rate ranging from

0.006 mm per minute to 60mm per minute in
displacement-controlled mode.
Frontiers in Earth Science
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3 Experimental results and analysis
3.1 Stress-strain curves

Figure 4 depicted the stress-strain curves of rock at various
strain rates, ranging from 10°s™' to 107 s™". To make Figure 4
appear more concise, one sample was selected from three samples
at each strain rate level. It can be observed that when strain rates
increase, peak stress and associated strain also increase. However,
despite the fact that rock samples are subjected to different strain
rates, the shape of their stress-strain curves is essentially identical.
In general, different shapes of rock’s stress-strain curves can
characterize various modes of rock deformation. Therefore, the
above results mean that increasing the strain rate only increases
the peak stress and other related mechanical parameters of rock
samples, but does not change the fundamental mode of rock
deformation.

3.2 Strain rate effects on characteristic
stresses

The status of all micro-cracks within a compressed rock
frequently determines its macroscopic mechanical properties. In
other words, the process of rock deforamtion and failure is the
process of microcrack development in rock (Liang C. et al., 2015).
Thus, the process of rock deforamtion can be divided into five
stages based on the process of microcracks development (Hoek
and Bieniawski, 1965; Brace et al., 1966; Bieniawski, 1967; Martin
and Chandler, 1994): 1) crack closure stage; 2) elastic stage; 3)
stable crack growth stage; 4) unstable crack growth stage; 4) post-
peak stage, as shown in Figure 5A. The division of each stage
depends on three important stress thresholds, which are crack
initiation stress o, damage stress 0.4, and uniaxial compressive
strength Op. Crack initiation, the oneset of dilation and the
beginning of crack growth, is attributed to local tensile stress
concentration at the tips of pre-existed flaws, inclusions and
other heterogeneities (Li et al, 2020); hence, the axial stress
corresponding to the onset of micro-cracks in rock was referred
to as the crack initiation stress (Martin and Chandler, 1994). The
axial stress level at which the total volumetric strain reversal
occurs marks the beginning of the unstable crack growth stage
(Bieniawski, 1967). In other words, the axial stress corresponding
to the maximum value of the axial stress-volumetric strain curve
was designated as the damage stress, or dilatancy stress. The
uniaxial compressive strength of rock correpsonding to the
maximum value of the axial stress-axial strain marks the
beginning of post-peak stage.

The axial stress is the failure stress when rock loses its bearing
capacity and appears to fail as a whole when subjected to external
compression. The overall failure of rock samples was defined in
this paper based on laboratory data as follows: when the external
load exceeds the uniaxial compressive strength of rock samples,
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FIGURE 5

An example used to determine the crack initiation stress using the LSR method. (A) Stress-strain curves of the sample GS-2-3 (strain rate: 10~°
s™); (B) the curves of axial stress-strain; (C) the curve of ALSP-axial stress.

the drop of axial stress between two adjacent points of MTS
loading transducers is more than 30%, and the corresponding
lateral strain increases as well. At this point, the entire failure of
rock samples can be considered, and the failure stress oy is the
axial stress corresponding to this failure.

The value of crack initiation stress is difficult to determine
in comparison to damage stress, uniaxial compressive
strength and failure stress of rock. There are many
methods to determine the value of crack initiation stress,
including the crack volumetric strain method (Martin and
Chandler, 1994), AE method (Zhao Z. et al., 2021), and the
lateral strain response method (LSR method) (Nicksiar and
Martin, 2012). In this paper, the LSR method was applied to
determine the crack initiation stress, with the following
procedures: First, determining the point of damage stress in
the axial stress-lateral strain curve, as shown in Figure 5B;
second, connecting the point of damage stress to the curve’s
origin as the reference line, as shown in Figure 5B; and third,
drawing the curve based on the difference value between the
curve of axial stress-lateral strain and the reference line, where
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the peak point of this curve corresponding to the axial stress is
the crack initiation stress, as shown in Figure 5C.

The characteristic stresses of rock samples were determined
using the aforementioned method, as shown in Table 2.
Figure 6A depicted the relationship between three kinds of
characteristic stresses and strain rates, including crack
initiation stress, damage stress and uniaxial compressive
strength of rock samples. It can be observed that the
characteristic stresses are significantly strain rate-dependent,
while there are differences in the magnitude and trend of the
increase. The growth process of characteristic stresses
corresponding to the strain rate can be divided into two
stages: stage I and stage II, as shown in Figure 6A. When the

-1

strain rate is less than 10 s™', the crack initiation stress grows

rapidly, but the stress increases slowly when the strain rate is
greater than 107" s'. Nevertheless, the strain rate for the damage
stress and uniaxial compressive corresponding to the preceding
trend is 2.5 x 1073 s7%. Besides, the threshold strain rate between
static loading and quasi-static loading should be mentioned as a

key issue. There are numerous results for this value, such as
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TABLE 2 Characteristic stresses of rock samples within different strain rates (oci-crack initiation stress; o.4-damage stress; op-uniaxial compressive

stress; o-failure stress).

Granite samples Strain rate/s™! o/ MPa o.q/MPa
GS-1-1 1x10° 73.53 115.90
GS-1-2 77.99 115.50
GS-1-3 78.04 117.62
GS-2-1 1x10° 70.87 111.58
GS-2-2 70.02 112.09
GS-2-3 65.20 114.02
GS-3-1 5% 10°° 80.71 133.54
GS-3-2 65.52 120.16
GS-3-3 76.06 126.31
GS-4-1 1x10™ 73.01 125.75
GS-4-2 86.36 134.97
GS-4-3 81.20 133.12
GS-5-1 5x 10 76.53 128.63
GS-5-2 75.38 129.07
GS-5-3 83.60 136.14
GS-6-1 7.5 x 107 74.72 130.59
GS-6-2 85.33 134.59
GS-6-3 95.96 139.41
GS-7-1 1x10° 81.72 139.69
GS-7-2 87.49 139.67
GS-7-3 83.29 136.47
GS-8-1 25x% 107 88.07 139.96
GS-8-2 83.27 141.46
GS-8-3 72.85 136.29
GS-9-1 5% 107 89.42 148.48
GS-9-2 88.59 144.75
GS-9-3 90.92 143.80
GS-10-1 7.5 x 107 108.78 161.83
GS-10-2 94.90 148.15
GS-10-3 92.34 156.16
GS-11-1 1x 1072 87.69 150.36
GS-11-2 58.12 140.38
GS-11-3 84.47 154.66

107°s™ (Zhang and Zhao, 2014), 5 x 10*s™" (Liang C. et al,
2015), 107s7!
variation of damage stress and the uniaxial compressive

(Tarasov, 1990). However, comparing the

strength of rock samples in Figure 6B, a noticeable increase in
the stresses occurred between 107°s™ and 5 x 10 s, and the
increments for damage stress and uniaxial compressive strength
are 12.29 and 20.36 MPa, respectively, which are the maximum
increments between the adjacent strain rate level in this test.
Therefore, it may be inferred that the threshold strain rate of
granite between static loading and quasi-static loading was 5 x
107 s

The variation of the averaged characteristic stresses with
the logarithm of strain rates at each level of strain rates was
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op/MPa o/ MPa 0.i/0p Gcd/0p 0./0cq
140.82 101.32 0.52 0.82 0.63
136.89 79.80 0.57 0.84 0.68
137.75 89.08 0.57 0.85 0.66
132.84 37.25 0.53 0.84 0.64
136.98 59.79 0.51 0.82 0.62
148.73 62.55 0.44 0.77 0.57
163.81 79.52 0.49 0.82 0.60
158.14 86.22 0.41 0.76 0.55
157.71 80.15 0.48 0.80 0.60
158.90 110.59 0.46 0.79 0.58
167.54 143.72 0.52 0.81 0.64
160.31 131.96 0.51 0.83 0.61
166.80 144.05 0.46 0.77 0.59
162.53 131.27 0.46 0.79 0.58
172.28 110.31 0.49 0.79 0.61
165.22 120.51 0.45 0.79 0.57
163.74 108.76 0.52 0.82 0.63
168.24 113.60 0.57 0.83 0.69
176.61 135.74 0.46 0.79 0.59
173.67 121.31 0.50 0.80 0.63
172.46 131.23 0.48 0.79 0.61
176.76 114.48 0.50 0.79 0.63
180.93 143.37 0.46 0.78 0.59
168.39 120.39 0.43 0.81 0.53
186.16 143.93 0.48 0.80 0.60
182.11 160.20 0.49 0.79 0.61
179.81 162.07 0.51 0.80 0.63
196.00 181.34 0.56 0.83 0.67
174.78 127.67 0.54 0.85 0.64
194.40 173.56 0.48 0.80 0.59
195.00 175.16 0.45 0.77 0.58
178.44 157.82 0.33 0.79 0.41
193.50 177.97 0.57 0.80 0.55

shown in Figure 6B. In the quasi-static strain rates ranging
from 107 s7' to 10> s7', a linear relation can be expressed
between the averaged characteristic stresses and the logarithm
of strain rates, as illustrated in Figure 6B and Table 3. It can be
seen that the damage stress and the uniaxial compressive
strength both show a strong linear correlation with strain
rates, and their mean values increase by approximately
32.79 and 50.49 MPa, respectively, as the strain rate rises
from 10°s7! to 1072 s™'. However, the crack initiation stress
presents a weak linear correlation with the logarithm of strain
rates, and the correlation coefficient is only 76%, whereas the
corresponding values for the damage stress and the uniaxial
compressive strength 85 and 96%,

are respectively.
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data point represent the standard deviations).

TABLE 3 Fitting equations of characteristic stresses with the logarithm of strain rates.

Characteristic stress Fitting equation Correlation coefficient (R?)
Crack initiation stress 0ci = 4.671gé +99.54 0.76
Damage stress Ocd = 6.931gé + 157.06 0.85
Uniaxial compressive strength 0, = 11.401gé + 206.39 0.96
Failure stress 0 =26.58lgé +204.06 0.76

Furthermore, the averaged values of the crack initiation stress
only increased from 76.52 to 76.76 MPa as the strain rate rises
from 10°s™" to 107 s7', indicating that the strain rate had a
minimal effect on the crack initiation stress within the
spectrum of quasi-static strain rates. The definition of crack
initiation stress is that the stress corresponds to the time when
the micro-cracks begin to initiate, so this stress can reflect the

condition of native defects or micro-cracks in rock.
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Consequently, the intrinsic properties of rock may have a
greater impact on the crack initiation stress than external
factors, such as the strain rate.

Figure 6C depicted the ratio of characteristic stresses to
the denary logarithm of strain rates. It can be observed that,
with the increase of the strain rates, the characteristic stress
ratios neither exhibit a linear increase like the characteristic
stresses, nor a clear downward trend, but instead fluctuate up
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and down a value, with o/0p,, 0ci/0.q and o.4/0, having
values of 0.48, 0.60, and 0.80, respectively. This indicates that
the strain rate has a significant effect on the magnitude of the
values of characteristic stresses but a negligible effect on the
ratios. Thus, it can be inferred that the ratio of characteristic
stresses can be used to characterize the fundamental mode of
rock deformation since strain rate does not change the mode
when rock is under quasi-static compression, just like the
shape of the stress-strain curves. In addition, the optimum
option is the ratio between damage stress and uniaxial
compressive strength if selecting one of those ratios to
characterize the mode of rock deformation, because the
deviation of 0 4/0}, is less than that of the other two ratios.

Figure 6D depicted the relationship between the averaged
values of failure stress and the logarithm of strain rates. It can be
seen that the averaged failure stress shows a certain rate of
sensitivity, and as the strain rate increases, the averaged
failure stress also increases. The reason for this increasing
trend can be attributed to the differnce in crack propogation
speeds at various strain rates. Rock deformation will enter the
post-peak stage once the external force exceeds its uniaxial
compressive strength, as shown in Figure 5A. At this stage,
the macroscopic fracture plane of rock is forming, resulting in
the instability of elastic strain energy stored in rock. The higher
the loading strain rate, the faster the crack propagation speed
(Alneasan and Behnia, 2021), and thus, the formation speed of
rock’s fracture plane increases as strain rates rise. This implies
that the time between the UCS point and the failure point
decreases as strain rates increase, which is supported by
experimental results: the time for 107°s™" is 109.33 s, whereas
the time for 107 s™" is only 0.013 s. As a result, the stress drop
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between the UCS point and the failure point of rock decreases as
the time between these two points decreases, causing the failure
stress to increase as strain rates increase. On the other hand, the
increase of failure stress as strain rates increase exhibits greater
dispersion than the increase in damage stress or uniaxial
compressive strength. The reason for this variation is that
once the loading process exceeds the UCS point, the state of
rock samples becomes unstable. In this condition, the overall
failure of rock may occur at any time due to a minute change in
external conditions or the coalescence of internal cracks. It is
therefore reasonably straightforward to predict the mechanical
characteristics before the UCS point when rock samples are
subjected to quasi-static compression, whereas it is difficult
and quite random to predict rock failure.

3.3 Energy conversion characteristics in
the process of rock deformation and
failure

The energy in the process of rock deformation and failure
consists of three parts: input energy, elastic strain energy and
dissipated energy. According to the first law of thermodynamics,
the relationship between these three parts is shown in Eq. 1 and
Figure 7:

U="U.+Ug 1)

Where U is the input energy; U, is the elastic energy; Uy is the
dissipated energy.

The value of input energy can be calculated under uniaxial
compression using Eq. 2 (Solecki and Conant, 2003). Combining
Eqgs 3, 4, the value of elastic strain energy can be expressed as the
middle part of Eq. 4. Due to the fact that there is little difference
between the unloading elastic modulus and the loading modulus
of rock under unxiaxial compression, E; in the middle part of Eq.
4 can be replaced by E (David et al,, 2020). Thus, the elastic strain
energy of rock can be calculated by the right part of Eq. 4. The
dissipated energy can be expressed as Eq. 6:

€

U= Jods 2)
0
U, = %aee 3)
1
&= Ea (4)
2 2
Uo="=’ (5)
2E, 2E
U,=U-U, (6)

Where 0 and ¢ are the stress and strain, respectively; €° is the total
elastic strain; E; is the unloading modulus; E is the loading
modulus, as illustrated in Figure 7.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.960812

Liu et al.

TABLE 4 The energy values at different stress points (enery unit: J/cm?).

Granite Strain Crack initiation stress Damage stress
samples rate/s™’ point (o) point (o.q)
U U. Ua U U.
GS-1-1 1x10° 0.165 0.116 0.049 0.341 0.289
GS-1-2 0.174 0.128 0.045 0.328 0.281
GS-1-3 0.165 0.127 0.038 0318 0278
GS-2-1 1x10° 0.137 0.102 0.034 0.288 0253
GS-2-2 0.132 0.097 0.036 0.285 0.248
GS-2-3 0.116 0.082 0.034 0.287 0.250
GS-3-1 5% 107 0.161 0.123 0.038 0375 0336
GS-3-2 0.115 0.082 0.033 0311 0275
GS-3-3 0.149 0.111 0.038 0.346 0.305
GS-4-1 1x10* 0.144 0.102 0.042 0.348 0.303
GS-4-2 0.184 0.140 0.044 0.388 0341
GS-4-3 0.161 0.123 0.038 0371 0331
GS-5-1 5x 10 0.157 0.113 0.044 0.364 0318
GS-5-2 0.159 0.110 0.048 0.374 0323
G$-5-3 0.176 0.133 0.043 0.396 0352
GS-6-1 7.5 x 107 0.174 0.112 0.062 0411 0342
GS-6-2 0.191 0.140 0.051 0.401 0349
GS-6-3 0232 0177 0.055 0.430 0374
GS-7-1 1x10° 0.176 0.126 0.050 0.421 0.369
GS-7-2 0.206 0.148 0.058 0.438 0377
GS-7-3 0.204 0.137 0.067 0.438 0367
GS-8-1 25 %107 0.205 0.147 0.058 0432 0372
GS-8-2 0.192 0.130 0.061 0442 0377
GS-8-3 0.174 0.106 0.068 0451 0372
GS-9-1 5% 107 0.220 0.154 0.066 0.493 0.423
GS-9-2 0217 0.151 0.066 0473 0.403
GS-9-3 0.236 0.162 0.074 0.483 0.405
GS-10-1 7.5 %107 0.286 0.220 0.066 0.555 0.486
GS-10-2 0252 0.174 0.078 0.507 0.425
GS-10-3 0.220 0.159 0.061 0.520 0455
GS-11-1 1x107 0.204 0.145 0.059 0.490 0.426
GS-11-2 0.108 0.062 0.046 0.427 0364
GS-11-3 0219 0.150 0.069 0.572 0.504
The energy values at the crack initiation stress point, damage
stress point, UCS point and failure stress point were determined
using the method described above, as shown in Table 4. Figure 8
depicted the energy values at various characteristic stress points
in relation to the denary logarithm of strain rates. The results
indicate that as strain rates increase, the variations of input
energy, elastic strain energy and dissipation energy are
drastically different at various characteristic stress points. The
values of input energy and elastic strain energy at the crack
initiation stress point greatly fluctuate as stain rates increase and
essentially do not exhibit any rate-dependence, as shown in
Frontiers in Earth Science 1
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Uniaxial compressive Failure stress

strength point (o},) point (o)

U, U U, U, U U, U,

0.052 0.496 0.426 0.070 0.510 0.221 0.289
0.047 0458 0395 0.064 0.469 0.134 0335
0.040 0.458 0.395 0.064 0.470 0.165 0.305
0.035 0411 0.359 0.052 0.464 0.028 0.436
0.037 0.439 0.370 0.068 0.457 0.071 0.386
0.037 0511 0.425 0.086 0.532 0.075 0457
0.039 0.584 0.505 0.079 0.612 0.119 0.493
0.036 0.569 0477 0.092 0.611 0.142 0.470
0.041 0.565 0476 0.089 0.591 0.123 0.468
0.045 0.578 0.483 0.095 0.607 0.234 0373
0.047 0.623 0.526 0.098 0.640 0.387 0.253
0.040 0.555 0.480 0.075 0.594 0.325 0.269
0.046 0.647 0.535 0.113 0.685 0.399 0.286
0.051 0.605 0512 0.092 0.650 0.334 0316
0.045 0.656 0.563 0.093 0.705 0.231 0474
0.069 0.670 0.548 0.122 0.698 0.291 0.407
0.053 0.618 0516 0.102 0.664 0.228 0437
0.056 0.651 0.544 0.107 0.685 0.248 0437
0.052 0714 0.590 0.123 0.760 0.349 0411
0.060 0.703 0.584 0.119 0.740 0.285 0455
0.071 0.708 0.586 0.122 0.735 0.339 0.396
0.060 0.709 0.593 0.115 0.761 0.249 0512
0.065 0.743 0.616 0.127 0.783 0.387 0.396
0.079 0.685 0.568 0.117 0.718 0.290 0.428
0.069 0.788 0.665 0.122 0.840 0.398 0.443
0.070 0.760 0.637 0.122 0.788 0.493 0.294
0.078 0.768 0.634 0.134 0.802 0515 0.288
0.068 0.852 0.713 0.139 0.878 0.611 0.267
0.082 0.704 0.592 0.112 0.765 0316 0.449
0.065 0.848 0.705 0.143 0.893 0.562 0331
0.064 0.857 0717 0.140 0.900 0.579 0321
0.064 0.698 0.588 0.110 0.722 0.460 0.262
0.068 0.873 0.789 0.083 0.894 0.668 0.227

Figure 8A. However, the variation of input energy and elastic
strain energy at the damage stress point and UCS point exhibit a
positive correlation with the logarithm of strain rates when the

strain rate exceeds 107°s™!

, as shown in Figures 8B,C. The
dissipated energy prior to the UCS point varies little with the
increase of strain rates, and the values at the crack initiation stress
point, damage stress point and UCS point are significantly less
than the corresponding values of elastic energy. A hypothesis can
be derived from the analysis presented above: the values of elastic
strain energy are substantially greater than the dissipated energy

prior to the UCS point, indicating that elastic strain energy may
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FIGURE 8

The energy values at different characteristic stress points versus the denary logarithm of strain rates. (A) Crack initiation stress; (B) damage

stress; (C) uniaxial compressive strength; (D) failure stress.

govern the deformation process of rock before the UCS point,
which may be the primary reason for brittle deformation of
granite. The input energy and elastic strain energy at the failure
stress point continue to exhibit a positive correlation with the
logarithm of strain rates, similar to the trend at the damage stress
point and UCS point, whereas the variation in the dissipated
energy is completely different from the previous trend, as shown
in Figure 8D. This difference is reflected in two aspects: First, the
values of the dissipated energy at various strain rates are
2-14 times greater than the dissipated energy at the crack
initiation stress point, damage stress point and UCS point;
second, the dissipated energy increases as strain rates increase
when the strain rate is less than 5 x 107 s™" and reaches its
maximum at this strain rate. Then, the value of the dissipated
energy greatly fluctuates as stain rates increase and essentially
shows no rate dependence once the strain rate exceeds 5 x
10°s7

The input energy generated by work performed by an
external force is primarily converted into two components:
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elastic strain energy stored in rock and dissipated energy
through crack initiation, crack propagation, friction heat, etc.
Thus, the faster the external force is applied, or the higher the
strain rate, the input energy is greater. Figure 9 depicted the
relationship between input energy and elastic strain energy at
different characteristic stress points. The relationship between
input energy and elastic strain energy can be fitted by the linear
equation, as depicted by the red lines in Figure 9, and the
correlation coefficients of linear equations for the crack
initiation stress point, damage stress point and UCS point are
0.94, 0.99, and 0.98, respectively, indicating a strong linear
correlation between input energy and elastic strain energy.
The slope of the linear equations in Figure 9 is 0.74, 0.84, and
0.83, respectively, representing the ratios of energy conversion
between input energy and ealstic strain erergy (Gong et al., 2019a;
Gong et al,, 2019b). Based on this, energy conversion ratio was
defined, and in Figure 10, K,, K, and K represent the respective
ratios at different characteristic stress points. As shown in
Figure 10, the energy conversion ratio at stage III increased
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The relationship between the input energy and elastic strain energy at different characteristic stress points (A) crack initiation stress; (B) damage

stress; (C) uniaxial compressive strength.

from 0.74 to 0.84, despite the fact that this stage may dissipate
more input energy than the ealstic stage. More energy is
dissipated at stage IV due to the crack propagation and
the
decreasing from 0.84 to 0.83, but the decline is only 1.1%,

coalescence, resulting in energy conversion ratio
indicating that unstable crack growth does not alter the
primary mode of energy conversion. Therefore, it can be
concluded that, although the energy conversion ratios differ
prior to the UCS point, the values are all greater than
0.74 and that the input energy is primarily stored as elastic
strain energy in rock during the pre-peak stage. When the stress
exceeds the UCS point of rock, its deformation enters into the
post-peak stage, and the dissipated energy increases sharply due
to the formation of the macro-fracture surface, as shown in
Figure 8D. The dissipated energy at the strain rate level of 5 x
107 s™" even increased 13.12 times, 12.37 times and 5.54 times,
respectively, than the dissipated energy at the crack initiaiton
stress point, damage stress point and UCS point, indicating that

the primary characteristic of energy conversion during the post-
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peak stage is the dissipated energy transferred from the elastic
strain energy stored in rock. Nonetheless, this stage only lasts a
brief period, and its duration decreases as the strain rate
increases. Finally, the elastic strain energy stored in rock is
abruptly released when rock fails, accompanied by the ejection
of rock fragments and loud noises. Based on the analysis of
energy conversion features at different deforamtion stages, it can
be concluded that the energy conversion process of rock under
quasi-static compression can be divided into three stages: energy
accumulation, energy dissipation, and energy release,
respectively, as shown in Figure 10, which differs from other
rock types, such as mudstone (Zhang et al., 2020), sandstone

(Zhao H. et al., 2021).
3.4 Acoustic emission properties

Rock deformation and failure are always accompanied by
the release of strain energy in the form of elastic waves, which
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is referred to as acoustic emission (Meng et al., 2016). With
five different strain rates as represented strain rates, as
depicted in Figure 11, it is evident that the AE energy rate
around different characteristic stress points varies
significantly. The values of the AE energy rate around the
crack initiaiton stress point and damage stress point are in the
tens to hundreds when strain rates range from 107°-107 s, as
depicted by the enlarged figures in Figures 11A-D. However,
the value around the UCS point is three to four orders of
magnitude greater than the above two characteristic stress
points, increasing to hundreds of thousands or even millions,
indicating the number and magnitude of AE events occurred
around the crack initiation stress and damage stress ponit
being greatly lower than that around the UCS point. There is a
strong correlation between AE activity and the process of
crack development (Sirdesai et al., 2018). Thus, this difference
implies that the internal damage caused by crack propagation
and crack coalescence occurs primarily near the UCS point,
reflecting the brittle characteristics of granite deformation and
failure. In addition, there is an obvious increase of AE energy
rate around the crack initiation stress point and damage stress
point when the strain rate is 102s™, as depicted by the
enlarged figures in Figure 11E, indicating that the AE
the

development are beginning to increase. Nonetheless, as the

events or magnitudes resulting from cracking
strain rate is 107 s™', the maximum value of AE energy rate
around the UCS point is roughly dozens of times greater than
that around the crack initiation stress point and damage stress
point. This means that when the strain rate increase from 10°°
to 1072s™', the mode of crack development does not

fundamentally change.
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Figure 12 depicted the spatial location and energy
intensity of AE events at different deformation stages and
strain rates. It can be observed that the number of the located
AE events varies significantly under various strain rates or at
different deformation stages. Table 5 depicted the statistical
results from Figure 12. There is a great difference in the total
6 Sfl

number of the located AE events between 10~ and

107 s™', but energy rate varies little between 10°s™' and
10 s7', as shown in Figures 11A,B. This difference can be
explained by the AE location principle. In order to confirm
the spatial location of an AE event, at least four sensors in
different positions that can receive the AE signal are
necessary to determine the event’s three-dimensional
coordinates and arrival time. Consequently, the AE events
with a low magnitude may lack sufficient energy to propagate
over a greater distance, preventing them from being received
by more than four sensors and preventing the AE monitoring
system from locating them. Based on the above principle, it is
concluded that the number of low-magnitude AE events of
10°°s7" is greater than that of 107 s™', and this quantitative
variation may be indicative of a transition from 10°s™" to
107 s in the rock’s microscopy failure pattern. The total
number of the located AE events decreases as strain rates
increase when the strain rate exceeds 107 s™". It is noted that
when the strain rate exceeds 7.5 x 107 s7!, the number of the
located AE events is less than 10. This variation may be due
to the high loading strain rate and the limitation of the AE
sensors’ resonant frequency. The loading time is only
2.22 and 1.17s, corresponding to 7.5 x 107s™' and
1072 s7", respectively, and the resonant frequency of AE
sensors is 300 kHz. Even though a large number of AE
events can occur in a short period of time, the acquisition
mode of the AE sensor is time-triggered and it takes a certain
amount of time to receive an AE signal. This means that AE
monitoring system can only receive the limited number of
AE signal during the given time period. In addition, more
than four sensors must receive the signal simultaneously for
an AE event to be located, which further increases the
difficulty of determining the spatial location of an AE
event under high strain rate loading. Obviously, the
solution to this issue is to use a more sensitive AE sensor,
which is also the direction of future research. It is also
possible to conclude that 107 s™' is the optimal strain rate
for acoustic emission testing of granite samples, given that
the number of the located AE events is greatest for this strain
rate in the range of 10°s™' to 10~ s™'. In comparison to the
difference in the number of the located AE events at different
deformation stages, it is found that the majority of located
AE events occur during the unstable crack growth stage and
prior to the crack initiation stress. In general, almost no AE
activity is present during the elastic stage. Thus, it can be
concluded that the majority of located AE events occur
during the crack closure stage and unstable crack growth
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AE energy rate and stress versus loading time under different strain rates. (A) 1 x 107 s™; (B) 1 x 10° s (C) 1 x 107* s (D) 1 X 107® s7%;

(E) 1 x 1072 s

stage. The AE events during the crack closure stage are
frictional AE caused by the closure of original cracks and
friction between the particles of rock, where the AE events
during the unstable crack growth stage are cracking AE

produced by the new failure extension or dislocation

(Wang X. et al., 2011).
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4 Discussion

The preceding analysis of experimental results suggests

that characteristic stresses exhibited a positive correlation

with strain rates, with this correlation being relatively high

for damage stress and uniaxial compressive strength, but
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FIGURE 12
Spatial distribution and energy intensity of the located AE events at different deformation stages under various strain rates: stage |- crack
closure; stage |- elastic stage; stage lll- stable crack growth; stage IV- unstable crack growth.

Frontiers in Earth Science 16 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.960812

Liu et al.

TABLE 5 The number of the located AE events at different deformation
stages and various strain rates before the UCS point.

Stain rate (s') The number of the located AE events

10.3389/feart.2022.960812

relatively low for crack initiation stress. There are several
explanations for this increasing trend, such as the thermal
reactivation effect (Qi et al., 2009), the micromechanics-
based effect (Zhang and Zhao, 2014), the Stefan effect
(Rossi, 1991), energy dissipation (Pan, 2017) and the
inertia effect (Ozbolt et al., 2011). These perspectives
revealed the mechanisms of the rock’s rate effect to some
extent, whereas we argue the explanation for why the
characteristic stresses of rock increase with increasing
the
properties and the perspective of energy conversion.

strain rates should depend on rock’s intrinsic

Figure 13 depicted the relationship between characteristic
stresses and input energy. The correlation coefficients for the
three kind of
characteristic stresses and their corresponding input energy

linear positive relationship between
are 0.91, 0.93, and 0.97, respectively, indicating that there is a

strong positive correlation between characteristic stress and

170 T T T T T T
160 % 1
o~
£ 0,=167.04U+66.16 ]
2150 R?*=0.934 .
Y
2
o
=
@ 140 ]
@
on
<
g
S 130 g
E
<
B
& 120 1 ]
110 4 - g
0.25 0.30 0.35 0.40 045 0.50 0.55 0.60
Input energy (J.cm™)

0,=136.98U+78.26

T
0.6

T
0.7 0.8 0.9

Input energy (J.cm™)

Stage I+II  Stage III  Stage IV Total
1x10° 4 3 165 172
1x10° 497 149 1,338 1984
5x 107 645 59 692 1,396
1x10™* 20 105 389 514
5x 107" 110 36 95 241
7.5 x 107 201 144 90 435
1x10° 131 86 17 234
2.5 x 107 27 27 20 74
5x 1072 49 16 9 74
7.5 x 107 2 1 2 5
1x1072 7 1 1 9
A T T T T T T T T T T T
110 - 4
6,=238.33U+37.87
100 R?=0.911 i
=)
2
© 90 -
7
=
£
E 80 e
=
£
= 70 4 B
<
—
o]
60 i
n
50 T T T T T T T T T T T
010 012 014 016 018 020 022 024 026 028 030
Input energy (J.cm™)
C T T
200 4
—
<
A
g/ 190 -
=
050 - 2
£ R?=0.971
Z
© 170
Z
é
© 160 -
(=3
=
S 150 4
=
E 1401
=
= u
130 4
T T
0.4 05
FIGURE 13

The relationship between the characteristic stresses and input energy. (A) Crack initiation stress; (B) damage stress; (C) uniaxial compressive

strength.
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FIGURE 14

The averaged values of uniaxial compressive strength and the
cumulative AE energy prior to the UCS point versus the denary
logarithm of strain rates.

input energy. This relationship allows us to explain the strain
effects through
conversion between input energy and elastic strain energy.

rate of characteristic stresses energy
In general, a portion of the input energy is dissipated by crack
initiation, crack propagation, and crack coalescence, while the
remaining portion of the input energy is stored in rock as
elastic strain energy. Consequently, the variation in the
dissipated energy and elastic strain energy transferred from
input energy correlate strongly with the increase of
characteristic stresses. In addition, it is interesting to note
that the intercept of the Y axis of the fitting equation in
Figure 13C is 78.26 MPa, which is the corresponding
uniaxial compressive strength when the input energy is
zero. This value may be the intrinsic strength of rock.

the

compressive strength, the cumulative AE energy prior to the

Figure 14 shows relationship between uniaxial
UCS point and strain rates. Contrary to the variation trend of
rock’s uniaxial compressive strength, the cumulative AE energy
has a negative correlation with the logarithm of strain rates. The
cumulative AE energy can indicate the damage degree of rock
(Meng et al., 2016). As strain rates increase, the damage degree of

rock decreases, indicating that the dissipated energy also

TABLE 6 Scale distribution of rock defects.

Type Mirco-pore Pore

Size range/m 10° 107
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Micro-crack
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The schematic diagram of the cracking process in rock under
different strain rates. (A) Lower strain rate; (B) higher strain rate.

decreases indirectly. Considering the discussion of the
preceding paragraph, it can be determined that, as the strain
rate increases, a greater proportion of the input energy is
transferred primarily into the elastic strain energy, which is
the main reason for the increase in characteristic stresses.

It is commonly known that rock is a type of
heterogeneous material, consisting of mineral grains of
various sizes and multi-scale defects. In fact, the size of
rock defects extends from a few nanometers to thousands
of kilometers with a strong hierarchy if the crust is
considered a specific type of rock. Table 6 depicted the
range in size of rock defects in rock mechanics and rock
engineering, from a few microns to several hundred meters
(Feng and Zhao, 2008). Consequently, when rock is
compressed at varying strain rates, its defects on different
scales are activated, and the interaction of these defects
determines rock deformation and failure. The overall
stress state of rock is relatively uniform under the lower
strain rate loading, and the area harboring native defects on a

large scale begins to crack once the stress exceeds its strength

Crack Fissure Fault

107°-107 107'-10' >10*
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limit. Based on the principle of minimal dissipative energy,
as the external load slowly increases, the cracks will
preferentially propagate to the sections with the weakest
structure in rock, such as native fissures, mineral
boundaries, etc. These defects then join to form a macro-
fracture surface, resulting in the loss of the rock’s bearing
capacity, as shown in Figure 15A. The accumulated elastic
stain energy is dissipated during the process of crack
development, resulting in a drop of the elastic strain
energy stored in rock and a decrease in the values of the
characteristic stresses. In contrast, due to the rapid rise in
input energy, the cumulative elastic strain energy increases
when the rock is compressed at a higher strain rate. As a
result, the accumulated elastic strain energy at the
extremities of some cracks, such as the point a and b in
Figure 15B, grows dramatically. In addition to guaranteeing
the consumption of crack propagation along the path II
and the path IV, residual energy remains, but it may be
insufficient to initiate cracks on a small scale because the
energy required to initiate a small crack is significantly
greater than that required to initiate a large crack.
Therefore, the elastic strain energy continues to
accumulate at these two points until it reaches the
threshold energy required to initiate the small-scale cracks
and then propagate it down the path I and path III, as shown
in Figure 15B. Prior to that, the accumulated energy has to be
transferred from the external load through continuous work,
resulting in a rise in the corresponding characteristic
stresses. Some studies can attest to the validity of the
preceding explanation. Kipp et al. (1980) found that
smaller cracks get activated as strain rate increases,
resulting in an increase in the material’s ultimate strength.
Liang C. Y. etal. (2015) discovered that uniaxial compressive
strength of rock decreased with an increase in the ratio
between the height and radius of cylindrical samples at
various strain rates. In general, the size of rock samples
increases as the ratio increases. This indicates that these
samples may contain more large-scale defects than small-
size samples. Therefore, the large-scale defect is easier to be
initiated than the smalle-scale defect under uniaxial
compression, causing the uniaxial strength of the large-
size samples to be lower than that of the small-size samples.

In a word, rock is a special material with multi-scale
defects, and the threshold energy required to activate the
defect varies depending on the scale of the defects. In
general, the smaller the scale of cracks, the higher the
threshold energy for crack initiation. Therefore, due to the
difficulty in initiating small-scale cracks, the elastic strain
energy transferred from input energy increases as strain
rates increase within the range of quasi-static strain rates,
resulting in an increase in the values of the associated
characteristic stresses.

Frontiers in Earth Science

10.3389/feart.2022.960812

5 Conclusion

In this paper, uniaxial compressive tests of various strain rates
within quasi-static strain rates of 10°s'-107s™" were carried out
using a rock material testing system and a multi-channel acoustic
emission monitoring system. The stress-strain curves of rock
samples, characteristic stresses, energy data, and temporal and
spatial distribution of AE signals were analyzed. According to the
experimental results, the following conclusions can be drawn:

1 The characteristic stresses of rock samples, including crack
initiation stress, damage stress, uniaxial compressive strength and
failure stress, increase as strain rates increase. The relationship
between characteristic stresses and the logarithm of strain rates
can be described by linear equations with respective correlation
coefficients of 0.76, 0.85, 0.96, and 0.76. In addition, the ratios of
characteristic stresses are 0.48, 0.60, and 0.80, respectively, and
essentially do not vary when strain rates increase. The ratios can
therefore be used to characterize the fundamental mode of rock
deformation, as the loading of various strain rates cannot change
the mode when rock is under quasi-static compression.

2 As strain rates increase, the variations of input energy, elastic
strain energy and dissipation energy are drastically different at
various characteristic stress points. The input energy and elastic
strain energy at the damage point, UCS point and failure stress
point exhibit a linearly positive correlation with the logarithm of
strain rates when the strain rate exceeds 107> s™', whereas the
dissipated energy prior to the UCS point varies little with the
increase of strain rates. The input energy is converted primarily
into elastic strain energy stored in rock during the pre-peak stage,
and the ratios of energy conversion between input energy and
elastic strain energy corresponding to the crack initiation stress
point, damage stress point and UCS point, are 0.74, 0.84, and
0.83, respectively. However, the primary characteristic of energy
conversion during the post-peak stage is the dissipated energy
transferred from the elastic strain energy stored in rock, and the
elastic strain energy stored in rock is abruptly released when rock
fails. Based on those, the energy conversion process of rock under
quasi-static compression can be divided into three stages: energy
accumulation, energy dissipation, and energy release,
respectively.

3 AE energy rate around different characteristic stress points
varies significantly. This difference can be summarized as follows:
the AE energy rate around the UCS point is considerably greater
than the AE energy rate around the crack initiation stress point or
damage stress point, and this relationship does not change as
strain rates increase. The total number of the located AE events
decreases as strain rates increase when the strain rate exceeds
10 s, and the majority of the located AE events occur during
the crack closure stage and the unstable crack growth stage.
Besides, 10°s™' may be the optimal strain rate for acoustic
emission testing of granite samples, given that the number of the
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located AE events is greatest for this strain rate in the range of
10°s7" to 107%s7",

4 Tt is certified that there is a strong linearly positive correlation
between input energy and characteristic stresses. Consequently,
based on the perspective of energy conversion and the structural
properties of multi-scale defects in rock, the mechanism of the
increase of characteristic stresses with the increase of strain rates
was proposed: that is, when rock is subjected to a lower strain rate,
native defects on a large scale are initially activated and then
propagate toward the weak section of rock, resulting in a decrease
in the elastic strain energy stored in rock and a reduction in
characteristic stress values. Nonetheless, the cumulative elastic
strain energy increases when the rock is compressed at a
higher strain rate, so it is able to initiate more small-scale
defects, which necessitates more input energy from the external
load via continuous work and causes an increase in the associated
characteristic stresses.
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