@ Springer

Effect of loading rate on fracture behaviors of shale under mode I loading
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Abstract: In this study, the effect of loading rate on shale fracture behaviors was investigated under dynamic and static
loading conditions. Cracked straight through Brazilian disc (CSTBD) shale specimens were tested with a split
Hopkinson pressure bar (SHPB) setup and INSTRON1346 servo-testing machine under pure mode I loading conditions.
During the test, the crack propagation process was recorded by high-speed (HS) camera, and the acoustic emission (AE)
signal generated by the fracture was collected by acoustic emission (AE) system. At the same time, crack propagation
gauge (CPG) was used to measure the crack propagation velocity of the specimen. The results show that the crack
propagation velocity and fracture toughness of shale have a positive correlation with the loading rate. The relationship
among the crack propagation velocity, the fracture toughness and the loading rate is established under the static loading
condition. In addition, the characteristics of AE signals with different loading rates are analyzed. It is found that the AE
signals generated by microcrack growth decrease with the increase of loading rates. Meanwhile, the turning point of
cumulative counting moves forward as the loading rate increases, which shows that the AE signal generated by shale
fracture at low loading rate mainly comes from the initiation and propagation of microcracks, while at high loading rate
it mainly comes from the formation of macro large-scale cracks. The fracture mechanism that causes shale fracture
toughness and crack propagation velocity to vary with loading rate is also discussed based on the analysis results of AE
signals.
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instability is completed by internal micro-cracks

1 Introduction

It is well known that the loading rate is one of
the most important factors affecting the mechanical
properties of rock materials. A large number of
research results have shown that it will enhance the
strength of rock as the loading rate increases [1-5].
However, there are many micro-defects or fissures
inside in the process of geological evolution of
natural rocks. The process of rock fracture and

under a certain loading condition through initiation,
crack propagation, connection and formation of a
macroscopic penetrating fracture surface [6, 7].
Therefore, considering the loading rate effect of
rock with the knowledge of fracture mechanics can
be more helpful to understand the internal
mechanism of the change of rock mechanical
properties.

In the field of fracture mechanics, fracture
toughness is a mechanical property index to
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measure the ability of material to resist crack
instability. In the laboratory, the fracture toughness
is determined by the stress intensity factor when the
crack begins to propagate. Because mode I fractures
are the most common fracture mode, many scholars
have done a lot of relevant research work on
loading rate effect on rock mode 1 fracture
toughness, which also obtained the important
theoretical results [8—13]. ZHANG et al [9]
conducted a dynamic fracture test on marble with a
modified split Hopkinson pressure bar (SHPB)
setup, which showed that the rock fracture
toughness increased linearly with
loading rate. YIN et al [11] considered the dynamic
fracture behaviour of granite with different loading
rates under a given preload, in which cracked
straight-through Brazilian disc (CSTBD) specimens
were selected for dynamic fracture test that was
carried out on a dynamic and static coupling test
device based on the SHPB system. The
experimental results are consistent with those of
ZHANG et al [9]. ZHOU et al [12] investigated the
effect of rock moisture content and loading rate on
rock fracture toughness. Dynamic fracture tests of
notched semi-circular bending (NSCB) sandstone
specimens under different impact velocities were
carried out with the modified SHPB setup. It was
found that the fracture toughness and dynamic
propagation toughness of sandstone increased as the
loading rate increased. Although the experimental
methods and the materials studied above are quite
different, it can be agreed that the fracture
toughness of the materials increases with the
increase of the loading rate. Meanwhile, in the
dynamic loading test, because the distribution of the
stress field at the crack tip is affected by the crack
propagation velocity, in order to achieve the
dynamic propagation toughness of rock specimens,
it is necessary to determine the crack propagation
velocity at a certain moment [14]. In this process,
many scholars found that there was a certain
relationship between crack propagation velocity and
loading rate. ZHOU et al [12] determined the crack
propagation velocity of sandstone with the digital
image correlation (DIC) technique under dynamic
loading conditions, and found that there was a
linear positive correlation between the crack
propagation velocity and the loading rate. JU et al
[15] measured the crack propagation velocity of

increasing

rock with crack propagation gauge (CPQ)
technology under different impact pressure by using
SHPB setup, and concluded that the crack
propagation velocity has a positive correlation with
the impact pressure. The conclusions mentioned
above are all obtained under dynamic loading
conditions, but few studies discuss the effect of
loading rate on crack propagation velocity and
fracture toughness under static loading conditions.
In fact, most of the rock mechanical tests are carried
out at low loading rate. It is helpful to understand
the changing process of rock mechanical properties
to conduct static fracture tests at different loading
rates. Therefore, it is necessary to study the effect of
loading rate on rock fracture behavior under static
and dynamic loading.

The effect of loading rate on shale fracture
behaviors under dynamic and static loading
conditions was discussed in this study. Dynamic
fracture testing was conducted on a modified SHPB
setup, while static fracture testing was conducted on
INSTRON1346 servo-testing machine. Fracture
toughness was determined by using cracked straight
through Brazilian disc (CSTBD) method. The
failure process and acoustic emission (AE) signals
of shale specimens under different loading rates
were recorded, and crack propagation gauge (CPG)
was used to determine the crack propagation
velocity. In addition, according to the test results,
the relationship among fracture toughness, crack
propagation velocity, AE characteristics and loading
rate were analyzed and discussed.

2 Experimental program

2.1 Testing method and specimen preparation
Four standard test procedures and methods for
testing the mode I static fracture toughness of rock
materials have recommended by the International
Society for Rock Mechanics (ISRM), namely
cracked chevron notched Brazilian disc (CCNBD)
method, chevron bend (CB), notched semi-circular
bending (NSCB) method and short rod (SR)
methods, respectively [16—18]. In fact, due to the
different loading methods and loading devices, the
method of measuring fracture toughness under
static conditions is difficult to be extended to
dynamic loading conditions. In order to facilitate
the testing of fracture toughness under dynamic
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loading conditions, many scholars have proposed a
lot of methods for determining dynamic fracture
toughness, such as CCNBD method [17],
semi-circular bend (SCB) method [19], cracked
chevron notched semi-circular bending (CCNSCB)
method [20] and cracked straight-through Brazilian
disc (CSTBD) method [10, 21, 22]. Due to its
simple configuration, easy fabrication and
processing, and the existence of analytical solutions
to the calculation of stress intensity factor, the
CSTBD method has been widely used in the testing
of fracture toughness in dynamic impact test. In
view of the above advantages, the CSTBD method
was selected to determine the fracture toughness of
shale under different loading rates in this study.

All CSTBD specimens were taken from the
same shale rock mass, which has high geometric
integrity and uniformity. First, a core with a
standard diameter of 60 mm was drilled, and then it
was cut into a disc with an average thickness of
30 mm. A slot with a length of 10 mm was cut
symmetrically from the center of the original disc.
Finally, the tip of the incision was further sharpened
with a diamond wire to form a crack tip. The
schematic diagram of the CSTBD specimen is
shown in Figure 1.
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Figure 1 Schematic of CSTBD specimen (notch width is
less than 1.5 mm)

2.2 Loading apparatus and crack propagation
measurement techniques
In order to investigate the change of fracture
behaviors of shale specimens from low loading rate
to high loading rate, rock mechanics tests under
dynamic and static loading conditions were carried
out in this study. The static test was conducted on

INSTRON1346 servo-testing machine, and the
dynamic test was conducted on a modified SHPB
setup [23—25]. According to the loading limit of the
testing machine, five loading rates were set in the
static test, the minimum was 30 N/s, and the
maximum was 30 kN/s, while the dynamic fracture
test was only carried out under one impact pressure.
In order to ensure that the rock specimen is broken
into two parts after failure, 0.28 MPa was selected
as the impact pressure after repeated tests. The
specific loading rate under static and dynamic
loading conditions is shown in Table 1.

Table 1 Loading rate under static and dynamic loading

conditions

Load type Loading rate/(N-s™') Impact pressure/MPa

30 -

165 -

Static load 300 -

3000 -

30000 -

Dynamic load - 0.28

The schematic diagram of the experimental
devices for static and dynamic testing are shown in
Figure 2. It can be found that the experimental
devices
measurement system, a digital image correlation
(DIC) system and an AE system. The following

contain a crack propagation velocity

section introduces the details of the main test

technology and devices.

2.2.1 High-speed digital
technique

image correlation

Digital image correlation (DIC) technology
was mainly proposed by RANSON in 1960s [26],
and is now mostly used in mechanical properties
experiments of metals, composite materials and
rocks [27—29]. Based on the image before and after
the deformation of the object, the spatial position of
the point before and after the deformation is
determined according to the probability and
statistical correlation of the randomly distributed
speckle on the surface, so as to calculate the
displacement and strain of the point, and obtain the
displacement field and strain field of the object
surface. Compared with the traditional scanning
electron microscope (SEM) and CT imaging
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Figure 2 Experimental setup for the fracture test: (a) Static loading; (b) Dynamic loading modified from Refs. [24, 25]

methods, the digital speckle method can realize the
non-contact,
measurement, at the

automatic
same time, has low
requirements for the measurement environment,

high precision and

strong anti-interference ability. In view of the above
advantages, this study used DIC technology to
analyze the strain field of shale specimens.

Due to the limited sampling time of the HS
camera, in order to record the entire destruction

process of the rock under static loading conditions,
the HS camera must be manually triggered to
record the picture before the rock is about to fail.
The HS camera captured images at a frequency of
79161 frames/s with a resolution of 256 pixelx
256 pixel under static loading condition, while
under dynamic loading condition, the HS camera
captured images at a frequency of 100000 frames/s
with a resolution of 128 pixelx256 pixel. The ratio
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of real length to the image size is equal to 0.28
mm/pixel. The images captured by HS camera were
processed with the open source 2D-DIC MATLAB
software (Ncorr v1.2). In addition, in order to
ensure that the image has obvious contrast, in the
specimen preparation process, first, a very thin
white bottom layer was sprayed on the front surface
of the specimen, and then a black marker was used
to randomly create speckles on the white bottom
layer.

2.2.2 Crack propagation velocity measurement

system

The crack propagation gauge (CPG) has many
advantages in testing the crack propagation velocity
and crack initiation time. It has high sensitivity,
accurate monitoring range, simple operation and
only occupies one oscilloscope data acquisition
channel. Many scholars used this test technology to
measure crack propagation velocity [15, 30—32].

In this test, CPG technology was used to
determine the crack propagation velocity, with
working principle shown in Figure 3. The initial
resistance of CPG is about 5 Q, which is composed
of 15 metal grid wires with different width but the
same length in parallel. The distance between two
adjacent grid wires is AL=1.5 mm. In order to
accurately measure the crack propagation velocity
of the material, the predicted crack propagation area
was first polished with sandpaper, and CPG was
closely adhered to the surface of the material.
Finally, CPG was connected to a circulating circuit
that can provide 16 V constant voltage. In the

circulating circuit, the resistance of R; and R, is
50 Q to ensure that the CPG power will not burn
out the circuit.

When the crack propagates to the sticking area
of CPG, the first wire of CPG will be pulled off,
which will change the resistance of CPG, further
change the voltage signal, and generate step voltage
signal. The voltage of CPG increases gradually as
the crack propagates forward. The voltage signal is
recorded by an oscilloscope with the sampling
frequency of 10 MHz.

2.2.3 Acoustic emission system

After the rock is subjected to internal or
external load or deformation, it forms energy
accumulation [33]. When it reaches a certain level,
part of the strain energy will be released outwards
in the form of elastic waves, which is called
acoustic emission (AE) activity. The recorded
acoustic emission signal waveform carries
information about rock damage, and many
characteristic parameters of AE signals can better
describe the failure process of materials and reflect
their real-time morphology during the failure
process [34—38]. Importantly, the change of loading
rate will lead to the change of rock fracture
mechanism. Therefore, the AE signals generated by
rock fracture are also different under various
loading rates.

In this experiment, the acoustic emission
system mainly consists of two AE sensors, two

preamplifiers and an AE signal acquisition

Crack
propagation
gauge

Storage device

Oscilloscope

R e TR e

R,

Figure 3 Crack propagation velocity measurement system

Power supply
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equipment. The AE sensor was tightly attached to
the surface of the rock specimen to accurately
record the AE signals generated by the fracture of
the specimen during the loading process. In
addition, in order to reduce the influence of noise
generated by the external environment on the
experimental results, the threshold set by the
acoustic emission device in the static fracture test is
40 dB, that is, when the amplitude of AE signal
exceeds 40 dB, it can be regarded as a valid AE
event. However, the threshold value of the acoustic
emission system for the dynamic fracture test is set
to 45 dB, because it is easier to generate high
amplitude noise signals. The specific parameter
settings of acoustic emission equipment are shown
in Table 2.

Table 2 Parameter settings of acoustic emission device

. Sample Sample
Threshold/dB  Pre-gain/dB length/kb  frequency/MHz
40, 45 40 5 10
PDT/us HLT/ps HDT/us
50 300 200

3 Result and discussion

3.1 Mechanical behavior of shale with different
loading rates
In fact, only the experimental results of shale

Strain/1073

-0.5
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Figure 4 Evolution process of horizontal strain field of S-3-1 shale specimen: (a) 0; (b) 362.5 us; (c) 387.5us;
(d) 400 ps; (e) 412.5 ps; (f) 425 ps

specimens that begin to crack from the crack tip are
effective. In this test, because of the high sampling
frequency of high-speed (HS) camera, the image
resolution is too low, so it is difficult to judge
whether specimens crack from the crack tip directly
with the naked eye, or to analyze the whole failure
process of specimens. In order to solve this problem,
DIC technology was used to analyze the strain field
of shale specimens.

The evolution of horizontal strain field of shale
specimen with loading rate of 300 N/s over time is
shown in Figure 4. Because the HS camera cannot
be synchronized with the loading apparatus under
the static loading condition, this study used the time
point of the first photo taken after the high-speed
camera is triggered for subsequent analysis. It can
be found that the strain at the crack tip is larger than
that in other regions at 0 ps, indicating that the
stress concentration at the crack tip is relatively
obvious, while with the increase of the load, the
local strain begins to spread towards the loading
point, and reaches the loading point at 425 ps. In
this process, the horizontal strain at the crack tip is
always the largest, which indicates that the failure
of shale specimen first occurs at the crack tip and
then extends to the whole specimen.

From the DIC analysis results of all shale
specimens, it is found that the local strain spreading
processes of shale specimens under different
loading rates are very similar, and the small
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difference lies in the different spreading paths and
the length of spreading time. Therefore, the
evolution processes of horizontal strain field of
shale specimens under other loading rates are not
analyzed and discussed here.

Figure 5 shows the load—displacement curve
of shale under different loading rates. It can be
clearly seen that under the static loading condition,
the load—displacement curves of shale specimens
change from concave to convex before the peak
load, and drop sharply after the peak load. This
shows that the state of shale specimen changes from
ductility to elasticity under static loading condition,
but it is opposite under dynamic impact loading.
This indicates that shale specimens show more
brittleness at low loading rate, but gradually
transform into ductility at high loading rate.

30
—=— 30 N/s
sk N —— 165 N/s
f —— 300 N/s
—— 3000 N/s
20| 4 —— 30000 N/s
E Impact loading
215+
(=]
=
10
5 .
L 0.1 02 03 04 05

Loading direction displacement/mm
Figure 5 Load—displacement curves of shale with
different loading rate

3.2 Fracture toughness of shale with different

loading rates

The stress intensity factor (SIF) can well
describe the stress field at the crack tip. With the
increase of load F,, the SIF increases. When the SIF
is equal to the fracture toughness of the material,
the crack begins to propagate. Fracture toughness is
usually calculated based on the peak load Fax of
the specimen. The fracture toughness Kic of
CSTBD specimens can be calculated according to
the following formula [39]:

gj FrxNma

R) mnBR

2 3
Y(ﬁj :[1—0.5£+1.56(£j —3.18(£j +
R R R R

Ky =Y( (1)

a 4 a > a 6

10.1(—) —20.78[—] +20.13(—] -

R R R

7.51[“]7}/ -2 )

R R
where R is the radius of CSTBD specimen, B is the
thickness of specimen, and « is half of the initial
crack length of specimen.

By processing the original data, the
experimental results of shale specimens under
different loading rates are obtained, as shown in
Table 3. It can be found that the fracture toughness
of shale has a positive correlation with loading rate.
The fracture toughness of the specimen is
0.74 MPa-m'? when the loading rate is 30 N/s.
when the loading rate reaches 30000 N/s, the
fracture toughness of the specimen rises to
0.93 MPa-m"?, which is 125.6% of the loading rate
of 30 N/s, while the fracture toughness of the
specimen under dynamic loading is 1.26 MPa-m'?,
which is 170% of the loading rate of 30 N/s. The
above test results show that the fracture toughness
of the specimens under static loading is much
smaller than that under dynamic loading, even
under static loading conditions, the influence of

Table 3 Test results of shale specimens in fracture test

Loading Specimen _ Kic/(MPa-m'?) Vi(ms™)
rate/(N's”')  No. Test Ave. Test Ave.
S-1-1 0.686 201.5
30 S-1-2 0783 0732 2405  226.6
S-1-3 0729 237.9
S2-1  0.838 3115
165 S22 0707 0773 2921 3016
S2-3 0772 301.4
S3-1 0736 3184
300 S3-2 0816 0799 3258 3325
S-3-3 0.845 3534
S-4-1  0.803 4107
3000 S-42 0861  0.845 4281 423.1
S-4-3 0871 430.5
S-5-1  0.883 520.2
30000 S-52 0953 0926 5405  530.6
$-5-3  0.943 531.2
S-6-1 1212 724.1
llézgif; S-62 1305 126 7627 7447
S-6-3  1.265 7473
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loading rate on fracture toughness is significant.

In order to accurately predict the fracture
toughness of shale specimens under different
loading rates, the exact relationship between the
two should be expressed by a mathematical formula.
Since the loading rate under dynamic loading is
several orders of magnitude different from that
under static loading, only the mathematical
relationship between the loading rate and shale
fracture toughness under static loading is
established. In addition, because the loading rate
span of static test is too large, the maximum loading
rate is 1000 times the minimum loading rate, so it is
difficult to see the functional relationship between
the loading rate and the fracture toughness of the
specimen through the graph drawn by the original
loading rate data. In this study, the original loading
rate is transformed according to Eq. (3), and then
the subsequent analysis is carried out:

L
Tir =1gTR 3)

where Tir is the transformed loading rate and Lr is
the original loading rate.

The change rule of fracture toughness of shale
specimen with the transformed loading rate under
static loading condition is shown in Figure 6. It is
ecasy to see that the two have obvious linear
relationship. After calculation, the correlation
coefficient of the fitting equation based on the
linear regression model is 0.989, which shows that
the relationship between the average fracture
toughness and the transformed loading rate can be
expressed as a linear function:

Ki1c=0.66634+0.06334T1r @)
Substituting Eq. (3) into Eq. (4), the

4 Test data
e Average value
— Fitted line
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0.85F
0.80

Kic=0.66634+0.06334 T

0.75 - R?=0.989

0.70

Fracture toughness/(MPa-m'?2)

065 1 1 1 1 1 1 1
1.0 15 20 25 30 35 40

TLR
Figure 6 Variation of fracture toughness versus loading
rate under static loading

relationship between the original loading rate and
the fracture toughness is as follows:

Kic=0.636634+0.063341gLr (5)

Under dynamic loading conditions, according
to the method of determining the loading rate
recommended by ISRM [19], the loading rate of the
shale specimen in this test at an impact pressure of
0.28 MPa is about 0.57 GN/s. Through the
mathematical relationship between the fracture
toughness and loading rate derived under static
loading conditions, the predicted value of the
fracture toughness of the shale specimen under
dynamic loading conditions is 1.19 MPa-m'?, while
the test value in this test is 1.26 MPa-m"2. The
difference between the two is only 0.07 MPa-m"?. It
shows that the mathematical relationship between
the fracture toughness of shale and loading rate may
be the same under dynamic loading and static
loading conditions, and more experimental data
from dynamic tests are needed to verify.

The final failure pictures of shale specimens at
different loading rates are shown in Figure 7. It can
be found that when the loading rate is low, the crack
does not propagate forward in a straight line along
the surface of the prefabricated crack after it starts
from the tip of the prefabricated crack, and the
crack propagation path is relatively zigzag.
However, with the increase of the loading rate, the
crack propagation path becomes straight. This result
is consistent with result of ZHANG et al [9]. At the
same time, ZHANG et al also observed the fracture
surface of rock specimens by the scanning electron
microscope (SEM). The results show that the
specimens with zigzag crack propagation path
account for more intergranular fracture, while the
specimens with straight crack propagation path
account for more transgranular fracture. In this
experiment, the shale
increases as the loading rate increases, which is
mainly due to the zigzag crack propagation path of

fracture toughness of

shale specimen at low loading rate; the main
occurrence in the shale specimen is intergranular
failure; the fracture energy required for crack
propagation is less; and as the loading rate increases,
the crack propagation path of shale specimen
becomes straight, and the main failure mode of the
shale specimen changes from intergranular failure
to transgranular failure, so the fracture energy
required for crack propagation also increases.
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3.3 Crack propagation velocity of shale with

different loading rates

Figure 8 shows the experimental results of
crack propagation velocity for specimen S-3-2. It
can be found from Figure 8(a) that when the
prefabricated crack does not start to propagate, the
voltage of CPG is kept at about 1.29 V. At 3.4 ps,
the voltage of the CPG suddenly jumps to 1.59 V,
indicating that the first wire of the CPG breaks. As
the crack continues to propagate, the grid wire
breaks in turn, and the voltage signal increases step
by step. Until 67.8 us, the CPG breaks completely,
and the voltage signal no longer changes.
According to the step type voltage signal, the

instantaneous moment of each grid wire fracture
can be determined, and then the instantaneous crack
propagation velocity can be calculated according to
the following equation:

V=ALIt, —1,) (6)

where #,1s the instant moment when the n-th grid
wire of CPG breaks; V' is the instantaneous crack
propagation velocity among ¢, and #,+1; AL is the
distance between two adjacent grid wires. In this
test, AL is 1.5 mm. The variation of the
instantaneous crack propagation velocity is depicted
in Figure 8(b). It can be found that the crack
propagation velocity gradually decreases after a

Figure 7 Failure image of shale specimens under different loading rates
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period of increase. The main reason is that the strain
energy released at the initial stage of crack
propagation is greater than the consumed surface
energy. The excess energy is converted into the
kinetic energy required for crack propagation, and
the crack propagation velocity gradually increases.
With the failure of shale specimen, the load on the
specimen decreases rapidly, and the strain energy
released during the crack propagation is less than
the surface energy consumed. In order to maintain
the crack propagation, part of the kinetic energy
gradually changes to the surface energy, and the
crack propagation velocity decreases. In order to
facilitate the analysis, the average of these
instantaneous crack propagation velocity is taken as
the crack propagation velocity under a certain
loading rate.

Figure 9 variation of the
transformed loading rate and the average crack

shows the

propagation velocity of shale specimens under
static loading. It can be found that there is a positive
correlation between the average crack propagation
velocity and the loading rate of shale specimens.
After analysis and calculation, the correlation
coefficient of the fitting equation of the two based
on the exponential regression model reaches 0.998,
which shows that the relationship between the crack
propagation velocity and the transformed loading
rate can be expressed as an exponential function:

Vave=20272-20146exp(—0.0057LR) @)

where Vi is the average crack propagation velocity
at a certain loading rate. Substituting Eq. (4) into
Eq. (7) yields the relationship between the original

550 a Test data
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g 450
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Figure 9 Variation of crack propagation velocity versus
loading rates under static loading

loading rate and crack propagation velocity as:

Vave =20272-201 94LR—0.002 (8)

Previous studies on crack propagation velocity
have basically focused on dynamic loading
conditions. In fact, the effect of loading rate on
crack propagation velocity under static loading
conditions is also significant. In this experiment, the
average crack propagation velocity of shale
specimens at a loading rate of 30 N/s is 239.2 m/s,
while at a loading rate of 30000 N/s, it reaches
530.6 m/s, which is about twice the difference.
According to the improved Griffith theory [40], the
strain energy released by the rock during crack
propagation is mainly converted into two parts, one
part is used for the surface energy required for
crack propagation, and the other part is converted
into kinetic energy. When the rock material and size
are determined, the strain energy released during
crack propagation depends only on the magnitude
of the external load. As the loading rate increases,
the strain energy released per unit time of the rock
also increases, and the surface energy is usually
unchanged during the crack propagation process, so
the more part of the strain energy is converted into
kinetic energy, which promotes a higher crack
propagation velocity at higher loading rates.

In this experiment, based on the mathematical
relationship between the loading rate and the crack
propagation velocity under static loading conditions,
one can try to predict the crack propagation velocity
under dynamic loading conditions. In the dynamic
test, the predicted crack propagation velocity at a
loading rate of 0.57 GN/s is 876 m/s, while the
actual test crack propagation velocity is 744 m/s,
and the difference between the two is 132 m/s. In
fact, the crack propagation velocity will not always
increase as the loading rate increases, but has a
limit value. Some classic theories predict that the
propagation velocity of mode I cracks will not
exceed the material’s Rayleigh wave speed [41, 42].
When the crack propagation velocity is large
enough, more micro-cracks near the crack tip will
be excited at the same time, consuming more strain
energy released by the material, slowing down the
tendency of crack propagation velocity to increase
with increasing loading rate. In addition, when the
crack propagation velocity is close to the Rayleigh
wave velocity of the material, these micro-cracks



3128

J. Cent. South Univ. (2020) 27: 3118-3132

will merge to form large-scale cracks, resulting in
crack bifurcation. This process dissipates most of
the strain energy, which limits the increase of the
crack propagation velocity.

3.4 AE characteristics

Figure 10 manifests the variation of the load,
AE parameters for shale specimens with different
loading rates versus time. It can be found that the
AE signals at the initial stage of loading have the
characteristics of low amplitude and low energy at
low loading rate. With the increase of load, the

internal damage of rock gradually accumulates.
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When it reaches the peak load, large-scale
instability of rock occurs, and a large number of AE
signals with high amplitude and high energy are
generated. However, as the loading rate increases,
the amplitude of the AE signal in the early stage of
loading changes from low amplitude to high
amplitude. This shows that the instability mode of
rock is changing from small-scale failure to
large-scale failure. In other words, under high
loading rate, there is not enough time for the
development of microcracks in the rock, and
large-scale macrocracks are directly formed. It can
be found from Figure 10 that as the loading rate
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increases, the turning point of the cumulative AE
counts moves forward. When the loading rate is
30 N/s, the turning point of the cumulative counts is
near the peak load. However, when the loading rate
is 30000 N/s, the turning point of the cumulative
counts appears at the beginning of loading. This
further indicates that at low loading rates, the
recorded AE
initiation and propagation of microcracks.

signals mainly come from the

From the analysis of the AE signals of shale at
different loading rates, it is found that at low
loading rates, the AE signals generated by shale
rupture mainly come from the initiation and
propagation of microcracks, and with the increase
of loading rates, the AE signals generated by
large-scale macrocracks gradually increase. It
shows that the energy used for microcracks fracture
is less at high loading rate [43, 44], and the strain
energy is accumulated until the moment of failure.
Therefore, the energy released at the moment of
specimen failure increases with the increase of the
loading rate, and the fracture energy used to form
new surface also increases, which leads to the
enhancement of fracture toughness of shale.
Meanwhile, at low loading rates, crack propagation
is the process of internal microcracks initiating,
propagating and gathering to form large-scale
cracks. However, at high loading rates, the internal
microcracks in the specimen have no time to
propagate and directly form large-scale cracks. This
may also be the reason that the crack propagation
velocity of shale specimens at high loading rate is
higher than that at low loading rate.

4 Conclusions

In this project, the fracture behavior of shale
under different loading rates was studied. The effect
of loading rate on crack propagation velocity and
fracture toughness of shale was determined, and AE
signals generated by rock fracture under different
loading conditions were collected and analyzed.
From this study, the following conclusions are
mainly drawn:

1) From the DIC analysis results of all shale
specimens, it is found that the failure processes of
the specimens under different loading rates are
basically similar, all of them start to crack from the

tip of the prefabricated crack which will propagate
towards the loading point. This also ensures the
validity of the test results obtained in this
experiment.

2) The fracture toughness of shale has a
positive correlation with loading rate. The fracture
toughness of shale increases by 25.6% when the
loading rate increases from 30 N/s to 30000 N/s,
which shows that the loading rate has a significant
effect on the fracture toughness even under static
loading conditions. In addition, the relationship
between loading rate and fracture toughness can be
expressed by a logarithmic function, which helps us
to predict the fracture toughness of shale under
different loading rates. Meanwhile, as the loading
rate increases, the crack propagation path of shale
specimen changes from zigzag to straight, and the
fracture energy used to form a new surface
increases gradually, which leads to the enhancement
of fracture toughness of shale.

3) The crack propagation velocity increases
with the increase of loading rate. The relationship
between loading rate and crack propagation velocity
under static loading can be expressed as a power
function. In addition, when the crack propagation
velocity exceeds a certain limit, the increasing trend
of crack propagation velocity with the increase of
loading rate will slow down.

4) As the loading rate increases, the AE signals
generated by microcrack initiation and propagation
decrease gradually, and the turning point of
cumulative count moves forward. This shows that
the strain energy consumed by microcracks is more
at low loading rate, but as the loading rate increases,
microcracks do not have enough time to develop,
directly forming large-scale macro cracks, most of
the strain energy is converted into the fracture
energy used to form new surfaces, which also leads
to the increase of shale fracture toughness. On the
other hand, the increase of the loading rate causes
the change of the crack propagation process inside
the specimen, which may also be the reason for the
change of the crack propagation velocity.
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