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In the process of shale gas development, different drilling, hydro-fracturing, and pumping
speeds will produce different productivity effects. This reflects the effect of the loading rate
of rock mechanics. Therefore, it is of great scientific significance to study the deformation
and failure characteristics of shale under different loading rates. In order to reveal the
loading rate effect of the Longmaxi shale, a series of laboratory experiments were carried
out, including scanning electron microscope, XRD, and uniaxial compression tests at
different loading rates. The results show that 1) the peak strength and elastic modulus of
shale increase with the increase in the loading rate, but Poisson’s ratio has no obvious rule
with the increase in the loading rate. In contrast, the loading rate causes the peak strength
to vary by about 20%, which is larger than that of the elastic modulus. 2) The loading rate
has a significant influence on shale failure. A higher loading rate will lead to severe damage
but with simple cracks, whereas a lower loading rate will lead to complex damage of
cracks. With the decrease in the strain rate, the length of the failure crack increases greatly.
Therefore, a lower strain rate is helpful to form more broken fragments in the shale matrix.
3) By analyzing the relationship between elastic strain energy/dissipated energy and the
loading rate, it is found that the elastic strain rate has a preliminary increasing and then a
decreasing trend with the loading rate, but the dissipated energy has a decreasing trend
with the loading rate. A higher loading rate is helpful to increase the brittleness of the shale,
but a lower loading rate is beneficial to forming more cracks and a greater degree of
fracture in the shale matrix. The effect of the loading rate on the mechanical properties and
fracture properties of the shale is discussed. It is suggested that the lower hydro-fracturing
rate is useful for generating more complex crack networks in the shale reservoirs.
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INTRODUCTION

Natural gas is a type of clean and quality energy (Qiao et al., 2020a), and the consumption of natural
gas in China has continuously increased in the past 2 decades (Zhang X et al., 2021; Qiao et al.,
2020b). As amatter of fact, the conventional gas reserves of China are very limited (Shuai et al., 2021).
Up until now, more than 45% of natural gas production depends on foreign export (Liu et al., 2020).
However, China is rich in unconventional gas reserves, especially the shale gas reserves (Song et al.,
2019). In recent years, shale gas has become a new hot spot in global oil and gas exploration (Zhiltsov
and Zonn, 2016). Because of the need of economic and social development, China must vigorously
promote the exploration and development of shale gas. (Figure 1 shows a diagram of hydro-fracture

Edited by:
Jie Chen,

Chongqing University, China

Reviewed by:
Tianshou Ma,

Southwest Petroleum University,
China

Huafu Qiu,
Xi’an University of Science and

Technology, China
Shi Xilin,

Institute of Rock and Soil Mechanics
(CAS), China

*Correspondence:
Lingyun Zhao

517543239@qq.com
Wei Liu

guarenliuwei@126.com

Specialty section:
This article was submitted to
Geohazards and Georisks,

a section of the journal
Frontiers in Earth Science

Received: 15 November 2021
Accepted: 03 December 2021
Published: 15 February 2022

Citation:
Wei Y, Zhao L, Yuan T and LiuW (2022)

Study on Mechanical Properties of
Shale Under Different Loading Rates.

Front. Earth Sci. 9:815616.
doi: 10.3389/feart.2021.815616

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 9 | Article 8156161

ORIGINAL RESEARCH
published: 15 February 2022

doi: 10.3389/feart.2021.815616

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2021.815616&domain=pdf&date_stamp=2022-02-15
https://www.frontiersin.org/articles/10.3389/feart.2021.815616/full
https://www.frontiersin.org/articles/10.3389/feart.2021.815616/full
http://creativecommons.org/licenses/by/4.0/
mailto:517543239@qq.com
mailto:guarenliuwei@126.com
https://doi.org/10.3389/feart.2021.815616
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2021.815616


in a shale reservoir.) Huge shale gas reserves provide a reliable
source for the development and upgrading of China’s economy
(Zhao et al., 2015; Yang et al., 2020; Zhang et al., 2020).

A shale gas reservoir is an unconventional natural gas reservoir in
the shale formation; its prospective reserves have far exceeded those
of conventional natural gas, and it is an important development
direction of clean energy in the future (National Development and
ReformCommission andMinistry of Finance, 2012). Until 2020, the
total shale gas production of China has exceeded 20 billion m3, and
four commercial shale gas production bases were founded; thus,
shale gas has become an important portion for the gas production
increase in China. Taking the Sichuan Basin as an example, the
sedimentary environment, geochemical characteristics, reservoir
characteristics, natural gas enrichment degree, and resource
potential of three different types of shale in China are introduced
(Zou et al., 2010). The mechanical properties of shale are an
important aspect that affects the formulation of shale
development schemes and production effects. Therefore, the
study on the influence of the loading rate on mechanical
properties of shale is of great guiding significance for shale gas
development.

In recent years, the research on themechanical properties of shale
is also an important trend. For example, Xie et al. (2020) studied the
influence of the loading rate on shale fracture behavior under
dynamic and static loading conditions and found that the crack
propagation rate and fracture toughness were positively correlated
with the loading rate. Wang et al. (2018) studied the geotechnical
engineering characteristics of red shale and revealed the unfavorable
factors of its geological environment. Li et al. (2017) conducted a
series of uniaxial compression tests on coal, shale, and tight
sandstone and established a constitutive model of micro-damage
of various rocks based on power function distribution, Weibull
distribution, andGaussian distribution.Wen et al. (2014) established
a chemical–mechanical coupling model for the wall stability of hard
and brittle shale shaft lining. Liang et al. (2011) put forward the
optimization method for studying the sweet spot area of shale gas
exploration. Wei et al. (2015a) and Wei et al. (2015b) carried out
uniaxial and triaxial cyclic loading tests on shale and revealed the

deformation and fracture characteristics of shale. Hou et al. (2016)
and Rybacki et al. (2016) put forward a new evaluationmodel for the
brittleness of shale, in which the brittleness drop coefficient R can
reflect the difficulty of brittle failure, and the stress landing coefficient
P and softening modulus M can represent the brittleness strength.
Heng et al. (2019) revealed the non-planar propagation of hydraulic
fractures in shale through laboratory experiments and numerical
research. Li et al. (2021) studied the thermal damage effect of fine
grained granite. However, most of the current research studies focus
mainly on the deformation and fracture characteristics, and the
strain rate effect has not been deeply studied (Liu et al., 2014).

In fact, the loading rate effects of rock mass are a notable issue in
the field of rock mechanics and rock engineering. Liang et al.
Changyu et al. (2012) discussed the rate-dependent effect and
energy mechanism of rocks through uniaxial compression tests.
Guo et al. (2012) revealed the influence of the strain rate and cyclic
load on the deformation and strength of rock salt. Song et al. (Yao
and Yue (2021) studied the dynamic response of Beishan granite and
found that with the increase in the loading rate, its dynamic fracture
toughness increased. Zhao et al. (2020) studied the energy evolution
of granite under different loading rates and proved that the elastic
strain energy absorbed by rocks in the elastic stage ismainly stored in
the form of elastic energy. Gautam et al. (2016) studied the strain rate
and thermal damage of Dholpur sandstone at high temperature.
Zhang X et al. (2021) studied the tensile strength and peak tensile
strain of red sandstone under different loading rates through direct
tensile tests. Chen et al. (2020) studied the deformation and
mechanical properties of concrete under different loading
conditions and used the acoustic emission technology as the
observation technology. According to the aforementioned
literature, it is concluded that the mechanical tests under different
loading rates are helpful to understand the changing process of the
mechanical properties of rocks. However, at present, there is little
research on shale loading effects, which cannot support theoretical
research and field application. Therefore, it is highly necessary to
study the deformation characteristics of shale under different
strain rates.

In this study, uniaxial compression tests were carried out on
shale of Longmaxi Formation of lower Silurian in Enshi City,
Hubei Province. During the loading process, experimental data of
axial stress, axial strain, circumferential strain, and volumetric
strain were collected. The deformation and fracture
characteristics and stress characteristics of shale under
different loading rates were analyzed, and the relationship
between elastic energy and loading rate was also analyzed. The
fracture characteristics under different strain rates were revealed
emphatically. Finally, combined with the related background of
shale gas development, its application was explored and
discussed, which can provide guidance for shale gas development.

SAMPLE PREPARATION AND
EXPERIMENT EQUIPMENT

Collection of Shale Samples
All the shale cores were collected from the newly excavated shale
of Longmaxi Formation of lower Silurian in Enshi City, Hubei

FIGURE 1 | Schematic diagram for shale hydro-fracture.
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Province of China. The geological characteristics of coring
position are shown in Figure 2, including the main rivers and
faults. Large-sized shale cores were obtained on site and then
transported to the laboratory for sample preparation. In order
to reduce the individual differences among samples, the
samples used for testing were taken from the same core
(Figure 2). The process of sample preparation was carried
out strictly according to the requirements of the International

Rock Mechanics Test Regulations. All the samples had a height
of 100 mm, a diameter of 50 mm, and an aspect ratio of 2:1.
The axis of the samples was perpendicular to the standard
cylinder of the bedding plane, and the parallelism between the
upper and lower end faces was controlled within 0.02 mm. A
total of 15 samples were produced, and each loading rate
consisted of three samples. See Figure 3 and Table 1 for
details of samples.

FIGURE 2 | Location shale and outcrops of shale cores. (A) Stratigraphic characteristics and location of the study area. (B) Outcrops of the shale rock

FIGURE 3 | Representative samples of the study (diameter = 5 cm, length = 10 cm).
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Mineral composition and meso-structure are two aspects that
influence the physical and mechanical properties of rock mass.
Therefore, during the process of sample preparation, the small
samples used for XRD and SEM tests were also prepared. The
experiments were carried out in the XRD laboratory of the China
University of Geosciences (Wuhan), and the equipment was a
German Bruker AXS D8-Focus X-ray diffractometer. In order to
ensure the uniformity of the shale samples and also avoid the
mechanical property deviation that covers the deviation of the
loading rate, the samples with obvious gap and vein filling were
eliminated.

Test Program
The uniaxial compression tests of shale samples were carried out
on an MTS 815.03 rock rigid press test system in the Wuhan
Institute of Rock and Soil Mechanics, Chinese Academy of
Sciences. During the process of testing, the system can
automatically collect and record the axial load, axial
displacement, and circumferential displacement of the sample,
and the loading mode was the displacement control mode. In this

study, as the displacement control mode was used, the loading
rate referred to displacement within unit time during loading.
Five different loading rates were designed, which were
0.00011 mm/s, 0.0005 mm/s, 0.0011 mm/s, 0.00275 mm/s, and
0.01 mm/s, respectively. The uniaxial compression test was
carried out on 16 shale samples (Table 1). In order to reduce
the error caused by data contingency, each test of loading rate
consisted of three shale samples. The testing device and sample
installation are shown in Figure 4.

ANALYSIS OF EXPERIMENTAL RESULTS

Mineral Composition
The sedimentary environment of shale reservoirs can be divided
into marine sediments, marine–terrestrial transitional sediments,
and continental sediments. Due to the different sedimentary
environments and models, the mineral composition, bedding
structure, and internal pore/crack development of shale
reservoirs also show great differences. At present, commercial
development of shale gas in China is limited to marine strata in
the Sichuan Basin and its periphery; the exploration and
development of marine–terrestrial transitional shale have not
made great progress and are still in the early evaluation stage (Liu
et al., 2014). This also fully illustrates the influence and restriction
of the sedimentary environment on mining. The greatest
influence of sedimentary environment is the reservoir
characteristics of shale, which further affects the subsequent
gas-bearing characteristics and subsequent production
capacity. Shale reservoir characteristics mainly depend on
mineral composition, bedding structure, macro-/micro-pore
structure, fracture/microfracture development degree, and
other factors, especially on mineral composition and meso-
and micro-view structures. Different reservoir characteristics,
corresponding brittleness characteristics, bedding and
microfracture development characteristics, and hydraulic
characteristics will have great differences (Xiao et al., 2021),
which will have a significant impact on the fracturing effect of

TABLE 1 | Sample information and loading conditions.

Sample number Length (mm) Diameter (mm) Loading rate (mm/s)

V-90-17 99.57 48.35 0.00011
V-90-18 100 50
V-90-19 99.8 48.3
V-90-3 99.61 48.31 0.0005
V-90-4 99.5 48.17
V-90-5 99.65 48.1
V-90-6 99.55 48.03 0.0011
V-90-14 99.81 48.61
V-90-16 99.6 48.33
V-90-10 99.46 48.32 0.00275
V-90-12 99.56 49.14
V-90-13 99.53 48.34
V-90-7 99.42 48.41 0.01
V-90-8 99.48 48.01
V-90-9 99.42 48.44

FIGURE 4 | Testing device of MTS 815 (① shale sample; ② pressure head; ③ circumferential strain gauge).
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shale gas wells. Therefore, classifying shale according to its
mineral composition, microstructure, and mechanical
properties has important engineering application significance.

In this study, the mineral composition of shale samples was
analyzed. The samples were scanned using a SEM, and mineral
analysis was done by X-ray diffraction for semi-quantitative
analysis of the core phase. Detailed information of the mineral
composition content and each element content is given in
Table 2. Generally speaking, quartz, albite, potash feldspar,
and calcite can be regarded as brittle minerals. The brittle
mineral content of the shale cores is about 48.6%, and it is a
group of shale samples with good fracturability.

The brittleness index is defined as follows:

BI � BMC(%) (1)
where BI is the brittleness index, and BMC refers to the brittle
mineral contents of the shale cores.

SEM Testing Results
The shale samples were also tested by using the SEM. The
observation directions are vertical and parallel to the bedding
plane. The typical SEM photos of two groups of shale samples are
shown later. Figure 5A shows the photos perpendicular to the

TABLE 2 | Mineral composition information of shale samples (BM-brittle materials).

Number Quartz/% Albite/% Orthoclase/% Calcite/% Chlorite/% Illite/% Pyrite/%

MAO-1 27.33 11.96 11.51 1.03 6.02 37.50 4.65
MAO-2 31.39 10.01 6.06 1.89 6.52 40.32 3.80
MAO-3 27.80 11.85 7.11 0.83 3.43 45.30 3.7
MAO-4 27.95 12.23 5.42 0 7.56 42.76 4.08
Average 28.62 11.51 7.53 0.94 5.88 41.47 4.06
BI 48.59

FIGURE 5 | SEM pictures for shale samples. (A) SEM photos perpendicular to the plane. (B) SEM photos perpendicular to the plane.
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bedding plane, and Figure 5B shows the photos parallel to the
bedding plane. The magnification of the samples is 100 times, 500
times, and 2000 times, respectively. From Figure 5, it is found
that the shale sample has a very compact matrix, and the minerals
are arranged in a layer along the direction perpendicular to the
bedding plane. After magnifying 2000 times, numerous
micropores are found among mineral mass, and the
micropores and micro-fissures have long aspects. Along the
direction parallel to the bedding plane, the matrix structure is
dense, and the micropores and micro-fissures have short aspects.
The SEM photos evidently reveal the anisotropy of the shale in
the point of view of micro-observation.

Stress–Strain Relationship Under Different
Loading Rates
By calculating the uniaxial compression testing data of shale
samples, the stress–strain curves of shale under different loading
rates are obtained. As is shown in Figure 6, the axial strain is on
the right side of the vertical coordinate, while the circumferential
strain is on the left side.

For the stress–strain curves for each group of loading rates,
we selected the curves close to the average value of the curves
under the same loading rate and drew them together. As
shown in Figure 6, with the increase in the loading rate,
the elastic modulus of the sample also increases. As the
loading rate increases, the peak strength of the sample also
increases. Shale is a type of hard and brittle rock with obvious
elastic characteristics, that is, the stress–strain curve is usually
very straight. It can be seen from Figure 6 that when the linear
stage (elastic stage) continues to exceed 2/3 of the peak
strength, the curve gradually deflects slightly and the slope
decreases slightly. This also shows that the micro-cracks in the
sample begin to gradually initiate, propagate gradually, and
gradually weaken the stiffness of the sample, but the degree is

still far less than the state that leads to the formation of macro-
cracks. The decrease in stiffness is not as obvious as that of soft
rock; the peak value drops slowly, and then suddenly, brittle
fracture occurs. The lower the loading rate, the more sufficient
will be the time for the sample to adjust itself, and then the
more obvious the phenomenon of stress falling and rising, and
the more will be the time of fluctuation. The circumferential
strain is also influenced by the loading rate, as can be seen
from the left part of the curve in Figure 6; the circumferential
strain is also increased with the decrease in the loading rate. A
lower loading rate allows more time for lateral deformation, so
the circumferential strain has a negative relationship with the
loading rate. To sum up, regardless of whether the loading rate
is high or low, the axial stress of the specimen decreases
rapidly after reaching the peak strength, and the
characteristics of hard and brittle failure of the samples are
extremely remarkable.

As shown in Figure 6, the compaction of cracks or fissures
of shale samples is short or almost no. The reason for this
result is that the bedding direction of the core is the horizontal
direction of the rock sample, and there are almost no
developed micro-cracks in the shale matrix, which leads to
a very short initial compaction stage in the loading process. In
the stage of elastic deformation, the axial deformation of the
sample is dominant, but the circumferential deformation is
small. When the shale sample enters the stage of stable failure
and unstable failure, both the circumferential deformation
rate and the axial deformation rate increase. With the change
in the strain rate, there is a good corresponding relationship
between the axial deformation and circumferential
deformation, that is, with the increase in the loading rate,
both axial deformation and circumferential deformation
reach the peak strain rapidly and steadily.

Experimental Results
Considering the difference in mechanical response
characteristics of rock mass under different loading rates,
the loading rate used in this test is 0.00011 mm/s–0.01 mm/
s, and there is only static load in the loading process. The static
load is defined as the loading rate less than 1.07 mm/s, and
when the loading rate is greater than 1.07 mm/s, it falls into
the category of dynamic load (Zhou, 1990). Different loading
rate is an important index to reflect the response of elastic
modulus, peak strength, and Poisson’s ratio of the rock
samples. It should be considered in the design of the rock
compression experiment. Based on the aforementioned
experimental data, Table 3 is obtained. The peak strength,
Poisson’s ratio, and elastic modulus are discussed as follows:

Peak Strength
In order to further clarify the changed rule of peak strength
with loading rate, the relationship curve between peak
strength and loading rate is drawn, as shown in Figure 7.
It can be seen that with the increase in the loading rate, the
peak strength is positively correlated with the loading rate.
The variation range of peak strength is 118.817–140.515 MPa,
and the average value is 126.45 MPa. With the increase in the

FIGURE 6 | Stress–strain curves at different loading rates.
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loading rate, the peak strength also tends to increase, showing
a fluctuation range of −6.11%–11.04%. The fitting curve is
obtained by fitting with polynomial, where R2 = 0.9668, and
the fitting polynomial given in Eq. 2:

σp � 2056.2ut + 120.6 (2)
where σp is the peak strength (MPa) and ut is the corresponding
loading rate (mm/s).

According to the test results of peak strength, it can be seen
that the loading rate has a certain influence on the peak strength,
that is, the loading rate improves the peak strength of shale to a
certain extent, and with the increase in the loading rate, the
growth rate of the peak strength increases slightly. Therefore, the
negative value of the fluctuation range is −6.11%, and the positive
value is 11.04%.

Elastic Modulus and Poisson’s Ratio
According to the data in Figure 8, the elastic modulus is
calculated and its average value ranges from 21.398 to
25.728GPa, with an average of 23.550 GPa. With the
increase in the loading rate, the elastic modulus also shows
a certain increasing trend, with a fluctuation range from
−9.14% to +9.25% around the average value. The
relationship between peak strength and loading rate can be
fitted by the following curves:

E � 0.9196 ln(ut) + 29.809 (R2 � 0.9847) (3)
where E is the modulus under each loading rate.

It can be seen that the influence of the loading rate also
leads to the increase in the elastic modulus. According to the
data fitting, the relationship between the loading rate and
elastic modulus accords with logarithmic function. In the
stage of low loading rate, the elastic modulus increases

TABLE 3 | Uniaxial compression test results of shale samples.

Shale sample number Loading rate (mm/s) Peak strength (MPa) Elastic modulus (GPa) Poisson’s ratio

V-90-17 0.00011 121.586 21.795 0.322
V-90-18 103.996 15.834 0.345
V-90-19 130.870 26.564 0.258
Average 118.817 21.398 0.308

V-90-3 0.0005 105.968 21.503 0.242
V-90-4 143.691 27.291 0.296
V-90-5 114.701 20.372 0.295
Average 121.453 23.055 0.278

V-90-14 0.0011 132.403 23.505 0.287
V-90-15 128.870 28.024 0.263
V-90-16 109.148 22.934 0.284
Average 123.474 24.821 0.278

V-90-10 0.00275 128.265 22.392 0.314
V-90-12 122.991 18.541 0.34
V-90-13 134.150 23.670 0.2925
Average 128.468 21.534 0.316

V-90-7 0.01 142.971 23.339 0.323
V-90-8 141.622 30.958 0.292
V-90-9 136.954 22.888 0.296
Average 140.515 25.728 0.303

FIGURE 7 | Relationship between loading rate and peak strength.
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rapidly with the increase in the loading rate and then slows
down gradually. Relatively speaking, the elastic modulus
fluctuates uniformly around the average value. By
comparison, both the peak strength and elastic modulus
increase with the increase in the loading rate. Because of
high strength and brittleness of shale, in the loading rate of
0.0001–0.01 mm/s, the peak strength and elastic modulus will
fluctuate by nearly 20%. Therefore, the change in mechanical
properties caused by loading rate should still be considered in
wellbore stability analysis, fracturing design, and shale-
related engineering in practical projects.

As shown in Figure 9, Poisson’s ratio changed from 0.242 to
0.345, with an average of 0.296. In analysis, the relationship
between the loading rate and Poisson’s ratio is not obvious, and
the fluctuation range of Poisson’s ratio is very small with the
loading rates. Therefore, it can be inferred that the influence of
loading rate on Poisson’s ratio of shale is not significant, so it is
suggested to adopt the average Poisson’s ratio for practical
engineering.

FRACTURE CHARACTERISTICS AND
ENERGY ANALYSIS

Fracture Characteristics
The loading rate has non-negligible influences on the
mechanical parameters of shale, which further affects the
failure morphologies of the shale samples. Figure 10 shows
the photos of shale samples after fracture with loading rates of
0.01 mm/s, 0.00275 mm/s, 0.0011 mm/s, 0.0005 mm/s, and
0.00011 mm/s, respectively. For each loading rate, it
consists of two pictures: one is the sample photo after
failure and the other is the failure surface (a half circle
lateral surface). Apparently, it can be seen that the loading
rate has a significant influence on the fracture morphology of
the shale samples. The length of all the cracks is also calculated
by using image processing technology. The results show that
the total lengths of the cracks are 225.2, 304.1, 563.2, 492.4,
and 807.5 mm, respectively, for the loading rate from high to
low (0.01 mm/s–0.0001 mm/s).

It can be seen from Figure 10 that at a higher loading rate, a
single crack develops to failure, and when the sample reaches the
peak strength, the sample is split into larger blocks. The failure
crack has a large aperture, which implies that a large amount of

FIGURE 8 | Relationship between loading rate and elastic modulus.

FIGURE 9 | Relationship between loading rate and Poisson’s ratio.
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energy is released. In addition, rock powder appears on the failure
surface, which indicates that serious friction occurred on the
failure surface before failure. Therefore, at a higher loading rate, it
can be deduced that the crack initiation, propagation, and
penetration time of the shale sample are very short. Moreover,
it is observed that the cracks started from the upper end and then
quickly destroyed the whole sample; most of the inclined sections
appeared in the lower half of the rock sample.

With the decrease in the loading rate, the rock sample is no
longer broken by a single crack but by a large number of
fragments. When the loading rate is low, it can be clearly
observed that the surface cracks of rock samples gradually
initiate and penetrate, and brittle failure occurs after the peak
value, but the broken pieces are not dispersed. These phenomena

can be explained as follows: at a low loading rate, the deformation
and crack development of rock samples have enough reaction
time, and there is enough time to adjust the free structure so that
the overall damage appears more uniform; after the damage, the
rock samples appear as a dense crisscrossing crack distribution
phenomenon.

Relationship Between Loading Rate and
Elastic Energy
During the deformation and failure of rock samples, the
initiation, propagation, and cut-through of micro-cracks will
occur. The sample needs to absorb energy from the outside to
produce new fracture surfaces. The relative sliding friction

FIGURE 10 | Failure modes and schematic diagrams at different loading rates (LR is short for loading rate, all the samples have a diameter of 5 cm and a length of
10 cm).(A) LR=0.01 mm/s. (B) LS=0.00275 mm/s. (C) LS=0.0011 mm/s. (D) LS=0.0005 mm/s. (E) LR=0.00011 mm/s
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between fracture surfaces will dissipate energy, that is, the process
of deformation and failure of rock sample is a process of energy
absorption and dissipation (Li et al., 2019). In this study, the
instability and failure processes of shale sample are analyzed from
an energy point of view. According to the law of thermodynamics,
energy dissipation is the essential attribute of rock deformation
and failure, which reflects the continuous development,
weakening, and ultimate strength loss of the micro-defects in
the rock matrix. Therefore, energy dissipation is directly related
to the destruction and loss of strength, and the amount of energy
dissipation reflects the attenuation of original strength.
According to the first law of thermodynamics, we can draw a
conclusion as follows:

W � Wd +We (4)
where W is the total energy absorbed by the rock sample during
the loading process, Wd refers to the released dissipated energy
(unrecoverable energy), and We is the recoverable elastic strain
energy.

Figure 10 shows the stress–strain curve (V-90-14) of shale
sample V-90-14. During uniaxial loading of the shale sample,
the deformation and failure processes can be divided into four
stages: the compaction stage, the linear elastic stage, the
yielding stage, and the post-destruction stage. In the whole
process of the rock sample loading test, the deformation of
rock samples can be divided into recoverable elastic
deformation and unrecoverable plastic deformation. The
energies absorbed and dissipated by the rock samples at
different stages are closely related to the failure mode of
the rock samples. The relationship between the elastic
strain energy We and dissipated energy Wd per unit
volume is shown in Figure 11. In this figure, the total
input energy W is the total area under the stress–strain
curve. The dissipative energy is the area of curved, AOC,
surface in the figure, which is used to induce internal damage
and plastic deformation of the rock matrix. The area of

triangle ABC in the figure represents the elastic strain
energy released by the rock sample unit after unloading.
After the external force is eliminated, the energy can
restore the deformation of the rock mass to a certain
extent. From a thermodynamic point of view, as long as
certain conditions are met, energy dissipation is
unidirectional and energy release is reversible. Energy
dissipation is an essential attribute of deformation and
failure of the rock samples, which reflects the continuous
development, weakening, and ultimate strength loss of micro-
defects in rock samples. Therefore, energy dissipation is
directly related to the destruction and loss of strength of
rock samples, and the dissipation reflects the attenuation of
the original strength of rock samples.

According to the aforementioned analysis, the energy W
absorbed by the rock samples under the uniaxial condition is
the total area included in the stress–strain curve of the rock
samples, which can be obtained by integrating the stress–strain
curve. Considering the unknown curve equation, it is difficult to
calculate using the integral method, so the definite integral
method is adopted to solve (Changyu et al., 2012):

W � ∫ σ1dε1 � ∑n

n�11/2(σk+1 + σk)(εk+1 − εk) (5)

where σk is the stress value under a certain stress state and W is
the total energy absorbed by the rock sample at the state of stress
value σk, with a unit of mJ/m3.

The elastic energy of rock sample under the peak strength state
is expressed as follows:

We � 1/2 · σmax · (εmax − b) (6)
where We (elastic energy) is the area of right triangle ABC in the
figure, σmax is the peak strength, εmax is the axial strain
corresponding to the peak strength, and b is the intercept of
line AC on the axial strain axis.

The line AC in the figure is given as follows:

σ � Eiε (7)
where Ei is generally replaced by the initial elastic modulus of
the sample (Changyu et al., 2012).That elastic energy is the
area of triangle ABC in Figure 11. The curve closest to the
average value at each loading rate is selected, and the strain
energy of each shale sample under each loading rate when it is
loaded to the peak strength is calculated. The calculated
results are shown in Table 4.

The data in Table 4 are plotted in the coordinate system,
and the trend line of strain energy is shown in Figure 12. It
can be clearly seen that within the range of the loading rate in
this study, with the increase in loading rate, the elastic strain
energy We absorbed by the rock sample increases first and
then decreases, and the peak of the elastic strain energy
appears when the loading rate is about 0.0005 mm/s. With
the increase in the loading rate, the dissipated energy WD

absorbed by the sample decreases. Fatigue damage and new
plastic deformation caused by interfacial friction between
cracks during compression are a reflection of dissipated

FIGURE 11 |Relationship between elastic energy and dissipated energy
in stress–strain curve.
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energy. The higher the dissipated energy, the more cracks and
greater the fracturing degree will occur in the sample.
Therefore, in the point of view of the dissipative energy, a
lower loading rate is helpful to produce more cracks and
greater degree of fracture in the shale matrix.

In the process of uniaxial compression, when the shale sample
reaches the peak strength, the elastic strain energy is suddenly
released, resulting in complete crushing of the rock matrix
immediately, and the consumed fracture energy is close to 0
(Changyu et al., 2012). Therefore, the elastic strain energy
absorbed by the sample before the peak value represents the
brittleness of the sample to some extent. In other words, the
greater the elastic strain energy absorbed by the sample at the
peak, the stronger will be the brittleness of the sample. Brittleness
is reflected by the number of cracks and the fracturing effect.
From this, it can be seen that with the increase in the loading rate,
the absorbed elastic strain energy, the number of cracks, and the
fracture degree of the sample all show a downward trend, that is,
with the decrease of loading rate, the rock samples show stronger
brittleness.

DISCUSSION AND APPLICATION

From the previous analysis, it can be seen that the response
characteristics of loading rate to peak strength, elastic modulus,

and elastic energy of rock sample are obvious. A comprehensive
understanding of various parameters of rock mass is the need of
extensive engineering design. Determining the characteristics of
mechanical parameters of shale can provide effective and reliable
technical references for the design of the shale gas development
project. In the process of shale gas development and utilization,
most researchers mainly pay attention to the influence of shale
fracture characteristics on shale gas production efficiency. Shale is
a special reservoir with the functions of production, storage, and
covering. For rock mass like shale, the structure is compact, the
permeability is low, and the micropores are developed. Therefore,
shale has always been regarded as caprock, and it has not received
enough attention in the past. With the increasing demand for
energy and the gradual depletion of conventional oil and gas
resources, we have to turn our attention to shale gas production,
although it is difficult to be exploited. According to existing
research results, apart from the loading rate, the bedding
direction is also one main factor that affects the mechanical
properties of shale. A large number of studies have shown that
shale is easier to crack in the bedding direction than in the vertical
bedding direction.

In the process of shale gas exploitation, it is the most effective
way to produce shale gas by fracturing to produce dense,
crisscrossing high-density fracture networks. The research
results in this study show that the higher the loading rate, the
greater will be the total energy absorbed by the sample. The
fracture characteristic is that the larger the crack blocks, the fewer
will be the cracks. Although the samples absorb more energy at a
higher loading rate, most of the energy is used for the kinetic
energy of the rock mass. Due to the relatively small number of
cracks produced under a high loading rate, the production
efficiency in shale gas development will not be ideal. However,
when the loading rate is low, the energy absorbed by the rock
sample is small. The fracture characteristics are that there are
many cracks, the cracks are fully developed, and most of the
absorbed energy is fully utilized in the crack development.
Therefore, in shale gas development and utilization projects, a
low loading rate can often improve the efficiency of shale gas
exploitation.

CONCLUSION

1) During the uniaxial compression test of shale, different
loading rates have an obvious response to the mechanical
characteristics and deformation characteristics of rock

TABLE 4 | Energy values of samples under peak strength at different loading rates.

Loading rate (mm/s) Elastic
energy We (MJ/m3)

Dissipative
energy WD (MJ/m3)

Total
energy W (MJ/m3)

0.01 334.3078 7.2210 341.5289
0.00275 377.8769 20.7454 398.6223
0.0011 380.6543 31.2136 411.8678
0.0005 381.1503 30.1490 411.2993
0.00011 313.9827 79.2177 393.2004

FIGURE 12 | Relationship between elastic energy, dissipative energy,
and loading rate.
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samples. The peak strength of rock samples increases with the
increase in loading rate, and it has a good linear relationship.
The elastic modulus and Poisson’s ratio fluctuate with the
loading rate.

2) In the process of compression, rock sample failure also has
four basic stages: the compaction stage, the linear elastic stage,
the yielding stage, and the post-destruction stage. Due to the
physical properties of rock samples and sampling angle, the
compaction time is very short. With the increase in the
loading rate, the axial and circumferential deformation of
rock samples can rapidly and stably reach the peak strain.

3) At high loading rates, shale is broken into pieces, but cracks
are less developed; at low loading rates, vertical and horizontal
fracture networks are formed. Under a lower loading rate,
longer cracks will be formed. Therefore, in the process of
hydraulic fracturing, the lower fracturing speed is conducive
to the formation of crisscrossing fine fracture networks in the
reservoir, which is also beneficial to improve the productivity
of shale gas.

4) With the increase in the loading rate, the elastic energy, the
dissipated energy, and the total energy of the rock samples
all decrease. As the loading rate decreases, the dissipative
energy and elastic energy absorbed by the rock samples
increase. At a lower loading rate, the rock samples are
accompanied by stronger brittleness, fully developed

cracks, and a higher macroscopic fracture degree, that
is, more and more cracks develop and more fracture
surfaces are generated.
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