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Abstract: Shale reservoir has an initial unloading effect during the natural uplift and erosion process,
which causes the shale brittleness to change, affecting the design of the fracturing scheme. To consider
this, the axial compression loading and confining pressure unloading experiment of shale is carried out,
and then the influence of unloading rate on the mechanical parameters, failure characteristics, and the
brittleness of rock are analyzed. What is more, a new evaluation method of brittleness characteristics
that take the unloading effect into consideration is proposed. The conclusions are as follows: (1) The
unloading rate has a weakening effect on the mechanical parameters, such as the destructive confining
pressure and the residual strength of the samples. (2) The failure characteristics of shale specimens
are a single shear failure in an oblique section under low unloading rate, and multiple shear zones
accompanied with bedding fracture under high unloading rate. (3) The brittleness of shale samples
is well verified by the brittleness index Bd1 and Bd2 during the loading path; nevertheless, it has
shortage at the unloading path. This paper proposes a new brittleness evaluation method which can
consider the influence of the different unloading rates and unloading points. Furthermore, there is a
nice characterization between the brittleness damage and this method.
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1. Introduction

In recent years, with the further steady growth of gross domestic products, people’s demand for
energy has become increasingly intense, and the exploration and development of various unconventional
energy sources have been gradually advancing. As a kind of clean, efficient, low-carbon unconventional
natural gas mineral energy source, shale gas has tremendous reserves and vast distribution regions
in China [1,2]. At present, China’s shale gas exploration and exploitation are in a stage of rapid
development, with various development wells obtaining high-yield natural gas streams, showing
favorable prospects for shale gas exploration and exploitation [3]. What is more, China has drilled more
than 600 shale gas wells from 2011 to 2016, and shale gas is projected to account for more than 40% of
the country’s total natural gas production by 2040, which would make China the second-largest shale
gas producer in the world after the United States [4].

With the transition of historical time, the shale reservoir has experienced a multi-period
geological structure movement, and the formation has experienced the exfoliation and uplift, that
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is, the local reservoir has undergone the natural unloading process [5,6]. For instance, marine
shale in southern China has undergone multi-stage tectonic movements, including land mass
cracking-discretization-polymerization, local uplift and erosion, complex storage conditions, and
shale gas control factors and richness in different regions [7]. The law of enrichment is unclear. These
problems restrict the exploration and exploitation of marine shale gas in China, whose exploration
potential and favorable targets of shale gas need to be implemented. The southern marine shale in
some parts of China has a self-generated, self-storing, and self-covering mode of accumulation, so the
rock is both a reservoir and a cap rock [8]. Therefore, the indoor triaxial unloading mechanical test
of shale and the in-depth study of the mechanical properties of rock are of great significance for the
evaluation of regional brittleness, airtightness as well as the exploration and development of shale gas.

Many scholars at home and abroad have conducted in-depth research on the mechanical unloading
properties of rocks and the evaluation of caprock brittleness and tightness. From the perspective of rock
mechanics and numerical simulation, Dewhurst et al. [9] and Lewis et al. [10] discussed the closure of
cap rock, respectively. Hermanrud et al. [11], Teige et al. [12], Ogata et al. [13], and Shukla et al. [14]
considered that cap thickness, stress, porosity water, saturation, crack occurrence, etc., are related to
caprock leakage. Ingram et al. [15] proposed that the uplifting and denudation process would cause
the cap rock to transform from plastic to brittle, and at the same time convert from effective closure
to leakage.

Therefore, the uplift and erosion of the cap layer are of great significance to the mechanical
properties of the caprock. Moreover, it is necessary to carry out the study of the unloading mechanics
of the rock. Regarding the mechanical unloading properties of rock, Swansson and Brown [16] studied
the fracture development of several kinds of rocks under the unloading path and built special test
equipment to control the path effectively. Shimamoto [17] discovered and proposed a new method of
the confining pressure unloading test, and analyzed the rock friction strength under different confining
pressures. Viktorov et al. [18] detected the wave velocity of rock mass before and after unloading and
finds that the longitudinal wave velocity of rock mass decreases after unloading, and the wave velocity
changes with time. Lau and Chandler [19] found that the test under the unloading path was more
consistent with the engineering practice, and the rock mechanics parameters measured by this test
were more accurate. Huang et al. [20] studied the macroscopic and microscopic fracture characteristics
of the unloading rupture surface of marble and explained the failure mode from the perspective of
fracture, which provided the reference for Jinping Hydropower Station.

In terms of the different rocks, Huang et al. [21], Zhang et al. [22], and Lv et al. [23] analyzed the
unloading strength of mudstone, limestone, and granite, respectively. Based on the prediction of rock
burst and rock mass safety, Wu et al. [24] investigated the application of rock mass rapid unloading
model and applied this model to the engineering. He et al. [25] examined the fracture mechanism
of rock under multiaxial stress from the perspective of auxiliary systems such as scanning electronic
microscopy (SEM) and acoustic emission (AE) technology, which had a particular reference value for
on-site observation. Huo et al. [6] carried out the triaxial unloading mechanics test of mud shale under
different confining pressures, and the lateral compression coefficient was proposed to evaluate the
tightness of the caprock.

The above studies have carried out unloading tests and sealing evaluation studies on marble,
limestone, mudstone, and sandstone from different angles; however, there are few articles published
on the mechanical properties of shale under different unloading rates. In the process of exploration
and development, block evaluation, as well as block optimization of marine shale in the south, it is
necessary to consider that the shale reservoir undergoes multiple stages of the geological movement,
the fault is relatively developed, the structural characteristics are different, and the storage conditions
are much more complicated. Moreover, due to the tectonic shift, the shale block undergoes natural
exfoliation erosion and reservoir uplift, that is, there are natural unloading effects at different rates [7].

Based on this aspect, the three-axis unloading test of shale under high confining pressure is carried
out. From the perspective of the exploration of unconventional gas, oil, and rock unloading mechanics,
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the mechanical properties and damage characteristics of shale under different unloading rates are
analyzed. What is more, the brittleness evaluation method based on the unloading elastic modulus EU

and total elastic modulus ET are proposed, brittleness index Bd1 and Bd2 are further optimized, and the
rock brittleness characteristics under different unloading rate tests are evaluated by the parameters
BU1 and BU2, whose feasibility is well verified. These parameters are the technical parameters related
to exploration and mining in later block optimization, and the evaluation of shale reservoir sealing and
block optimization.

2. Sample Preparation and Test Design

2.1. Triaxial Sample Preparation

The test samples were taken from the fresh outcrop black shale in Jiangkou, Wulong, Chongqing,
in China, which is a natural extension of the southern marine shale gas reservoir in Fuling district.
The samples were drilled in parallel with the bedding direction, and the cores were sealed and stored
in a wax seal to prevent the contact from the air. Then the same rock block was drilled and processed
into a standard sample of 50 × 100 mm, perpendicular to the bedding plane in the laboratory, to meet
the requirements of the international rock mechanics test procedures [26]. As shown in Figure 1, the
diameter tolerance was less than 0.2 mm, the unevenness of the end faces was less than 0.05 mm, and
the vertical deviation of the end face from the axis was controlled within ±0.25◦.
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Figure 1. Part of the samples.

In order to further ensure the homogeneity of the rock samples and reduce the individual
differences between them, the rock samples with initial cracks and initial damage were removed by
visual observation. Additionally, the rock samples with significant differences in density and wave
velocity, beyond 20% of the average value, were removed, and the effective screening of rock samples
was realized to meet the accuracy requirements of rock mechanics tests.

2.2. Basic Physical Properties of Shale

Before the shale triaxial unloading experiment, the basic physical properties of the shale were
tested. Figure 2 shows the shale mineral diffraction pattern from the X-ray diffraction (XRD), and the
primary minerals in the shale can be found as follows. The quartz was 55.9%, illite was 13.11%, albite
was 13%, montmorillonite was 8.14%, calcite was 3.77%, pyrite was 3.74%, and dolomite was 2.34%.

The content of brittle minerals in the shale mineral composition is a significant factor determining
the gas bearing, airtightness, and fracture ability of shale reservoirs. Generally, if the content of quartz
and calcite in the shale is high, the brittleness pf the sample is stronger, and cracks are easily generated
under the action of external force. In the process of geological evolution, natural unloading, such as
uplifting and denudation, may cause shale gas leakage, which severely affects reservoir brittleness [27].
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Figure 2. XRD mineral diffraction pattern of the shale sample.

Figure 3 is a microscopic electron micrograph of the shale after magnifying 5000 times and 20,000
times, and the rock samples are characterized by pores of 10 and 2 µm, respectively. The pore size
range was between 0.32 and 1.02 µm, and the shale gas was retained in the pores in the adsorption
state, which was necessary to study the reservoir in depth and screen the exploration and development
of favorable blocks. Therefore, it was of great significance to carry out indoor rock mechanics tests and
to understand the mechanical properties of shale.
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2.3. Conventional Triaxial Compression Test of Shale

Before designing the unloading triaxial compression experiment of shale, we needed to obtain the
basic mechanical parameters of shale under conventional triaxial compression in advance to create the
experimental unloading parameters. For this reason, the MTS (Mechanics Test System) 815.03 rock
triaxial test system was adopted, and the principle of it is shown in Figure 4.

The testing machine comprises a loading part, a testing part, and a control part, whose control part
includes a test assistant, a static test software, multifunctional test software, and a function generator
control. It can achieve a fully automatic triaxial loading and measurement with full digital control.
Based on this system, a conventional triaxial compression test with confining pressures of 0, 20, 40, 60,
and 80 MPa was carried out, and the axial strain displacement control method was adopted with the
loading rate of 0.001 mm/s.

Figure 5 is a triaxial stress–strain curve of the shale samples, ε1 represents axial strain, ε2 represents
radial strain and σ1 − σ3 represents axial pressure. It can be concluded from the curve that the peak
strength and residual strength of the shale sample increase remarkably with the increase of confining
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pressure, and the elastic modulus and axial strain also increase gradually. The Mohr–Coulomb strength
criterion is used to measure the peak strength and confining pressure from Figure 6.Energies 2019, 12, x FOR PEER REVIEW 5 of 26 
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σ1 = kσ3 + b (1)

After the curve is fitted, the following equation can be obtained. In Equation (1), k and b are the
strength coefficients, which can be expressed by the internal friction angle and cohesion:

b = 2c cosϕ/(1− sinϕ) (2)
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k = tan2(45◦ + ϕ/2)
ϕ = 35.36

◦

, c = 27.34 MPa
(3)

where the internal friction angle ϕ of the rock sample is 35.36◦, and the cohesion c is 27.34 MPa,
indicating that the shale sample meets the Mohr–Coulomb strength criterion and has a good linear
correlation with it. On this basis, the shale three-axis unloading test under different unloading rate
conditions was carried out.

2.4. Unloading Test Plan

It can be seen in Figure 6 that under the confining pressure of 60 MPa, the shale sample has no
obvious yielding characteristic when the deviatoric stress reaches 80% of the peak intensity, which is
280 MPa. Therefore, 60 MPa is selected as the unloading confining pressure [7], and the stress point at
80% of the peak strength is selected as the unloading point, that is, 224 MPa. The confining pressure
was unloaded at a rate of 0.05, 0.1, 0.5, and 1.0 MPa/s, respectively, while maintaining the maximum
principal stress the same until the sample was destroyed, reaching the peak of unloading, and then
the experiment was stopped after the apparent stress step appeared. The changing of stress during
unloading is shown in Figure 7. In particular, the part of the curve with the confining pressure in
Figure 8 is a schematic diagram, highlighting the unloading curve. The slope of the real process should
be 45◦, and the maximum principal stress and the confining pressure increase in proportion.Energies 2019, 12, x FOR PEER REVIEW 7 of 26 
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3. Analysis of Test Results

3.1. Analysis of Unloading Experiment

3.1.1. Stress–Strain Curve Analysis of Unloading

As shown in Figure 8, the different unloading rate deviatoric stress–strain curves of shale under 60
MPa confining pressure could be divided into compaction section, loading section, unloading section,
peak section, and residual section. The compaction stage of shale was more apparent and shows that it
had initial damage. Due to the continuous impact of high confining pressure and deviatoric stress, the
shale produced noticeable elastic deformation, and the slope tended to be stable after the curve began
to enter the loading section. Then at the unloading point, there was a significant unloading section, the
curve showed a small amplitude deflection once again, and reached the peak section. It finally entered
the residual section and stopped the test.

Before the unloading point, the stress–strain curves of the shale samples were in the elastic
stage. After the unloading point, the stress–strain curve showed a significant deflection, deviated
from the original straight-line segment, and entered into the next straight-line segment. The slope of
the segment was smaller than the initial slope, that is, the deformation modulus of the rock sample
decreased. As the deviatoric stress continued to increase, the curve deviated from the second straight
line segment and entered the yielding stage. The axial strain also increased further and then came the
peak section. The peak value of the shale stress was different under the condition of unloading rate, and
the deformation and failure were more rapid than the conventional triaxial test. The deviatoric stress
dropped sharply, and the stress slightly increased before the stress–strain curve reached the residual
strength, especially at the unloading rate of and 0.5 MPa/s. Due to the increase of the unloading rate,
the shale ruptured rapidly, and the confining pressure was too late to crush the broken shale, causing
the deviatoric stress to drop too much. Then the broken shale was gradually pressed by the confining
pressure, and the deviatoric stress slowly rose to reach the residual strength. Then, the deviatoric stress
appeared to be the obvious stress step, the axial strain increased further, and the residual strength at
different unloading rates showed a significant difference. The slope was relatively low at 0.05 MPa/s,
relatively high at 1.0 MPa/s, and entered into the straight section again. The strength did not change
significantly until the end of the test; at last, the test system was stopped.

As shown in Table 1, the unloading rate had a significant effect on the axial strain, radial strain,
and peak stress. For axial strain ε1, as the unloading rate increased, the average, from small to large,
rate was 1.7335, 1.7529, 1.648, and 1.837. Although there was a fluctuation, the overall increasing
trend was still obvious. When the unloading rate v∗ was 1.0 MPa/s, the average value of axial strain
reached 1.837%, which was 6.0% higher than 0.05 MPa/s, and the peak value increased by 1.952%.
In terms of radial strain, there was a significant increase with the increase in rate. The average value at
different rates was 0.2459, 0.316, 0.3662, and 0.4212. The shale tended to rapidly increase in the radial
strain under high rate, with an increase of 71.2% compared to 0.05 MPa/s, which was a huge change
compared to the increase of 6.0% in axial strain. That is, under unloading conditions, the radial strain
increased much more than the axial strain. In terms of volumetric strain, it was 1.246, 1.1253, 0.9157,
and 1.102. The volumetric strain showed a decreasing trend with the increase of the unloading rate,
which was gradually weakened by the expansion effect.

In the Table 1, v∗ represents the unloading rate, MPa/s; lg(v∗) represents the logarithm of
unloading rate; (σ1 − σ3)max represents the maximum axial pressure, MPa; lg((σ1 − σ3)max) represents
the logarithm of maximum axial pressure; (σ1 − σ3)

∗ represents the residual stress, MPa; lg((σ1 − σ3)
∗)

represents the logarithm of residual stress; σ∗3 represents the failure confining pressure, MPa; lgσ∗3
represents the logarithm of failure confining pressure.
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Table 1. Experimental plan and related parameters.

Serial
Number

Density
g/cm3 ε1 ε2 ε3

σ3
(MPa) v* (MPa/s) lg(v*) (σ1−σ3)

*
max (MPa) lg((σ1−σ3)

*
max) (σ1−σ3)

*(MPa) lg((σ1−σ3)
*) σ*

3 (MPa) lg(σ*
3)

RF-1-15 2.54 1.78 0.22 1.33 60 0.05 −1.3 229.73 2.36 165.86 2.22 54.27 1.74
RF-4-11 2.51 1.70 0.27 1.16 60 0.05 −1.3 239.61 2.38 151.70 2.18 44.39 1.65
RF-2-6 2.52 1.68 0.30 1.07 60 0.1 −1 233.42 2.39 148.08 2.17 50.79 1.71
RF-3-3 2.52 1.86 0.38 1.11 60 0.1 −1 239.82 2.38 145.49 2.16 44.92 1.65
RF-4-2 2.52 1.74 0.27 1.19 60 0.1 −1 238.48 2.38 174.39 2.24 46.11 1.66
RF-2-5 2.52 1.64 0.36 0.92 60 0.5 −0.3 241.51 2.38 137.32 2.14 43.09 1.63
RF-3-4 2.53 1.62 0.40 0.81 60 0.5 −0.3 240.82 2.38 151.60 2.18 43.57 1.64
RF-3-5 2.53 1.69 0.34 1.02 60 0.5 −0.3 246.22 2.39 132.95 2.12 38.64 1.59
RF-2-2 2.52 1.95 0.45 1.05 60 1.0 0 252.00 2.40 142.00 2.15 32.76 1.52
RF-2-9 2.52 1.73 0.28 1.17 60 1.0 0 249.63 2.40 132.95 2.12 35.11 1.55
RF-4-5 2.53 1.83 0.51 0.82 60 1.0 0 247.88 2.40 125.00 2.10 36.69 1.57
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3.1.2. Comparative Study on the Stress–Strain Curves of Loading and Unloading

The deviatoric stress–strain curves of the 40 and 60 MPa confining pressures in the full-process
stress–strain curve of Figure 5 of shale are extracted, and the typical deviatoric stress–strain curves at
four unloading rates are selected, which is shown in Figure 9.
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The unloading stress–strain curve of the 60 MPa confining pressure in Figure 9 shows that it is
between the 40 MPa confining pressure and the 60 MPa confining pressure of the triaxial loading
test. The stress–strain curve under loading and unloading are entirely different after the peak point.
During the triaxial loading test, the peak intensity is higher, and the curve drop rate is faster, the partial
stress falls by a large piece when the axial stress changes are tiny. Under the unloading conditions, the
peak strength of shale is reduced significantly. At the unloading rate of 0.05 and 0.1 MPa/s, the peak
intensity is very close to the peak intensity of 40 MPa loading curve. At the unloading rate of 0.5 and
1.0 MPa/s, the peak intensity is slightly higher than the peak intensity of the 40 MPa loading and less
than the peak intensity of the 60 MPa loading. At the same time, the residual strength of the unloading
is also reduced. At the unloading rate of 0.05 and 0.1 MPa/s, the residual strength is about 160 MPa,
which is higher than the residual strength of 40 MPa loading curve and less than the 60 MPa loading
curve. While the unloading rate is 0.5 and 1.0 MPa/s, the residual strength is only about 140 MPa,
which is lower than the residual strength under 40 MPa confining pressure, and the curve drop rate
is also weakened. That is to say, compared with the loading curve, the unloading has a noticeable
weakening effect on the peak strength and residual strength of shale samples. At the same time, there
is an excellent relationship between the weakening mechanical parameters and the unloading rate.

3.2. Influence of Unloading Rate on Shale Mechanical Parameters

The peak strength (σ1 − σ3)max and residual stress (σ1 − σ3)
∗ are essential parameters in hydraulic

fracturing mining. They are important indicators that cannot be ignored in regional airtightness
evaluation. As shown in Table 1, the critical analysis of this paper is as follows.

3.2.1. Effect of Unloading Rate on Peak Intensity

Figure 10 is a graph of peak intensity versus unloading rate. Although the peak intensity is discrete,
the total increases with the increase of the unloading rate. Under the condition of high unloading rate,
the deformation of the shale lags behind the stress, and the partial deformation is too late when the
stress reaches a significant value. Thus, the shale exhibits a higher unloading bias stress. In Figure 10,
log(v∗) and lg(σ1 − σ3)max has a significant linear relationship, and are fitted as follows.

lg(σ1 − σ3)max = 0.019lg(v∗) + 2.395, R2 = 0.95 (4)
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(σ1 − σ3)max = (v∗)0.019 + 248.31 (5)

The fitting curve shows that lg(σ1 − σ3)max and log(v∗) has a significant linear correlation, and
the mean is better distributed on the upper and lower sides of the curve. The southern marine shale
experienced multiple periods of uplift and erosion, and the shale reservoir gradually discharged once
and again. The faster the reservoir is lifted, the higher the deviatoric stress of the internal accumulation,
which may be more detrimental to the next exploration and development.
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3.2.2. Influence of Unloading Rate on Destructive Confining Pressure

With the increase of the unloading rate v∗, the destructive confining pressure σ∗3 decreases obviously,
which is shown in Figure 11. In the geological process, the destructive confining pressure usually
corresponds to the overlying stress, which means the overlying stress is becoming smaller and smaller.
These parameters are fitted as follows.

lg(σ∗3) = −0.108lg(v∗) + 1.562, R2 = 0.91 (6)

σ∗3 = (v∗)−0.108 + 36.475 (7)

It can be concluded from the fitting curve that σ∗3 and v∗ have a significant linear negative
correlation, and the mean is also better distributed on the upper and lower sides of the curve. As the
unloading rate increases, the performance of the confining pressure is gradually reduced.
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3.2.3. Effect of Unloading Rate on Residual Stress

Using the data processing method of 3.2.1, as shown in Figure 12, the residual stress (σ1 − σ3)
∗

and the unloading rate v∗ are closely related. With the increase of v∗, the residual strength gradually
decreases, indicating that v∗ has a weakening effect to the shale, although the data has a discrete type,
the mean has a distinct linear relationship and fits it as follows.

lg(σ1 − σ3)
∗ = −0.061lg(v∗) + 2.126, R2 = 0.974 (8)

(σ1 − σ3)
∗ = (v∗)−0.0611 + 164.48 (9)

Figure 12 shows that with the increase of unloading rate, the mechanical parameters of shale
significantly changed, and the residual stress decreased dramatically. The residual stress can reflect the
residual strength of the shale reservoir after the geological movement and the hydraulic fracturing
during the development process. It is of great significance for the settlement of the site, the deformation
of the ground, and the study of the disaster mechanism of shale gas exploration and development.
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3.3. Influence of Unloading Rate on Shale Failure Characteristics

In Figure 13, it shows that the failure modes of the shale triaxial unloading test at different
unloading rates, corresponding to the samples in Table 1, which can be concluded that the shale failure
pattern and the unloading rate v∗ have a great relationship.

When v∗ is 0.05 MPa/s, the failure mode of the rock is milder and the damage is more uniform.
Based on a typical single bevel shear failure, the shear surface runs through the entire shale, which has
visible friction marks.

When v∗ is 0.1 MPa/s, the shale fracture morphology began to become complicated. In addition to
the oblique section shear failure, fine cracking begins to occur, concentrated on the edge of the shear
band. As shown by the arrows in Figure 13b, several tiny cracks perpendicular to the shear band
appear and penetrate the entire cleaved surface to form a macroscopic network of cracks. According to
the analysis, due to the increase of the unloading rate, the weak structural surface inside the shale
sample is opened in the vertical direction under the action of shearing force, forming a small part of
local cracking.

When v∗ is 0.5 MPa/s, the rupture characteristics tend to be apparent, and the central shear zone
still runs through the entire shale sample. At the same time, at the height of one third and one half of
the sample, 0◦, that is, the crack of the bedding plane occurs. With the further increase of the unloading
rate, the bedding plane is also cracked due to the local tension stress resulted from the accelerated rate.
There are secondary lateral distribution cracks between the fracture surfaces, and the shale fracture grid
tends to be complicated. In the RF-2-5 sample, the sample at the intermediate position, a secondary
shear band appears. Although a macroscopic crack is formed, the through slit is not formed.
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When v∗ is 1.0 MPa/s, with the primary shear zone, the frequency of the secondary non-penetrating
shear band increases, and as the unloading rate increases gradually, the weak layer and the structural
plane continue to crack, showing the simultaneous shearing of the three shear bands. There are
secondary shear bands parallel to the main shear zone, horizontal cracks parallel to the bedding seam,
and cracks perpendicular to the primary shear zone. These cracks cause the instability and destruction
of the shale as a whole and eventually form a complex fracture network, which quickly leads to the
leakage of shale gas during geological changes and affects its exploration and development.

4. Discussion of Rock Brittleness

4.1. Evaluation of Rock Brittleness

The brittleness of shale can significantly affect the stability of the borehole wall and the fracturing
effect during on-site development. It is a crucial indicator for evaluating the mechanical properties of
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the reservoir and is an essential basis for selecting the perforation reconstruction layer and designing
the fracturing technology [28]. The establishment of brittleness indicators will help to analyze the
brittleness of shale further.

At present, scholars at home and abroad have proposed a variety of methods based on energy,
hardness, mineral composition, logging curve, expansion inflection point, pump pressure curve,
debris content, fracture toughness, tensile strength ratio, full stress–strain curve, etc. The brittleness
evaluation methods are summarized in Table 2 as a total of 33 kinds. Most of their research results
are based on their respective research purposes and are used in their respective fields. Based on the
stress–strain curve, this paper comprehensively compares several brittleness evaluation methods and
attempts to explore their application under unloading conditions.

Hou et al. [27] combine brittleness and stress drop coefficient P, softening modulus M, and brittle
drop coefficient R:

R = −(εB − εA)/(εM − εA) (10)

M= (σa − σr)/(εA − εB) (11)

P = (σa − σr)/σa (12)

where σa represents the peak intensity of the sample at point A, σr represents the residual strength of
the sample at point B, and εA, εB, εM represent the axial strain of the sample at points A, B, and M,
respectively in Figure 14.Energies 2019, 12, x FOR PEER REVIEW 17 of 26 
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Figure 14. Stress–strain curve of brittle rock [27].

Then the brittleness index B1, B2, B3 are defined, and the normalization is done:

B1 = exp(−R) (13)

B2 = (σa − σr)/σa (14)

B3 = 1− exp(M/E) (15)

Comprehensive evaluation coefficient Bd1 and Bd2 are proposed (i.e., in Table 3):

Bd1 = αB1 + βB2 + γB3 (16)

Bd2 = B1 × B2 × B3 (17)

where α+ β+ γ = 1, α, β, γ represents the weights in the total brittleness index B1, B2, B3, respectively,
and can be valued according to the same standard, or may be based on the focus of the project and the
different purposes of the research.
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Table 2. Research table of brittleness evaluation methods from domestic and foreign scholars.

Method Equation Description Resource

Pressing ratio B1 = σcσt/2 Mean of the product of uniaxial compressive strength σc and tensile
strength σt.

Altindag [29]

Pressing ratio B2 = (σcσt/2)1/2 The function of uniaxial compression σc and tensile strength σt ratio. Altindag [29]

Pressing ratio B3 = σc/σt The ratio of uniaxial compressive strength σc to tensile strength σt. Hucka and Das [30]

Pressing ratio B4 = (σc − σt)/(σc + σt) The function of uniaxial compression and tensile strength ratio. Hucka and Das [30]

Hardness test B5 = (Hm −H)/K H is the macro hardness and Hm is the micro hardness. Honda and Sanada [31]

Hardness, fracture test B6 = HE/KIC
2 H is a hardness coefficient, E is Young’s modulus, and KIC is the

fracture toughness. J. B. Quinn and G. D. Quinn [32]

Hardness, fracture test B7 = H/KIC
H is a hardness coefficient, E is Young’s modulus, and KIC is the
fracture toughness. Lawn and Marshall [33]

Hardness test B8 = KIC/(σyh1/2)
KIC is the fracture toughness, σy is the yield stress, and h is the
characteristic size of the sample. Bazant and Kazemi [34]

Bazant curve B9 = EGF/σt
2 The ratio of elastic energy to fracture energy, GF is the fracture energy,

E is elastic modulus, and σt is Hllebrgorg characteristic length value. Bazant and Kazemi [34]

Cohesion-weakening-friction-strengthening
(CWFS) model

B10 = (ε f
p
− εc

p)/εc
p ε

p
f and εp

c is the plastic strain when the friction strength and cohesive
force reaches the final limit value, respectively.

Hajiabdolmajid et al. [35]

Penetration test B11 = Pdec/Pinc The ratio of incremental load to decay load. Copur [36]

Penetration test B12 = Fmax/P The ratio of the maximum impact load to the penetration depth. Yagiz [37]

Impact test B13 = S20 Percentage of fine debris less than 11.2 mm in diameter. Blindheim and Bruland [38]

Impact test B14 = qσc
q is the percentage that less than 0.6 mm of debris and σc is uniaxial
compressive strength. Protodyakonov [39]

Mohr stress circle B15 = sinϕ Sinusoidal value of internal friction angle. Hucka and Das [30]

Mohr stress circle B16 = 45◦ + ϕ/2 The function of the internal friction angle. Hucka and Das [30]

Mineral composition analysis B17 = (Wqtz + Wcarb)/Wtotal The ratio of brittle mineral content to total mineral content. Rickman et al. [40]

Mineral composition analysis B18 =
wqtz
wtotal
× 100% The ratio of quartz to total mineral content. Jarvie [41]

Energy dissipation, stress–strain curve B19 = dWr
dWe

The ratio of rupture energy per unit volume consumption to elastic
energy released internally. Heng et al. [42]

Stress–strain curve B20 = (εBRIT − εn)/(εm − εn)
+ αCSBRIT + βCSBRIT + η

The sum of the peak strain index and the post-peak curve
shape index. Li et al. [43]
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Table 2. Cont.

Method Equation Description Resource

Stress–strain curve B21 = Wr/W The ratio of recoverable strain energy to total energy. Hucka and Das [30]

Stress–strain curve B22 = A2/A1

A1 is the area under the oblique line of the peak intensity point with
the deformation modulus as the slope and A2 is the area under the
loading curve.

Aubertin et al. [44]

Stress–strain curve B23 = ασcε f /(σtεb)
σc is uniaxial compressive strength, σt is tensile strength, ε f and εb is
a pre-peak and a post-peak strain, respectively, and α is
adjustment parameter.

Feng et al. [45]

Stress–strain curve B24 = ε1i

ε1i is an unrecoverable axial strain when the specimen is broken, it is
brittle when ε1i < 3%, brittle plasticity when ε1i at 3%–5%, and
plasticity when ε1i > 5%.

George [46]

Stress–strain curve B25 = E + ν The ratio of normalization of elastic modulus and Poisson. Rickman et al. [40]

Stress–strain curve B26 = εr/ε The ratio of recoverable strain εr to total strain ε. Hucka and Das [30]

Stress–strain curve, Fracture test B27 = Lσt
2/EGF

The ratio of elastic energy to fracture energy, GF is the fracture
energy, E is elastic modulus, and σt is characteristic length value. Bazant and Kazem [34]

Stress–strain curve B28 = (τp − τr)/τp τp is the peak strength and τr is the residual strength. Bishop [47]

Stress–strain curve B29 = (εp − εr)/εp The function of is peak strain εp and residual strain εr. Ajiabdolmajid and Kaiser [35]

Stress–strain curve B30 = dWr/dWe = (E−M)/M The ratio of fracture damage energy to pre-peak elastic strain energy
after rock rupture peak. Stavrogin and Tarasov [48]

Stress–strain curve B31 =
τp−τr
τp

lg
∣∣∣kac(AC)

∣∣∣
10

τp is the peak strength, τr is the residual strength, and kac(AC) is the
slope of different peak intensity points to the drop point, respectively. Zhou et al. [49]

Stress–strain curve B32 = α exp
[

εB−εA
(σr+σ3−2µσ3)/E−εA

]
+β(1− σr/σa) + γ[1− exp(M/E)]

σa is the peak strength, σr is the residual strength, εA, εB, and εM are
the axial strain and α+ β+ γ = 1. Hou et al. [27]

Stress–strain curve B33 = exp
[

εB−εA
(σr+σ3−2µσ3)/E−εA

]
×(1− σr/σa) × [1− exp(M/E)]

σa is the peak strength, σr is the residual strength, and εA, εB, and εM
is the axial strain. Hou et al. [27]
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Table 3. Table of detailed parameters of shale sample brittleness.

Parameters

Confining Pressure
0 20 40 60 80

εB 0.76 1.21 1.71 1.86 2.37
εA 0.76 1.16 1.53 1.72 1.91
E 11.10 16.09 17.38 18.82 18.83
σr 35.58 106.18 149.83 196.79 216.49
σ3 0.00 20.00 40.00 60.00 80.00
µ 0.24 0.18 0.17 0.21 0.23
σA 90.58 162.42 239.33 280.45 306.60
M −1375.00 −117.17 −52.34 −60.63 −19.34
B1 1.00 1.01 1.02 1.01 1.04
B2 0.61 0.35 0.37 0.30 0.29
B3 1.00 1.00 0.95 0.96 0.64
Bd1 0.87 0.78 0.78 0.76 0.66
Bd2 0.61 0.35 0.36 0.29 0.20

Combined with the triaxial stress–strain curve of the samples in Figure 5, and when α = β = γ =

1/3 is selected, then the following table can be developed.
It can be seen that the brittleness of the shale sample is well characterized by the brittleness index

Bd1 and Bd2, and they decrease continuously with the increase of confining pressure, which plays a
proper role in the characterization with the failure of samples in the 3.3-page. Additionally, compared
with Bd1, the numerical range of Bd2 is more extensive, and the high brittleness characteristics of shale
samples under uniaxial compression can be highlighted, which proves the useful application of the
method in triaxial loading test.

4.2. Evaluation of Brittleness during Unloading

4.2.1. Existing Brittleness Evaluation Method

It is equally important to evaluate the brittleness under unloading conditions. The method of the
same literature [28] is used to select the peak intensity point A1 to A11, the residual unloading rate B1

to B11, the residual intensity point, and the intersection with the elastic section M1 to M11, which is
shown in Figure 15:
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After a large number of parameter calculations, Table 4 can be obtained. The first row 1–11 of the
table corresponds to the 11 unloading curves in Figure 16, and each curve is divided into three points:
M, A, and B. Where point A is the peak point of the stress–strain curve, representing the maximum
intensity of the pattern at the time of unloading; point B is the brittle drop point, representing the
residual intensity after the peak; and point M is the intersection of the parallel line of the point B and
the elastic section. Furthermore, σA, σB, σM, respectively correspond to the stress values of points
A, B, and M in Figure 16, whose unit is MPa. εA, εB, εM represents the axial strain values of three
points: A, B, and M, respectively, whose unit is %. E is the elastic modulus, whose unit is Gpa. µ is
the Poisson’s ratio, dimensionless. M is softening modulus, dimensionless. B1, B2, B3 are different
brittleness indicators, dimensionless. Bd is the comprehensive evaluation coefficient, dimensionless.

Table 4. Evaluation form of shale unloading brittleness index.

Parameters
No.

1 2 3 4 5 6 7 8 9 10 11

σA 230.26 240.44 233.42 239.82 238.61 241.51 240.82 246.22 252.00 249.63 247.88
σB 160.10 113.15 91.95 133.20 111.36 144.95 116.54 120.80 142.00 137.48 122.59
σM 160.10 113.15 91.95 133.20 111.36 144.95 116.54 120.80 142.00 137.48 122.59
εA 1.57 1.45 1.51 1.54 1.57 1.45 1.47 1.46 1.67 1.51 1.57
εB 2.27 2.46 2.19 2.22 1.99 2.27 2.23 2.03 2.48 2.30 2.33
εC 1.01 0.65 0.55 0.74 0.69 0.79 0.71 0.71 0.81 0.77 0.77
E 17.81 17.74 18.44 18.28 16.69 18.52 17.56 18.07 17.35 18.16 17.03
u 0.21 0.27 0.29 0.26 0.27 0.32 0.26 0.25 0.24 0.23 0.25
M −10.02 −12.60 −20.80 −15.68 −30.30 −11.78 −16.35 −22.00 −13.58 −14.20 −16.49
B1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
B2 0.30 0.53 0.61 0.44 0.53 0.40 0.52 0.51 0.44 0.45 0.51
B3 0.43 0.51 0.68 0.58 0.84 0.47 0.61 0.70 0.54 0.54 0.62
Bd1 0.58 0.68 0.76 0.67 0.79 0.62 0.71 0.74 0.66 0.66 0.71
Bd2 0.13 0.27 0.41 0.26 0.45 0.19 0.31 0.36 0.24 0.24 0.31

At four unloading rates, the elastic modulus is relatively close, fluctuating between 16.69 and
18.52, and the average values are 17.78, 17.80, 18.05, and 17.51 GPa, respectively. Poisson’s ratio is
also relatively close, fluctuating between 0.21 and 0.32, the average values are 0.24, 0.27, 0.28, and
0.24, respectively.

According to the above table, the brittleness index Bd1 shows a trend of increasing first and then
decreasing. The average values at the four unloading rates are 0.63, 0.74, 0.69, and 0.68, respectively,
and the brittleness fluctuates significantly under the same unloading rate, such as the unloading
rate 0.05 MPa/s, it is 0.58 and 0.68, respectively. The obtained discrete type of Bd1 is higher, which
is inconsistent with the brittleness of the fractured specimen. The brittleness index Bd2 also shows
a trend of increasing first and then decreasing. The average values at the four unloading rates are
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respectively 0.24, 0.27, 0.28, and 0.24, the gap is small, and the brittleness of shale samples under
unloading conditions cannot be characterized. According to the analysis of this paper, the stress path
segment from the unloading point to the deviatoric stress is ignored during the calculation, as shown
in Figure 16.Energies 2019, 12, x FOR PEER REVIEW 20 of 26 
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Combined with Figure 10, it can be concluded that the unloading stress–strain curve of the 60
MPa confining pressure is between the 40-0 MPa confining pressure of the triaxial loading. The peak
intensity during loading is higher, and the curve is dropped faster. When the dropping rate is faster,
the axial strain changes are small, the partial stress falls by a significant amount, and the absolute value
of the softening modulus M is higher. Under the unloading condition, the peak strength of the shale is
reduced obviously, the residual strength of the unloading is also reduced, and the curve drop rate is also
weakened, which shows that the absolute value of the softening modulus M is lower. That is, under
the unloading conditions, the M value cannot accurately reflect the softening modulus of the sample.
Moreover, the brittleness index evaluation method in [27] only considers the deformation modulus E
in the elastic deformation stage, and does not take into account the deformation modulus change after
the unloading point. Therefore, the method is suitable for the triaxial loading test and does not apply
to the evaluation of rock brittleness at different unloading rates with the same confining pressure.

4.2.2. Proposal of Brittleness Evaluation Method Considering Unloading Conditions

Aiming at the above problems, the author proposes a brittleness evaluation method based on the
unloading stress–strain curve. This method can consider the influence of different unloading rates on
shale brittleness characteristics under the same confining pressure condition, and can be related to
reservoir geology to analyze the brittleness of the reservoir further, providing a basis for the mining of
preferred high brittle blocks and hydraulic fracturing.

After the unloading point in Figure 16, the magnitude of the deviatoric stress changes significantly
at different unloading rates. Therefore, let the unloading point be U, them the unloading deformation
modulus EU is proposed, which is taken from the amount of change between the deviatoric stress and
the axial strain, between the peak point A and the unloading point U, that is, the discontinuous line at
the unloading point in Figure 17 to the discontinuous line at the peak of the respective rate, which is:

EU = (σA − σU)/(εA − εU) (18)

where σA, σU represents the intensity of the unloading point A and the peak point U, respectively, and
εA, εU represents the axial deformation of the point A and the point U, respectively. By calculation, the
following table can be obtained (the sample number in the table omits the previous RF).
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As the unloading rate increases in Table 5, there is a significant increase from the lowest of 15.74 to
65.38 GPa in EU. Therefore, the total elastic modulus based on both loading and unloading is proposed:

ET = φE + γEU (19)

where ET is the total elastic modulus that considered both the loading and unloading, E is the elastic
modulus of the elastic section before the unloading point, EU is the unloading elastic modulus, φ and
γ are the composite coefficient, and φ+ γ = 1. Then the Equation (18) is substituted into (19), and
Equation (20) can be got.

ET = φE + γ(σA − σM)/(εA − εM) (20)

Table 5. Unloading elastic modulus parameter table.

No. 1-15 4-11 2-7 3-3 4-2 2-5 3-4 3-5 2-2 2-9 4-5

EU/GPa 15.74 38.73 22.59 26.50 41.25 44.90 58.40 50.50 42.68 65.38 52.60

Because M and E are covered by B3 in the literature [28] and E is also covered in B1, B1, B2 and B3

are not independent. So they cannot be fitted to Bd1 and Bd2, then B3 is deleted and ET is imported,
and the brittleness evaluation index BU1 and BU2, which consider the loading and unloading part, can
be established.

BU1 = α · exp
{

[φE + γ(σA − σM)/(εA − εM)] × (εB − εA)

σr + σ3 − 2µσ3 − [φE + γ(σA − σM)/(εA − εM)]εA

}
+ β · (1−

σr

σA
) (21)

BU2 = exp
{

[φE + γ(σA − σM)/(εA − εM)](εB − εA)

σr + σ3 − 2µσ3 − [φE + γ(σA − σM)/(εA − εM)]εA

}
× (1−

σr

σA
) (22)

where φ+ γ = 1, α+ β = 1, the value of φ and γ can fully consider the size of the unloading rate and
the difference of the unloading point and the value of α and β can measure the different effects of stress
and strain on the brittleness. Under the same confining pressure condition, σ3 is generally a fixed
value, E is the elastic modulus of the elastic section before the unloading point, µ is the Poisson’s ratio
of the pattern, and the remaining parameters can be read in the stress–strain curve.

4.2.3. Verification of the Brittleness Method and Comparison with Others

In the unloading test of this paper, due to the discrete difference of some samples, it has a small
range of fluctuations of E, but EU has a more significant influence on the peak strength and brittleness of
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the unloading, so φ is taken as 0.4 and γ is taken as 0.6, which are more suitable for the actual situation
during unloading. Then α and β are both taken as 0.5, and ET can be calculated, as shown in Table 6.

Table 6. Table of total elastic modulus.

No. 1-15 4-11 2-7 3-3 4-2 2-5 3-4 3-5 2-2 2-9 4-5

ET/GPa 16.57 30.33 20.93 23.21 31.43 34.35 42.06 37.53 32.55 46.49 38.37

Then ET can be substituted into Equations (21) and (22), and the brittleness index BU1 and BU2

can be got.
From the comparison of the new methods and Hou’s method in Figure 17 and Table 7, we can

easily obtain that there are fluctuations between BU1 and BU2, which means they cannot characterize
the brightness of the shale during the unloading. The average value of BU1 and BU2 can be calculated
and obtained at each unloading rate, the average values of BU1 at 0.05, 0.1, 0.5, and 1.0 MPa/s are:
0.819, 0.843, 0.903, and 0.909, respectively. It has a good brittleness characterization with the unloading
damage and parameter changes in Chapter 3, and the feasibility of the brittleness evaluation method is
verified. The average values of BU2 at 0.05, 0.1, 0.5, and 1.0 MPa/s are 0.526, 0.612, 0.635, and 0.628.
As the unloading rate increases, the overall trend of BU2 shows an upward trend and there is a small
fluctuation at the unloading rate of 1.0 MPa/s. BU2 can also characterize the rock sample at different
unloading rates, but it is weaker than the characterization of BU1.

Table 7. Table of the brittleness indicator parameter.

No. 1-15 4-11 2-7 3-3 4-2 2-5 3-4 3-5 2-2 2-9 4-5

BU1 0.688 0.950 0.893 0.789 0.846 0.836 0.993 0.880 0.842 0.947 0.937
BU2 0.326 0.725 0.716 0.504 0.617 0.508 0.759 0.637 0.545 0.649 0.692

5. Conclusions

In this paper, the axial compression loading and confining pressure unloading test is carried
out under the confining pressure of 60 MPa. The relationship between the unloading rate and the
mechanical characteristics of the shale is discussed, also the brittleness of shale under the unloading
path are analyzed. The following conclusions are obtained:

(1) With the increase of unloading rate v∗, the axial strain and radial strain increases, the radial strain
is more significant, and the volumetric strain is reduced gradually, which shows that the dilatancy
is weaker. The unloading rate has a strengthening effect on the peak deviatoric stress and has
a weakening effect on the residual deviatoric stress and the confining pressure, and there is a
typical linear relationship between them. The modulus of elasticity decreases and the logarithm
of the peak intensity has a significant linear relationship with the logarithm of the strain rate.

(2) When v∗ is 0.05 MPa/s, the shale failure mode is mild, which is a typical single slope shear failure.
When v∗ is 1.0 MPa/s, the shale fracture morphology is more complicated, the shear fracture
surface is increased, and some bedding surface cracks. There are fine vertical distribution cracks
between the fracture surfaces, and the shale fracture is sufficient, which shows the simultaneous
development of multiple shear zones and synchronous cracking inside the layers, resulting in the
overall instability of the shale.

(3) The brittleness evaluation methods are summarized as a total of 33 kinds, and the brittleness
of shale samples is well characterized by the brittleness index Bd1 and Bd2 during the loading
process, they decrease continuously with the increase of confining pressure, which plays a good
role in the characterization of the uniaxial failure and the triaxial failure. What is more, compared
with Bd1, the numerical range of Bd2 is larger, and the high brittleness characteristics of shale
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samples under uniaxial compression can be highlighted, which proves the effective application of
the method in triaxial loading test.

(4) Aiming at the shortage of Bd1 and Bd2 during the unloading process, this paper proposes a
brittleness evaluation method based on the unloading stress–strain curve, which can consider the
influence of different unloading rates, and there is a good brittleness characterization between
the unloading damage and parameter changes of BU1 and BU2. This can be related to reservoir
geology to analyze the brittleness of the reservoir further, providing a basis for the mining of
preferred high brittle blocks and hydraulic fracturing.

The following research will continue to focus on the unloading rate, explore the shale unloading
test at different bedding angles under different confining pressure conditions, and deeply explore the
shale unloading mechanism.
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Nomenclature

ε1 Axial strain, mm/mm
ε2 Radial strain, mm/mm
εv Volumetric strain, mm/mm
σ1 Major principal stress, MPa
σ3 Confining pressure, MPa
σ1 − σ3 Axial pressure, MPa
k Strength coefficient, -
b Strength coefficient, -
ϕ Internal friction angle, ◦

c Cohesion, MPa
v∗ Unloading rate, MPa/s
lg(v∗) The logarithm of unloading rate, -
(σ1 − σ3)max Maximum axial pressure, MPa
lg((σ1 − σ3)max) The logarithm of maximum axial pressure, -
(σ1 − σ3)

∗ Residual stress, MPa
lg((σ1 − σ3)

∗) The logarithm of residual stress, -
σ∗3 Failure confining pressure, MPa
lgσ∗3 The logarithm of failure confining pressure, -
P Stress drop coefficient, -
M Softening modulus, -
R Brittle drop coefficient, -
σa The peak intensity of the sample at point A, MPa
σr Residual strength of the sample at point B, MPa
εA Axial strain of the sample at points A, %
εB Axial strain of the sample at points B, %
εM Axial strain of the sample at points M, %
εU Axial strain of the sample at points U, %
B1 Brittleness index, -
B2 Brittleness index, -
B3 Brittleness index, -
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Bd1 Evaluation coefficient, -
Bd2 Evaluation coefficient, -
σA Stress values of point A, MPa
σB Stress values of point B, MPa
σM Stress values of point M, MPa
σU Stress values of point U, MPa
E Elastic modulus, GPa
µ Poisson’s ratio, -
α Weights coefficient, -
β Weights coefficient, -
γ Weights coefficient, -
ET Total elastic modulus, GPa
EU Unloading elastic modulus, GPa
φ Composite coefficient, -
γ Composite coefficient, -
BU1 Brittleness evaluation index, -
BU2 Brittleness evaluation index, -
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