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The disturbance due to coal mining causes the surrounding rock to undergo a complex
process of stress changes during which the axial pressure and the confining pressure
usually change accordingly at the same time. Existing studies generally investigated this
process from a static perspective, which was not rigorous. The mechanical
characterization of rock is very important to understand the failure of rock mass and
the safety of mining during mining disturbance. Based on theoretical analysis, we
conducted axial loading and radial unloading tests on the cracked sandstone, which
was combined with the ultrasonic testing technology to examine its failure rules and to
characterize and analyze its failure process using longitudinal wave velocity. The results
demonstrated that crack length and angle had a significant impact on the strength and
mechanical properties of sandstone, and the former had a greater impact on the strength
of sandstone than the latter. As the crack length increased, the strength, elastic modulus,
and deformation modulus of sandstone decreased, and the strength of sandstone
increased as the crack angle increased. Elastic and deformation moduli first decreased
and then increased. Furthermore, Poisson’s ratio increased slowly, then decreased slowly,
and finally increased rapidly as the lateral pressure coefficient diminished, and Poisson’s
ratio was more sensitive to changes in the angle. In this study, the change of longitudinal
wave velocity reflected the whole process of sandstone failure. When the wave velocity
was stable, the rock was at the yield limit point. Moreover, when the wave velocity was
unstable, the sandstone was in a progressive failure period, and as a result, the wave
velocity decreased and the sandstone cracked.

Keywords: cracked sandstone, mining-induced stress path, deformation characteristics, failure characteristics,
ultrasonic velocity

INTRODUCTION

There are a large number of natural cracks in the rock mass (Hoxha et al., 2005) that will develop and
finally form a crack network under the influence of the rock mass structure, crustal stress, and coal
mining. This changes the structure and mechanical properties of the cracked rock mass and destroys
the integrity of the rock mass (Xue et al., 2021; Long et al., 2018; Zhang et al., 2019; Hu et al., 2022;
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Huang et al., 2016a). Furthermore, it may cause geological
disasters and huge safety hazards to normal production
operations, especially in deep surrounding rocks with complex
stress environments, because a slight disturbance may cause great
damage (Zhao et al., 2019; Niu et al., 2020; Zhou and Bi, 2012;
Zhao et al., 2020). In the coal mining process, the surrounding
rock affected by mining disturbance experiences a process in
which the axial pressure first increases and then decreases until it
is destroyed, and the confining pressure gradually decreases
during this period (Figure 1) (Xie et al., 2011; Meng et al.,
2017; Liang et al., 2020). As the mining work advances, the
axial pressure at point A first increases and then decreases, while
the confining pressure is always decreasing. The deformation
characteristics, strength characteristics, and mechanical
characteristics of surrounding rock under dynamic disturbance
are quite different from those under static load (Xie et al., 2009;
Gao et al., 2019; Guo and Yu, 2021). Usually, the confining
pressure is in an unloaded state when the axial pressure increases.
The static loading ignores the impact of engineering activities on
coal and rock mass, and cannot reflect the in-situ stress state of
rock mass and mining path (Kolymbas et al., 2012; Chanyshev
and Abdulin, 2014; Cheng et al., 2019; Behera et al., 2020).
Therefore, considering the in-situ state of the rock mass and
the mining path, the study of the instability and failure law of the
surrounding rock during coal seam mining is important for
surrounding rock support.

Several scholars and experts have already studied the
mechanical behavior and strength change law of rock under
the action of mining. Lu et al. (2020) and Zhang et al. (2018)
studied the deformation and failure of surrounding rock under
different true triaxial stress paths under original rock stress
conditions. Bai et al. (2019) used true triaxial equipment to
study surrounding rock under excavation conditions and to
investigate three-dimensional stress change and its failure law.
Xie et al. (2011) and Peng et al. (2015) conducted the

conventional triaxial unloading tests under the mining-
induced stress for three types of typical mining layouts to
investigate the mining-induced mechanical behavior of rock in
front of the longwall panel. The results indicated that the energy
dissipation during mining unloading was smaller than that in the
conventional laboratory tests. Li and Sun, (2021), Yang et al.
(2018), and Zhao J. et al. (2020) analyzed the excavation process
with the help of laboratory tests and numerical simulation
methods. They believed that mining disturbances would affect
the stress distribution law, displacement, and failure law of
surrounding rock, and local stress concentration would have a
greater impact on crack propagation. Among them, it has obvious
effects on crack propagation, rock failure mode and mechanical
properties of mining or excavation (Gao et al., 2005; Ghamgosar
and Erarslan, 2016; Yin and Chen, 2020).

To explore the influence of underground excavation activities
on rock masses, scholars have carried out a lot of research on this
topic from a dynamics or statics perspective. Yang and Hu, (2020)
studied the crack initiation and crack propagation law under the
condition of unloading of the confining pressure, and investigated
their influence on rock fracture. Zhou and Bi. (2015) studied the
impact of the unloading rate and dynamic parameters on the
stress field and crack development law of surrounding rock
during dynamic unloading. Through the triaxial compression
test and numerical simulation. Cong et al. (2020) explored the
influence of the unloading stress level on the failure mechanism of
the specimen from macroscopic and microscopic perspectives. Li
et al. (2020) and Tao et al. (2013) used LS-DYNA to simulate the
unloading process of the rock under three-dimensional stress
during the underground excavation process and analyzed the
rock failure process from the perspective of energy release. Zhao
et al. (2021) analyzed the changes of rock crack propagation and
elastic modulus and Poisson’s ratio under cyclic loading and
unloading. Liu et al. (2017) and Yan et al. (2020) analyzed the
fatigue deformation modulus, and energy evolution and crack

FIGURE 1 | Stress diagram of the roof in coal mining.
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growth laws of jointed rock masses under loading and unloading
conditions from the dynamic and static perspectives. Under
different stress paths, the stress-strain curve, irreversible strain,
elastic modulus, and Poisson’s ratio of the fractured rock mass
show significant differences (Liu et al., 2017; Shi et al., 2020). In
particular, the confining pressure has a significant effect on the
expansion of the fracture and the macro-mechanical properties of
the rock (Huang et al., 2016b; Liu and Dai. 2018; Yang and Zhang,
2020). However, these studies failed to represent rock behavior
under mining-induced stress conditions.

In this research, we performed an experimental study to realize
the influence of the inclination and size of a single crack on the
mechanical properties of sandstone under complex stress paths.
In this regard, we collected the acoustic wave velocity data in a
damaged layer of sandstone to characterize the process of rock
damage. Through the Geotechnical Consulting and Testing
Systems triaxial rock testing system (GCTS RTX3000), the
stress path of the surrounding rock during coal mining was
designed to simulate the crack process of the cracked
sandstone. In this way, the mechanical properties of the
sandstone specimen with a single crack were examined, and
the relationship between the width of the sandstone crack and
the acoustic wave velocity was established. This is useful for
assessing the impact of coal mining on the surrounding rock and
engineering safety.

TEST METHODOLOGY

Sample Preparation
Sandstone samples were cut from a single block without visible
cracks and processed into cylinders with a diameter of 50 mm and
a height of 100 mm. The specimens were polished on both sides to
ensure that they were flat, which met the requirements of the
International Society for Rock Mechanics and Engineering. The
cracks with different lengths and inclination angles were
prefabricated in the center of the specimens, and the width of
the cracks was 1 mm. In Table 1, D and H denote the diameters
and heights of the specimens, respectively, and α and 2L indicate
the inclination angle of the cracks and length of the specimens.
Each experiment was conducted three times.

Experimental Setup
The mechanical behaviors of the sandstone were examined
using a stiff servo-controlled testing machine, GCTS Triaxial

Rock Testing System (RTX-3000) (Figure 2A), which had a
frame stiffness of 10 GN/m. The testing machine was
equipped with a triaxial confining pressure cell of
210 MPa as well as linear variable differential
transformers (LVDTs) for axial and circumferential strain
measurements, and the maximum confining pressure can be
loaded up to 70 MPa. A thermoplastic membrane was
wrapped around the specimens during the tests.
Moreover, the two axial extensometers that were fixed on
black rings existing on the sides of the specimens were the
axial strain LVDTs, and the central rim was the radial strain
LVDT. The measurement range is from −6 to 6 mm, and the
measurement error is less than 0.25%. Then external loads
were applied to the specimens using the loading platens.
After launching wave transducers that were mounted
between the top and bottom platens, they received the P
and S wave signals.

The test scheme was designed based on the 8,203 working face
of the Datong Tongxin coal mine, Datong City, Shanxi Province,
China. The initial rock stress of the immediate roof was 15 MPa
σ1, σ2, and σ3 represent the three-dimensional stresses applied on
the rock samples to simulate the stress state of rock mass during
excavation. The hydrostatic pressure (σ1 = σ2 = σ3) was imposed
with a rate of 3.0 MPa/min up to 15 MPa. Then σ1 was
simultaneously raised to 22.5 MPa at the rate of 1.125 MPa/
min, and σ3 was simultaneously reduced at the rate of
0.5 MPa/min. Finally, while reducing σ3 at the rate of 0.5 MPa/
min, the stress σ1 was increased with a rate of 10 MPa/min until
rock failure occurred (Figure 2B).

RESULTS

Stress-Strain Curves of Sandstone With
Different Single-Crack Geometries
The stress-strain curves of sandstone with different single-crack
geometries are depicted in Figures 3, 4, indicating relationships
between (σ1 − σ3) and ε1 , ε3, and εv. It can be observed that the
changing trend of the (σ1 − σ3) vs ε1 curves of the damaged and
intact samples were similar and both underwent elastic
deformation and yield failure.

As crack length increased during elastic deformation, the
elastic limit decreased significantly (Figure 3A). For sandstone
samples with different single-crack angles (Figure 4A), the elastic
limits of sample B3 and the intact sandstone were essentially the
same, revealing that when the crack angle was 90°, the elastic limit
was insensitive to elastic deformation. However, it must be noted
that some cracks likely propagated in sample B3 because of the
stress concentration near the tips of the pre-existing single crack,
which was clearly different from the initially intact sample.
Sample B1 had the smallest elastic limit, and σP and ε1
changed most rapidly, resulting in a positive volume strain.
This demonstrated that a crack angle of 30° was very
influential on the mechanical properties of the sandstone.

During the failure stage, the sandstone deformation changed
from purely elastic to elastic-plastic and the stress concentration
near the tips of the pre-existing single crack becamemore apparent.

TABLE 1 | Physical properties of sandstone specimens.

Specimens H/mm D/mm α/° 2L/mm

A2 100.31 50.02 60 10
B2 100.25 49.93 60 15
C2 100.10 50.01 60 20
D2 100.66 49.88 60 25
B0 100.21 49.76 0 15
B1 100.17 49.90 30 15
B3 100.10 49.50 90 15
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Therefore, the (σ1 − σ3) vs ε curve deviated from elastic behavior
and showed distinctly non-smooth stress-strain behavior,
especially for samples with different crack angles (Figure 4A).

The |εV| of the single-crack samples, especially the strain
near σP, was smaller than that of the intact sandstone sample
(Figures 3B, 4B). Furthermore, the degree of plastic

FIGURE 2 | Test equipment and plan. (A) The true-triaxial module of GCTS triaxial rock testing system (RTX-3000). (B) The stress path of σ1 and σ3.

FIGURE 3 | Stress-strain curve of sandstone samples with different crack lengths and an intact sample: (A) deviator stress vsminimum principal strain; (B) deviator
stress vs volumetric strain (A2, 60°, 10 mm; B2, 60°, 15 mm; C2, 60°, 20 mm; D2, 60°, 25 mm; B0, 0°, 15 mm; B1, 30°, 15 mm; B3, 90°, 15 mm).

Frontiers in Earth Science | www.frontiersin.org May 2022 | Volume 10 | Article 9002384

Hu et al. Mining Disturbance Rock Mass Damage

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


deformation was reduced, which showed more obvious
brittleness and suggested that the presence of the crack
resulted in the transition of sandstone behavior from
plastic ductile failure to plastic brittle failure under the
unloading stage.

Failure Behaviors of the Sandstone
Specimens
The failure modes of samples with different crack lengths were
mostly X-shaped conjugate shear failure (Figures 5B–D). For
sample A2, however, the crack angle deflected and became

FIGURE 4 | Stress-strain curve of sandstone samples with different single-crack angles and an intact sample: (A) deviator stress vs minimum principal strain; (B)
deviator stress vs volumetric strain (A2, 60°, 10 mm; B2, 60°, 15 mm; C2, 60°, 20 mm; D2, 60°, 25 mm; B0, 0°, 15mm; B1, 30°, 15 mm; B3, 90°, 15 mm).

FIGURE 5 | Failure modes of sandstone samples with a fixed crack angle of 60° and single crack lengths of (A) A2, 60°, 10 mm, (B) B2, 60°, 15 mm, (C) C2, 60°,
20 mm, and (D) D2, 60°, 25 mm.
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parallel to the direction of maximum principal stress during stress
loading, resulting in the formation of a single shear failure surface
that had three cracks at the crack tips: one shear crack and two
tensile cracks. The crack initiation angle of θ is the angle between
the pre-existing crack and the new crack, which is assumed
positive anticlockwise and negative clockwise. The initiation
angle θ of the tensile crack was 29° and that of the shear crack
was 7° (Figure 5A). Figures 5B,C show the failure modes of
samples B2 and C2. It can be seen that two tensile cracks and two
shear cracks were formed at the crack tips where the θ ranged
from 14° to 35° for the tensile crack and from −99° to −130° for the
shear crack. Because σ3 was large in sample D2, tensile cracks
were inhibited. The failure mode of sample D2 was X-shaped
coplanar shear failure that contained two shear cracks and one
secondary coplanar shear crack appearing at the crack tips, and θ
of the shear cracks ranged from −128° to −129°. Secondary
coplanar shear crack initiated more easily from the tips of
longer cracks (Figure 5D).

Figure 6 displays the failure modes of samples with different
single crack angles. Sample B2 underwent an X-shaped conjugate
shear failure, but samples B0, B1, and B3 underwent a single shear
failure just like the intact sample. Sample B0 produced two shear
cracks at the crack tips and two tensile cracks parallel to the
maximum principal stress at the crack tips and middle, where θ of
shear cracks was between −64° to −71° (Figure 6A). However,
samples B1 and B3 only produced two shear cracks at the crack
tips and θwas between −100° to −156° (Figures 6B,D). The failure
degree of samples B0 and B2 around the crack was complex and

spalling was observed, suggesting that the stress distribution
around the crack was complicated.

According to the above analysis, tensile and shear cracks were
formed in single-crack samples under unloading conditions. The
failure modes of samples containing single cracks included single
shear failure, tensile-shear comprehensive failure, and X-shaped
conjugate shear failure (coplanar and non-coplanar). As the
length of the pre-crack increased, the failure modes were as
follows: tensile-shear comprehensive failure, X-shaped non-
coplanar shear failure, and X-shaped coplanar shear failure
(Figure 5). In the loading and unloading test, when the axial
pressure was close to the peak value, the shear cracks stopped
propagating, but tensile cracks were generated at the tip of the
prefabricated crack. As the axial pressure continued to increase,
the shear cracks and tensile cracks began to propagate. Because
the shear cracks propagated faster, a shear failure surface was
formed in the specimen until it was broken, then the tensile crack
stopped expanding. Because the prefabricated crack length in the
specimen was different, the crack initiation angle and deflection
angle were different, and the tensile crack propagation length was
also different. When the prefabricated crack was longer
(Figure 5D), it was easier to observe this phenomenon. The
sample with a crack length of 25 mm showed an X-shaped
coplanar shear failure. Figure 6 exhibits that with increasing
crack angle, the variation magnitude of θwas about 30°. The crack
angle influences the crack propagation and failure of the
specimen. The failure modes of samples with different single
crack angles were as follows: tensile-shear comprehensive failure,

FIGURE 6 | Failure modes of sandstone samples with a single crack length of 15 mm and crack angles of (A) B0, 0°, (B) B1, 30°, (C) B2, 60°, and (D) B3, 90°.
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single shear failure, and X-shaped conjugate inclined plane shear
failure.

DISCUSSION

Effect of Single-Crack Geometry on
Sandstone Deformation Parameters and
Strength
The loading and unloading stress paths show the trace of σ1 stress
during loading and σ3 stress during unloading. The elastic
deformation parameters should consider the effects of ε3 and
σ3. Gao et al. (2003) determined the elastic deformation
parameters during loading and unloading deformation and
failure by generalizing Hooke’s law as follows:

E � (σ1 − 2μσ3)/ε1
μ � (ε3 − λε1)/[λ(2ε3 − ε1) − ε1]} (1)

where E is rock specimen deformation modulus; μ is rock
specimen Poisson’s ratio, and λ is lateral pressure coefficient,
which is the ratio of confining pressure to axial stress.

Equation 1 is suitable for linear elastic deformation. When a
sample passes through the yield point, the (σ1 − σ3) . vs. ε curve
does not exhibit linear elastic deformation. The deformation
modulus at the peak strength can be obtained by the ratio of
the peak stress to the corresponding maximum principal strain as
follows:

ES � σP

εP
(2)

where ES is the deformation modulus of the peak strength, and εP
is the maximum principal strain at the peak strength.

Εt1, Εt2, and Ε50 are defined as elastic modulus in the first and
second unloading stages and at 50% of compressive strength. The
Εt1, Ε50, Εt2, and ΕS values of single-crack samples under loading-
unloading test were calculated through Eqs. 1, 2 (Figures 7A,B).
The following relationship was obtained during the loading and
unloading stress paths: Et1 >E50 >Et2 >ES . This was because the

sandstone contained some primary pores that were compacted
during the first unloading stage, resulting in the largest elastic
modulus Εt1. In the second unloading stage, ]σ1/]σ3 increased,
causing new cracks to rapidly form in the rock, and ε1 also
increased, leading to a smaller elastic modulus Εt2. As the samples
entered the yield stage, their resistance to deformation was further
weakened and the development of the pre-existing crack and
micro-cracks experienced qualitative changes. That is, they
expanded and integrated to form macroscopic cracks until the
sample failed completely. Thus, the deformation modulus ΕS was
the smallest at this stage.

The elastic and deformation moduli of the unloading stage
generally decreased with increasing crack length (Figure 7A). A
specimen with a crack length of zero is considered an intact
specimen. One exception was the deformation modulus ΕS of
sample A2 because the crack angle deflected under stress towards
the maximum principal stress direction. For samples with
different single-crack angles, the elastic and deformation
moduli of the unloading stage initially decreased and then
increased with increasing crack angle (Figure 7B).

Figure 8 presents the relationship between Poisson’s ratio (μ)
and lateral pressure coefficient (λ) of cracked sandstones with
different lengths and angles in the loading and unloading tests.
The lateral pressure coefficient refers to the ratio of the horizontal
compressive stress to the vertical compressive stress. During the
test, as the axial stress increased and the confining pressure
decreased, the lateral pressure coefficient gradually decreased.
It can be observed that there was a large lateral deformation
during the unloading process of the rock mass, thus, the Poisson’s
ratio (μ) at the first unloading stage exceeded 0.5. In the elastic
deformation stage, because of the small value of vσ1/vσ3 in the first
unloading stage, the confining pressure unloading rate (vσ3) had a
greater influence on Poisson’s ratio. At this time, the volume
expanded because Poisson’s ratio had a nearly linear increase with
decreasing lateral pressure coefficient. When vσ1 increased to a
certain value, the axial loading rate suddenly increased to
10 MPa/min and entered the second unloading stage. At this
time, the value of vσ1/vσ3 was 20, the value of (σ1 - σ1) increased
rapidly, and σ1 became the primary factor that controlled the

FIGURE 7 | Elastic and deformation moduli of samples containing single cracks for (A) crack length (B) crack angle.
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deformation of the specimen. Furthermore, the axial compression
deformation increased significantly, and the transverse
deformation changed less. The cracks generated in the
previous unloading stage in the sample were compacted, and
the sample volume gradually decreased. Moreover, the Poisson’s
ratio decreased almost linearly with the decrease of the lateral
pressure coefficient.With the increase of σ1 and the decrease of σ3,
the lateral pressure coefficient gradually decreased, and the rate of
decrease was faster than that of the first unloading stage.
Furthermore, new cracks were generated in the sandstone
sample, the sample changed from volume compression to
volume expansion, and Poisson’s ratio increased rapidly. At
this time, the sample was in the unsteady fracture
development stage. Finally, the specimen had obvious
expansion and shear failures.

Sample failure under the loading and unloading stress paths
caused the volume to expand and the sandstone Poisson’s ratio to
increase. Eq. 1 shows that Poisson’s ratio was not only related to
lateral pressure coefficient but also to ε1 and ε3. Furthermore, because
εV = ε1 + 2 ε3 , Poisson’s ratio and εV were closely related (Figure 9).

According to the results presented above, the (σ1 − σ3) vs. ε
curve in the first unloading stage only showed a volume
expansion stage, while the second unloading stage exhibited a
volume compression stage, a crack stable development stage, and
a volume expansion stage. According to Figure 9, we concluded
that the Poisson’s ratio vs εV curve rebounded from the second
unloading point, which was also consistent with the conclusion
that volume compression led to a reduction in Poisson’s ratio.
Figure 9 displays that shorter durations of the volume
compression stage and crack stable development stage were
associated with less rebound of the Poisson’s ratio vs εV curve
and the curve at the onset of the expansion in the second
unloading stage was smooth (e.g., samples C2, D2, and B0).
The rebound effect of the Poisson’s ratio vs εV curve of sample B1
was the most obvious one (Figure 9B), which was because of the
positive εV value and clear volume compression in the volume
compression stage. This also indicated that samples with a crack
angle of 30° had the weakest resistance to axial compression.
Therefore, we concluded that under the loading and unloading
stress paths, shorter durations of the volume compression stage

FIGURE 8 | Relationship between Poisson’s ratio (μ) and lateral pressure coefficient (λ) of the single-crack samples: (A) crack length (A2, 10 mm; B2, 15 mm; C2,
20 mm; D2, 25 mm); (B) crack angle (B0, 0°; B1, 30°; B2, 60°; B3, 90°).

FIGURE 9 | Relationship between Poisson’s ratio and volumetric strain of the single-crack samples: (A) crack length (A2, 10 mm; B2, 15 mm; C2, 20 mm; D2,
25 mm); (B) crack angle (B0, 0°; B1, 30°; B2, 60°; B3, 90°).
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FIGURE 10 | The relationship between axial stress and total crack width (A,B,C,D), and between wave velocity and axial strain (E,F,G,H) of cracked sandstone
specimens with different inclination angles.
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FIGURE 11 | The relationship between axial stress and total crack width (A,B,C,D), and between wave velocity and axial strain (E,F,G,H) of cracked sandstone
specimens with different lengths.

Frontiers in Earth Science | www.frontiersin.org May 2022 | Volume 10 | Article 90023810

Hu et al. Mining Disturbance Rock Mass Damage

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


were associated with a decrease in the magnitude of Poisson’s
ratio, and shorter durations of the crack stable development stage
were associated with smooth curves at the onset of the expansion
in the second unloading stage. Therefore, to ensure the stability of
the surrounding rock, even when it is supported by payment, a
reasonable support plan can be designed according to the
deformation of the surrounding rock after the second pressure
relief.

Relationship Between the Ultrasonic
Velocity and Stress of Sandstone
Specimens
Ultrasonic techniques are a non-destructive testing method that
can effectively evaluate the mechanical properties of rocks (Zhu
et al., 2020; Zuo et al., 2020). During the test, the travel time
increment of the ultrasonic wave through a specimen is equal to
the time increment when the cracks are filled with air. Based on
the P wave velocity, the rock failure process can be characterized
and analyzed, The equation which is commonly employed to
calculate the crack width (w) as follows (Wang and Li, 2015):

w

va
− w

v0
� H

v
− H

v0
(3)

where w is the total crack width (mm), the positive or negative
value of w reflects the development of cracks in the sample, and
the value of w can be understood as the cumulative value of the
crack change in each wave speed test cycle, and its absolute value
reflects the deformation of the sample; v is the wave velocity
through the sandstone specimen during the test (m/s); v0 is the
wave velocity through the sandstone specimen before loading (m/
s); H is the height of the sandstone specimen (m), and va is the
propagation speed of sound waves in the air (340 m/s). After
performing a simple mathematical calculation, Eq. 3 can be
written as follows:

w � H × (v0
v
− 1) ×

va
v0 − va

(4)

Figures 10, 11 show the observed relationships between the
crack width, ultrasonic velocities, axial stress, and axial strain.
First, the width of the crack decreased rapidly, then it decreased at
a slower rate, and the rate gradually decreased until it reached
zero. At this time, the width of the crack remained constant. As
the stress gradually changed, the crack width began to increase.
The above process reflected the compaction stage and the elastic
deformation stage of the sandstone specimen after it was loaded.
Furthermore, the stable development stage, unstable crack
development stage, and other processes of crack evolution
were observed during the process. In the initial stage of the
crack compaction, the cracks of sandstone specimens became
closed quickly and the amount of crack closure was large. After
the first stage of unloading of the confining pressure, the crack
closure rate of the sandstone specimens was significantly reduced
rapidly, and in the second stage of unloading of the confining
pressure, the crack closure rate of the sandstone specimens
showed a nonlinear decrease, and the initial crack closure rate

was larger than the former and then gradually decreased. This was
because the ratio of the axial loading speed to the confining
pressure unloading rate became bigger after the second
unloading. After the first unloading stage, as the sandstone
became gradually compacted, it entered the elastic
deformation stage, and the rate of crack width reduction
decreased and tended to be zero. Figures 10, 11 show that
when the crack propagation started from the crack stable
point, the stress-strain curve was linear elastic. After this
point, the microcracks began to develop continuously, and the
stress-strain curve started to increase nonlinearly. This point was
the yield point. After that, the unstable crack development stage
began. At this time, the amount of cracking and closure of the
newly generated cracks remained the same, and the crack width
and wave velocity remained unchanged (Figures 10A–D,
11A–D). As the axial pressure increased, the confining
pressure decreased, the stress difference gradually increased,
and the cracks continued to expand and gradually accumulate.
When the cracks developed towards the crack propagation point,
the new crack and the original crack were connected, causing the
specimen to rupture macroscopically, and the stress value
corresponding to this point was the peak strength.

The length of the prefabricated cracks of the specimens in
Figure 10 are all 15 mm, and the inclination angles are 0°

(Figures 10A,E), 30° (Figures 10B,F), 60° (Figures 10C,G),
and 90° (Figures 10D,H). It can be observed from Figure 10
that the strength of the rock mass was different under different
inclination angles. As the inclination angle increased, the strength
of the sandstone specimens first decreased and then increased,
and the crack stabilization point and the yield point appeared at
different time points, that is, the smaller the yield strength was,
the later the crack stabilization point appeared. But in the earlier
times, the two had a great degree of consistency. The crack
propagation point strength was the peak strength of the
specimen, and the corresponding axial stress strengths were
71.5, 66.5, 80.5, and 81.0 MPa, which were consistent with the
actual measured values. At different inclination angles, the degree
of axial strain change between the crack stabilization point and
the crack propagation point was different. It first increased and
then decreased, which was attributed to the brittleness of the rock.
The inclination angles of the specimens in Figure 11 are all 60°,
and the lengths of the prefabricated cracks are 10 mm (Figures
11A,E), 15 mm (Figures 11B,F), 20 mm (Figures 11C,G), and
25 mm (Figures 11D,H). The figure shows that with the increase
of the length of the prefabricated crack, the peak strength of the
specimen gradually decreased (95 MPa, then 80.5 MPa, then
72 MPa, and finally 69.5 MPa), which was in line with the
reality. Besides, the proportion of the wave velocity
stabilization stage (Figures 10, 11) reflected the brittle
strength of the specimen. The larger the proportion was, the
longer the duration of failure from yield to the peak was,
indicating that the specimen was weaker and conformed to
the law of rock brittleness (Chen et al., 2018). Based on this,
we concluded that the law of strength change of the rock mass
specimen can be predicted and analyzed according to the change
of P wave velocity.
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CONCLUSION

In this study, we experimentally investigated the strength,
deformation, failure behaviors, and ultrasonic properties of
sandstone under triaxial loading-unloading conditions. Based
on the experimental observations, the following conclusions
were drawn:

1) The sandstone elastic and deformation moduli reduced under
the loading and unloading stress paths, which was not related
to single-crack geometry and we had: Et1 >E50 >Et2 >ES . In
addition, as the crack length increased, the elastic and
deformation moduli in each unloading stage diminished.
As the crack angle increased, the elastic and deformation
moduli at each stage first decreased and then increased. The
relationship between variation of peak strength about
sandstone and crack geometry was similar as above.

2) Under the loading and unloading stress paths, Poisson’s ratio
was closely related to the lateral pressure coefficient and
volumetric strain. The Poisson’s ratio underwent slow
increases, then slow decreases, and finally, rapid increases
with lateral pressure coefficient decreases. Shorter durations of
the volume deformation stage were associated with a smaller
decrease of Poisson’s ratio, and shorter durations of the
constant volume stage were associated with smooth stress-
strain curves at the onset of the expansion in the second
unloading stage.

3) All samples suffered shear failure, and the failure mode of the
samples became more complex with the increase of crack
length. However, the failure mode of the sample does not
change significantly with the increase of the crack angle.

4) The ultrasound P wave velocity was closely related to the crack
development degree. When the wave velocity keeps stable, the
crack development was in a dynamic equilibrium state. At this
time, the velocity change rate was zero, and the specimen
reached the stress yield limit, indicating that the specimen was
compacted. Then the specimen experienced the wave velocity
stabilization stage. The longer the duration of this stage was,
the weaker the brittleness of the specimen was.
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