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In order to study the laws of crack evolution in rock and explain its fracture instability
mechanism, a series of laboratory tests were carried out with Jinping Marbles. The test
results show that the failure degree of marbles under unloading conditions is more severe
than that under loading conditions. Based on volume crack strain, five progressive failure
stages of crack evolution under different conditions are divided, and the corresponding
characteristic stresses are determined. The pre-peak volume crack propagation strain
without considering the initial damage is used to evaluate the pre-peak crack growth
propagation degree of rock, and it is found that the lower the confining pressure, the higher
the strain rate and unloading rate, the less the cracks generated before the peak, and the
more the rock is prone to brittle failure after the peak. The starting point of the sharp
increase of volume crack strain rate is proposed as the failure precursor point, and stress
levels of failure precursor of marbles are in 70%–100%, which decrease as confining
pressure, strain rate, and unloading rate rise. Under unloading conditions, failure precursor
points appear later and are close to the unloading point, and unloading rocks are more
prone to sudden brittle failure.
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1 INTRODUCTION

There are many defects in rock, such as joints, cracks, and pores in natural rock materials due to
complex geological tectonic movement. These inherent discontinuities seriously weaken the
mechanical properties and the stability of the internal structure of rock (Li et al., 2018; Li et al.,
2020; Yan et al., 2021). Especially under the condition of high ground stress, a large amount of energy
is accumulated in deep rock mass, and the energy stored in rock mass is rapidly released under the
action of excavation and unloading, causing dynamic disasters such as rock burst and impact
instability, which brings great challenges to the safety of construction workers and equipment (Cai
and Kaiser, 2005; Zhou et al., 2015; Dong et al., 2020; Feng et al., 2022). Therefore, this study
investigates the deformation and failure mechanisms of rock under different excavation disturbance
conditions, and predicts the failure precursors of rock, which is of great significance to the stability of
surrounding rock and early warning of rock dynamic disasters.
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Deformation and failure of rock are the result of internal
micro-cracks evolution, which leads to the deterioration of rock
mechanical properties and the instability of its internal structure.
In order to interpret crack evolution laws of rocks under different
conditions, scholars usually analyze from macroscopic and
microscopic aspects. From the perspective of macroscopic
mechanical properties, deformation and failure characteristics
of rock can be reflected by stress-strain curve, strength
deformation parameters, and macroscopic damage
characteristics. From the microscopic point of view, the
acoustic emission method can be used to monitor
the engineering rock mass in real-time, and directly judge the
structure of abnormal areas in rock mass to predict
the occurrence of dynamic disasters (Dong et al., 2021a).
However, in laboratory tests, the root cause of rock instability
and failure can be better explored based on the non-linear
evolution law of micro-cracks inside rock (Chen et al., 2016;
Jin et al., 2017; Zuo et al., 2017; Chen and Guo, 2020). Based on
lots of rock mechanics tests, Bieniawski analyzed rock fracture
characteristics using fracture mechanics theory, and found that
the crack evolution process can be divided into stable and
unstable stages (Bieniawski, 1967). To clarify the deformation
and failure stages of rock, Martin firstly proposed to use the crack
strain variable to analyze (Martin, 1993). Through compression
tests of granites, Martin and Chandler further expounded the
progressive failure process and fracture mechanism of rock in
detail (Martin and Chandler, 1994). On this basis, Cai et al. (2004)
found that characteristic stress thresholds can be obtained
according to evolution characteristics of crack strain, which is
still an important method to determine characteristic stresses of
rock. In addition, to ensure the safety and stability of the project,
it is necessary to identify rock failure precursors and predict rock
failure. From a macro perspective, the turning point where tensile
cracks extend and merge with shear cracks can be regarded as a
failure precursor point, but it is difficult to be captured in
laboratory tests (Hoek and Martin, 2014). From a micro
perspective, rock failure precursor also can be determined by
Acoustic emission (AE) (Yu et al., 2022), infrared thermography,
and other auxiliary monitoring methods. Dong et al. (2021b,
2021c) predicted the precursors of rock instability and failure
based on the unstable evolution trend of the AE event rate in the
plastic stage. However, there are still some limitations, such as
failure precursors with infrared thermography that usually appear
later and are not prioritised in time, and that AE is greatly
influenced by lithology, loading and unloading conditions, and
is difficult to satisfy the conditions for determining failure
precursors (Cong et al., 2016; Chen et al., 2021). Since
instability of the rock medium was directly caused by
microcrack propagation, crack propagation velocity variation
reflects the change of rock damage degree. Based on this, how
to propose a more accurate and universal prediction method of
rock failure precursor is worth in-depth consideration.
Considering different excavation disturbance conditions, to
determine more accurate failure precursor based on evolution
law of volume crack strain rate, is significant to earlier warning
and prevention of rock dynamic disaster and ensure the long-
term stability of surrounding rock.

However, the crack propagation characteristics of rock are
different when under different stress states. Zuo et al. (2019)
studied the crack evolution laws of rock during the progressive
failure process under the influence of confining pressure, and
pointed out that confining pressure can restrain crack
propagation in rock (Chen et al., 2020). Xing et al. (2018)
found that the stress level of crack initiation is higher under
quasi-static strain rate than that under dynamic strain rate,
indicating that rock fracture is more rapid in dynamic
conditions. At present, relevant studies based on conventional
loading tests have obtained abundant achievements, but there are
few reports on the crack evolution laws of unloading rock. Before
the excavation of underground geotechnical engineering, rock is
in a three-dimensional pressure state, and conventional
compression tests are sufficient to study the general
mechanical behavior of rock. While in actual projects (such as
underground chamber and tunnel excavation), rock mass is
disturbed differently with different excavation rates, which
affects rock cracking behavior to some extent (Zhou et al.,
2018; Zhao et al., 2019), and the non-linear mechanical
properties of rock cannot be fully interpreted through
conventional loading tests at this time. Therefore, considering
confining pressure, strain rate, and unloading rate conditions,
loading and unloading rock mechanical tests were carried out to
study the crack evolution law of rocks under different conditions
to obtain progressive failure characteristics and predict failure
precursor, which is beneficial to explain rock deformation
mechanism under complex stress, and to provide technical
support for design, construction, and risk control of
underground tunnel and surrounding rock.

2 LOADING AND UNLOADING TESTS OF
MARBLE

2.1 Test Specimen and Equipment
Rock samples in the tests are marbles taken from Jinping II
hydropower station, with a burial depth of +2400m. According
to the recommended standard of the International Society for
Rock Mechanics, i.e., ISRM (Ulusay, 2014), rock cores were cut
and polished into standard cylindrical samples, with a
diameter of 50 mm and a height of 100 mm, some of the
marble samples can be seen in Figure 1A. It is requested
that the diameter should be controlled at 50+6−2 mm, the height
to diameter ratio is 2 ± 0.2, the non-parallelism of both ends of
the specimen is no more than 0.05 mm, and both ends are
perpendicular to the specimen axis and the maximum
deviation is ±0.25°. In this test, 30 standard cylindrical
marble samples were made, and 15 rock samples were
respectively used in loading and unloading tests.

Both loading and unloading tests were carried out on the
MTS815 Flex Test GT rock mechanics test system of the Key
Laboratory of Deep Earth Science and Engineering Ministry of
Education of Sichuan University, which was shown in Figure 1B,
and the MTS test system is mainly composed of power system,
hydraulic power system, servo threshold system, and host system.
This system can be used to carry out uniaxial tests and triaxial
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loading and unloading tests under dynamic or static conditions,
and it is loaded by stress or strain control.

2.2 Discrete Analysis
Affected by the geological tectonic movement, there exist some
primary defects inside marble, whichmeans that the rock samples
taken from the same environment have a certain discreteness. In
order to reduce the influence of rock sample discreteness on test
results, rock samples with similar physical parameters, such as
density and p-wave velocity, were selected and tested in the same
group. The higher the density and p-wave velocity, the denser the
internal structure of rock, and the stronger its mechanical
strength, and the two parameters can indirectly reflect
differences in rock internal structure. The dispersion degree of
rock samples can be analyzed by dispersion indexes, such as mean
value, standard deviation, and variation coefficient, and the
analysis results were listed in Table 1. It can be seen from the
table that the standard deviation of ρ, ρ/ρmax, Vp/Vp max under
loading and unloading tests is much less than 1, and their
variation coefficient is within 10%, which indicates that the
dispersion degree of rock samples meets the requirements of
the test specification.

2.3 Test Plan
In order to study crack evolution law in rock under different
excavation conditions and explain its deformation and failure
mechanism, taking Jinping marble as an example to carry out
indoor tests under different loading and unloading conditions. In
this paper, quasi-static triaxial compression test, constant
confining pressure loading test, and unloading test under

different initial confining pressure and unloading rate were
designed, and there are three rock samples in each group of
parallel tests. The detailed test plans were listed in Table 2.

The stress path diagram of the triaxial loading and unloading
test was shown in Figure 2, and the detailed test methods are as
follows:

(1) In the quasi-static loading test, first respectively load
confining pressure and axial pressure to 50 MPa at
0.06 mm/min and 3 MPa/min loading rate, and then
continue to load axial pressure at 10−5s−1, 10−4s−1, and
10−3s−1 strain rates respectively by strain control. In this
test, strain control loading is realized by the Linear
Variable Differential Transformer, i.e., LVDT, and the
loading rates corresponding to 10−5s−1, 10−4s−1, and
10−3s−1 strain rate are 0.06 mm/min, 0.6 mm/min, and
6 mm/min respectively.

(2) In the constant confining pressure loading test, the strain rate
maintains at 10−5s−1, and the application of confining
pressure is controlled by stress. The test procedure of the
constant confining pressure loading test is consistent with the
quasi-static loading test, but in the initial stage, confining
pressure is respectively imposed to 25, 50, and 80 MPa at
3 MPa/min loading rate.

(3) In the triaxial unloading test, after being loaded to
hydrostatic pressure state, continue loading to preset
axial pressure at 0.06 mm/min loading rate, then start to
unload the confining pressure until rock sample damages,
and the stress level at the unloading point is 80% of the
triaxial compressive strength in this test. In the unloading

FIGURE 1 | Test specimen and equipment: (A) Marble specimens; (B) MTS815 rock mechanics test system.

TABLE 1 | Discrete analysis of marble samples.

Test type Physical quantity Average value Standard deviation Variation coefficient/%

Loading test p 2.805 0.012 0.418
ρ/ρmax 0.994 0.004 0.413
Vp 3,890.733 155.132 3.987

Vp/Vp max 0.875 0.03987 3.980
Unloading test p 2.808 0.017 0.596

ρ/ρmax 0.982 0.006 0.601
Vp 3,772.333 180.252 4.778

Vp/Vp max 0.913 0.044 4.792
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test, when considering the influence of initial confining
pressure, unload at 0.01 MPa/s unloading rate under
conditions of 25, 50, and 80 MPa confining pressure
respectively; While considering the influence of
unloading rate, the initial confining pressure is 50 MPa,
then unload at 0.01, 0.1, and 1 MPa/s unloading rate
respectively.

3 ANALYSIS OF TEST RESULTS

3.1 Stress-Strain Curve
Stress-strain curves of marbles under different loading and
unloading conditions were plotted in Figure 3, they all show a
trend of changing from linear growth to non-linear growth.
Taking the marble sample under 25 MPa confining pressure as
an example, the stress-strain curves of marbles can be simply
divided into four stages, that is linear stage A, non-linear stage
B, stress plateau stage C, and post-peak failure stage D. It can
be seen that in the linear stage before the peak, stress-strain
curves are basically consistent under different conditions, and
rock is in an elastic state with little difference in elastic
modulus at this stage. As stress increases further, the rock
enters the plastic stage, and the strain increases faster than
stress. Meanwhile, the external input energy is mainly used for
the micro crack evolution, and the micro-cracks begin to
expand and extend rapidly, leading to the plastic
deformation of marble. With initial confining pressure
rising, the plastic characteristics of marble enhance, but
strain rate and unloading rate have no significant effect on
it. At peak stress, there is no immediate stress drop under
confining pressure conditions, but there is a stress flat, where
the stress distribution inside the rock reaches a steady state.

In the post-peak failure stage, stress drop occurs but the
stress drop degree in the unloading state is obviously higher

TABLE 2 | Test plan.

Simulated condition Test type Test condition Sample quantity

_ε� 10−5s−1

Different excavation disturbance Quasi-static strain rate triaxial loading test σ3 = 50 MPa _ε� 10−4s−1 3 × 3

_ε� 10−3s−1

σ3 = 25 MPa
Different depths Constant confining pressure loading test _ε� 10−5s−1 σ3 = 50 MPa 3 × 3

σ3 = 80 MPa
σ3 = 25 MPa

Different depth unloading Unloading test under different initial confining pressure Δσ3 = 0.01 MPa/s σ3 = 50 MPa 3 × 3
σ3 = 80 MPa

Δσ3 = 0.01 MPa/s
Different excavation rates Unloading test with different unloading rate σ3 = 50 MPa Δσ3 = 0.1 MPa/s 3 × 3

Δσ3 = 1 MPa/s

FIGURE 2 | Stress path of loading and unloading tests.

FIGURE 3 | Deviatoric stress-axial strain curves of marble samples: (A) loading condition; (B) unloading condition.
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than the loading state, showing that unloading marble is more
prone to severe brittle failure. With an increase of initial
confining pressure, the stress drop rate gradually decreases,
and the failure of marble transitions from brittle to plastic.
Under 80 MPa confining pressure, there is even no obvious
stress drop, and the rock shows an approximately ideal plastic
state. The influence of strain rate and unloading rate on the
stress-strain curve is more obvious in post-peak. As strain rate
and unloading rate increase, stress drop rate increases slightly,
and brittle failure characteristics of marble enhance. It can be
seen that marbles have different mechanical responses under
the action of confining pressure, strain rate, and unloading
rate, and the effect of confining pressure on mechanical
behavior is more significant.

Under the quasi-static strain rate, the peak stress of triaxial
marble fluctuates around 350 MPa. For loading and
unloading tests under different confining pressures, the
peak stress under both stress paths increases with the
increase of confining pressure, but the peak stress of
unloaded marble is lower than that of loading under the
same initial confining pressure, which indicates that
unloading weakens rock ability to resist deformation and
failure. When unloading under the initial confining
pressure of 50 MPa, the peak stress increases slightly as the
unloading rate increases. In the loading and unloading test,
linear stages of stress-strain curves under different strain
rates and unloading rates basically coincide, and the elastic
modulus of marble has little difference. With confining
pressure increasing, the slope of the linear phase of the
stress-strain curve gradually increases, and the elastic
modulus of marble also increases. The larger the elastic
modulus, the stronger the rock stiffness and the ability to
resist deformation and damage, which also shows that
confining pressure can restrain rock deformation.

3.2 Macroscopic Failure Characteristics
Macroscopic failure modes of marbles under loading and
unloading were seen in Figure 4, the red line in the figure
represents the main crack and the blue line represents the
secondary crack. As shown in Figure 4A, rock sample under
25 MPa confining pressure occurs double-shear failure, and
tensile fissures highly develop between two parallel main shear
cracks. At 50 MPa confining pressure, the sample shows single-
shear failure, and there are few secondary shear cracks around the
main shear crack. At 80 MPa confining pressure, microcracks
fully developed under the action of axial stress, main shear crack
without penetration, and dilatancy appears. As confining
pressure rises, variation of failure modes of marble specimens
shows that confining pressure limits the circumferential
deformation of rock. As shown in Figure 4B, the sample
under 10−4s−1 strain rate occurs shear failure in “V” shape,
and secondary shear cracks are distributed near the main
cracks. At 10−3s−1 strain rate, two parallel shear cracks
penetrate surface the rock surface, and secondary cracks are
distributed between them. As the strain rate increases, marble
specimens change from single-shear failure to double-shear
failure, and the failure degree gradually intensifies.

Under unloading conditions, as shown in Figure 4C, under
25MPa initial confining pressure, a shear zone with large width is
formed on the rock surface, and there are many fragments
distributed in the zone, which is caused by friction and extrusion
between fracture surfaces. Under 50MPa initial confining pressure,
the shear zone gets narrowed, and at higher confining pressure only
one thin shear crack penetrates the rock surface. Therefore, with the
increase of initial confining pressure, unloading marbles transition
from tensile-shear composite failure to shear failure. As shown in
Figure 4D, under 0.1MPa/s unloading rate, a shear zone with small
width penetrates the rock sample, and secondary cracks appear near
it. Under 1MPa/s unloading rate, the sample undergoes tensile shear

FIGURE 4 | Macroscopic failure modes of marble samples: (A) constant confining pressure condition ( _ε� 10−5s−1); (B) strain rate condition (σ3 = 50 MPa); (C)
unloading confining pressure condition (Δσ3 = 0.01 MPa/s); (D) unloading rate condition (σ3 = 50 MPa).
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failure, the fracture surface is steep, and shows brittle failure is
obvious. Therefore, as the unloading rate increases, marble failure
modes transition from shear failure to tensile shear failure.
Compared with the loading path, the macroscopic failure degree
of marble under unloading condition is more serious, and micro-
cracks develop more fully, which is unfavorable for engineering.

3.3 Progressive Failure Process Based on
Crack Strain
As is known, micro-crack evolution is a direct cause of rock failure.
As shown in Figure 5, rock instability and failure are mainly caused
by microcrack closure, initiation, expansion, and coalescence, which
is a progressive failure process. As can be seen from Section 3.1, the
stress-strain curve of marble tends to change in stages, but each stage
cannot be defined accurately from the curve, which has certain
subjectivity. In order to study the deformation and failure
mechanism of rock during progressive failure stages, and
quantitatively analyze crack evolution law in rock during the
loading and unloading process, the crack strain variable can be
used to describe crack propagation characteristics in rock. Crack
strain refers to the axial and circumferential deformation caused by
initiation, propagation, and coalescence of original cracks and
initiation of new cracks under the action of external loads
(Martin, 1993). Its physical significance is the difference between
the true strain and elastic strain of rock under small deformation
conditions. In this paper, in order to directly reflect the amount of
rock deformation, volume crack strain was used to reflect the
deformation caused by both axial and circumferential crack
propagation. Based on this, the calculation method of volume
crack strain can be described as:

εcv � εv − εev (1)
where, εv , εev , εcv are volume strain, volume elastic strain, and
volume crack strain respectively; And εv can be calculated as Eq.
2, in which axial strain ε1 and lateral strain ε3 can be directly
obtained by axial and circumferential extensometer respectively.

εv � ε1 + 2ε3 (2)
According to Hooke’s law,

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

εe1 �
1
E
[(σ1 − μ(σ2 + σ3))]

εe3 �
1
E
[(σ2 − μ(σ1 + σ3))]

(3)

where, εe1, ε
e
3 are axial elastic strain and lateral elastic strain

respectively; σ1 is axial stress; σ2, σ3 are lateral stress, when in
conventional triaxial test, σ2 � σ3; E、μ are the elastic modulus
and Poisson ratio of rock respectively.

Therefore, crack strain can be calculated as (Zuo et al., 2019):

εcv � εv − 1 − 2μ
E

(σ1 + 2σ3) (4)

According to Eq. 4, the volume crack strain of rock samples
under different stress conditions can be calculated, and then
taking the volume crack strain and volume strain as the main
analysis variables. Through the evolution characteristics of
deviatoric stress-axial strain, volume strain-axial strain, and
volume crack strain-axial strain curves of marble (seen in
Figure 6), its progressive failure process under loading and
unloading conditions can be divided into five stages. In the
crack closure stage (Stage I), volume crack strain first increases
in a positive direction and then tends to be stable, this is because
original fissures in rock gradually closure under external loads.
When primary cracks reach a completely closuring state, volume
crack strain is close to 0, and the corresponding stress at point A is
the closure stress σcc. In the linear elastic stage (Stage II), the
volume crack strain is almost constant, indicating that the rock
sample is in a linear elastic state. If unloading at this stage, the
sample can be restored to its original state. In the crack stable
growth stage (stage III), volume crack strain increases in a
negative direction as loading continues, and the corresponding
stress at the initial increasing point (point B) is the initiation
stress σci. At this time, original cracks gradually propagate and
tension cracks initiate, causing irreversible damage to the rock. In
the crack rapid growth stage (stage IV), volume strain gradually
decreases from the positive maximum value, showing that the
rock sample turns from compression to expansion, and the stress
at the maximum point C of volume strain is the damage stress σcd.
And during this process, tension cracks rapidly expand and then
conflate to form shear cracks, which leads to macrocracks
appearing in the specimen surface. In the post-peak failure
stage (Stage V), after peak stress (point D), macrocracks
penetrate the rock sample, dislocation slip occurs at the
fracture surface, and the rock sample eventually fractures.

Different stages of crack evolution correspond to different
stress levels, and characteristic stress is an important index to
characterize the progressive failure process of rock, it can be
defined as the closure stress σcc, initiation stress σci, and
damage stress σcd. Meanwhile, characteristic stress is also an
important index to evaluate the damage degree of rock mass

FIGURE 5 | General progressive failure process of rock.
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caused by excavation disturbance in engineering rock mass
excavation, which is significant to the design and long-term
stability of geotechnical engineering (Martin and Chandler,
1994). As mentioned above, taking volume crack strain and
volume strain as analysis variables, the progressive failure
process of marble is divided and the corresponding
characteristic stress thresholds are determined. Since
unloading conditions only weaken rock peak stress, the
influence of strain rate and confining pressure on
characteristic stresses of marble was discussed in this paper.
As shown in Figure 7, in order to eliminate the effect of
differences in marble samples on characteristic stresses, they
were normalized to be analyzed. It can be found from
Figure 7A that as the strain rate rises from 10−5s−1 to
10−3s−1, stress levels of σcc, σci, and σcd respectively increase
from 0.135,0.341, and 0.690 to 0.295,0.551, and 0.727. With
confining pressure increasing from 25 to 80 MPa, stress levels
of σcc and σcd respectively increase from 0.158 and 0.693 to

0.162 and 0.710, and σci first decrease from 0.418 to 0.341 and
then increase to 0.396. In general, the higher the strain rate and
confining pressure, the higher the stress level of characteristic
stress, this is because the increase in confining pressure and
strain rate enhances rock bearing capacity, and crack
propagation in rock needs to reach a higher stress level.

3.4 Progressive Evolution Law of
Deformation Parameters
To interpret progressive failure mechanisms of marble under
loading and unloading conditions, the deformation modulus E
and generalized Poisson’s ratio μ were introduced to further
analyze. Deformation modulus refers to the ratio of stress
increment to strain increment, and Poisson’s ratio is the ratio
of lateral strain to axial strain. The calculation method of
deformation modulus and Poisson’s ratio under triaxial
conditions is as follows (Zhu et al., 2020):

FIGURE 6 | Progressive failure process of marble samples: (A) loading condition [(σ3 � 50MPa, _ε� 10−5s−1)]; (B) unloading
conditionσ3 � 50MPa, Δσ3 � 0.01MPa/s.

FIGURE 7 | Characteristic stress thresholds of marbles: (A) strain rate condition; (B) confining pressure condition.
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E � σ1 − 2μσ3
ε1

(5)

μ � σ1ε3 − σ3ε1
σ3(2ε3 − ε1) − σ1ε1

(6)

Deformationmodulus and Poisson ratio of marbles under loading
and unloading tests were calculated by Eqs. 5, 6, and evolution curves
of deformation parameters under two conditions were respectively
plotted in Figures 8, 9. In the loading state, as shown in Figure 8A,
with confining pressure rising from 25 to 80MPa, initial deformation
modulus increases from about 81 to 90 GPa, but strain rate has no
obvious effect on initial deformation modulus of marble. After
reaching damage stress, deformation modulus all show a
continuously declining trend, and its decreasing rate becomes
faster when stress is closer to the peak value, which is due to the
continuous increase of plastic deformation caused by rapid
propagation of internal cracks in marble. During this period, the
lower the confining pressure and the higher the strain rate, the faster
the decreasing rate of deformation modulus, indicating that amount
of rock deformation is larger under low confining pressure and high
strain rate. After peak stress, rock fracture leads its bearing capacity to
weaken and deformationmodulus to decrease, and the decreasing rate
is obviously lower than that of the pre-peak stage. As shown in
Figure 8B, the Poisson ratio before the damage stress is basically stable
which can be considered as an elastic constant, since marble is

approximately in an elastic state and only generates little
circumferential deformation at this time. After damage stress,
circumferential deformation increases rapidly due to crack
propagation and conflation, and the Poisson ratio correspondingly
increases to more than 0.5. At this time, Poisson’s ratio includes both
volume deformation and crack propagation deformation, so it is
called generalized Poisson’s ratio and cannot be regarded as an elastic
constant (Martino and Chandler, 2004; Xing et al., 2018). With the
increase of confining pressure, the increasing rate of Poisson’s ratio
decreases gradually, and the Poisson’s ratio at peak stress also
decreases, but its variation trend under different strain rates is
almost similar. After peak stress, the increasing rate of Poisson’s
ratio slows down and then gradually stabilizes.

In the unloading state, as shown in Figure 9A, With initial
confining pressure rising from 25 to 80MPa, the initial deformation
modulus increases from about 79 to 89 GPa. After the unloading
point, the deformationmodulus drops suddenly, since unloading the
confining pressure makes the tension cracks fully propagate, axial
deformation greatly increases, and decreasing rate of deformation
modulus is faster than that of the loading state. With an increase of
initial confining pressure and unloading rate, the decreasing rate of
deformation modulus in this stage decreases slightly. When peak
stress is reached, the deformation modulus decreases slowly. As
shown in Figure 9B, the Poisson ratio can also be regarded as an
elastic constant before the unloading point, but after the unloading
point due to the decrease of confining pressure, a large amount of

FIGURE 9 | Deformation parameters under unloading conditions: (A) deformation modulus; (B) Poisson’s ratio.

FIGURE 8 | Deformation parameters under loading conditions: (A) deformation modulus; (B) Poisson’s ratio.
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circumferential deformation rapidly occurs resulting in a sharp
increase in Poisson’s ratio, and its increasing rate is significantly
higher than that of loading state. Under unloading conditions, the
Poisson ratio at peak stress point is almost greater than 1, which
indicates that unloading marbles generate more deformation
amount. With initial confining pressure increasing and unloading
rate decreasing, the increasing rate of Poisson’s ratio decreases
slightly. After peak stress, the Poisson ratio continues to increase
due to the complete failure of the rock.

4 DISCUSSION

4.1 Characteristic Volume Crack Strain
Typical deviatoric stress-crack volumetric strain curves of marble was
plotted in Figure 10, from which its crack propagation characteristic
can be analyzed. Under the action of external loads, as deviator stress
increases volume crack strain shows a trend of first increasing, then
remaining constant, and finally decreasing. The larger the volume
crack strain, the smaller its absolute value, reversely, the smaller the
volume crack strain, the larger its absolute value, which indicates that
more microcracks are generated in the rock.

Defining the variable quantity of volume crack strain in the crack
closure stage as the initial volume crack closure strain εc0v , which is
caused by the closure of the primary crack and can be used to reflect
the initial damage degree of rock (Ji et al., 2016), the larger the
absolute value of εc0v , the greater the crack closure degree, and the
greater the initial damage of rock. The volume crack propagation
strain εcpv , which represents crack propagation ability before rock
failure, was defined as the variable quantity of volume crack strain in
the crack stable growth stage and rapid growth stage (Chen et al.,
2020). The larger the absolute value of εcpv , the more sufficient the
crack propagation degree, the more cracks are generated before rock
failure. As shown in Eq. 7, defining the absolute value of the
difference between volume crack propagation strain and initial
volume crack closure strain as the pre-peak volume crack
propagation strain without considering initial damage of rock,
i.e., Δεcv, to avoid influence of original structure in rock on crack
propagation during loading and unloading process.

Δεcv �
∣∣∣∣εcpv − εc0v

∣∣∣∣ (7)
The pre-peak volume crack propagation strain without

considering initial damage under different loading and unloading
conditions was shown in Figure 11. In the loading state, as the strain
rate rises from 10−5s−1 to 10−3s−1, the mean value of Δεcv decreases
from 0.029 to 0.019, while as confining pressure rises from 25 to
80MPa,mean value ofΔεcv increases from0.013 to 0.028.Δεcv value in
the unloading state is generally smaller than that in the loading state,
and with the unloading rate rising from 0.01MPa/s to 1MPa/s, the
mean value of Δεcv decreases from 0.016 to 0.013, and with initial
confining pressure rising from 25 to 80MPa, mean value of Δεcv
increases from 0.011 to 0.033. The results show that Δεcv value under
loading and unloading conditions all exhibit a growth trend as initial
confining pressure rises, indicating that pre-peak crack propagation
degree is higher and more microcracks are generated in rock under
higher confining pressure. Reversely, the Δεcv value decreases with
strain rate and unloading rate rising, indicating that pre-peak crack
propagation degree is lower and fewer microcracks are generated in
rock under higher strain rate and unloading rate. If cracks propagate
more fully in pre-peak, tensile cracks will propagate and merge to
form shear cracks, and rock mainly suffers plastic shear failure after
the peak. If crack propagation degree is relatively low pre-peak, since

FIGURE 10 | Typical deviatoric stress-crack volumetric strain curves of
marble.

FIGURE 11 | Volume crack propagation characteristic of marble samples: (A) loading condition; (B) unloading condition.
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the tensile crack is unable to fully extend and conflate, the rock will
undergo tensile-shear composite failure. Therefore, the increase of
strain rate and unloading rate easily causes insufficient expansion of
internal cracks before surrounding rock failure, resulting in sudden
brittle failure of rock mass and serious dynamic disasters such as rock
burst.

4.2 Evolution Characteristics of Volume
Crack Strain Rate
Under the action of external loads, crack propagation velocity
plays a decisive role in failure process of rock (Alneasan et al.,
2019). In laboratory tests, it is difficult to directly and effectively
obtain the crack propagation velocity of rock. Since the variation
rate of volume crack strain in each progressive failure stage is
obviously different, it also can reflect crack propagation degree in
rock in different failure stages. In this paper, volume crack strain
rate, which is the derivative of volume crack strain to time, was
introduced to quantitatively analyze the progressive failure
process of marble, and its calculation method is as follows.

Vc
v �

dεcv
dt

(8)

where t is the loading and unloading time, s; Vc
v is the volume

crack strain rate, s−1。
Volume crack strain rate of marble under different loading and

unloading conditions was shown in Figure 12. Marble samples with
10−5s−1 strain rate and 0.01Mpa/s unloading rate under the initial
confining pressure of 50MPa were respectively taken as examples.
Due to the discreteness of test data, the calculated volume crack strain
rate fluctuates, a smooth volume crack strain rate curve can be
obtained by the moving average method. It can be seen from
Figure 12A that the volume crack strain rate curve of marble
increases non-linearly with axial strain increasing. In the crack
closure stage and linear elastic stage, the volume crack strain rate
is relatively low, and the rock is almost in a stable state. After entering
the crack stable growth stage, the volume crack strain rate increases
slowly, but its growth rate increases at the crack rapid growth stage. In
the peak stress flat stage, the growth rate of volume crack strain rate
first slows down as marble reaches a new stable state, and then
suddenly increases in post-peak. As shown in Figure 12B, in the
unloading state, the variation trend of volume crack strain rate before
the unloading point is similar to that under loading conditions. It can

be found that the volume crack strain rate drops suddenly at the
unloading point and then continues to rise until rock failure,
the reason why is that there was a brief pause in the test caused
by the change from axial compression to confining pressure
unloading at unloading point. After the unloading point, although
confining pressure continues to decrease, the deviator stress still
increases slowly under the condition of constant axial pressure, and
after the short stress re-adjustment, lateral restraint on the rock is
gradually weakened due to the influence of unloading confining
pressure. Meanwhile, microcracks extend rapidly and the crack strain
rate sharply increases accordingly, so the steady increase state of crack
strain rate in this stage does not occur in the unloading state.

4.3 Identification of Failure Precursor Based
on Volume Crack Strain Rate
Impact instability, rock burst, and other dynamic disasters caused by
excavation disturbance are results of unstable deformation of rock
mass mechanical system. Instability of any rock medium will cause
disturbance of rock mass mechanical system, thus studying rock
deformation mechanism and failure precursor information is of
great significance to the prediction and prevention of engineering
disasters. It can be seen from Section 4.2 that the evolution curve of
volume crack strain rate shows various characteristics in different
deformation and failure stages. Volume crack strain rate changing
from stable growth to sharp growth indicates that cracks inside rock
propagate rapidly, and then penetrate specimen surface to generate
macrocracks, at this time, the turning point can be regarded as a
failure precursor point of rock. Identifying precursory information of
rock failure based on crack strain is closer to the realistic process of
rock failure, and determining failure precursory point through
volume crack strain rate is a direct and effective method, which
can be used to identify failure precursory information of rock under
different stress paths.

On this basis, stress levels corresponding to failure precursor
points of marbles under different loading and unloading
conditions was plotted in Figure 13. In the loading state, with
strain rate increasing from 10−5s−1 to 10−3s−1 and confining
pressure rising from 25 to 80MPa, stress levels of failure
precursor respectively decrease from 0.822 to 0.742 and 0.883 to
0.772. In the unloading state, as the unloading rate increases from
0.01MPa/s to 1MPa/s and initial confining pressure rises from
25 to 80MPa, the stress levels of failure precursors respectively

FIGURE 12 |Crack strain rate curves of marble samples: (A) loading condition (σ3 � 50MPa, _ε� 10−5s−1); (B) unloading condition (σ3 � 50MPa, Δσ3 � 0.01MPa/s).
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drop from 0.981 to 0.927 and 0.989 to 0.985. Under the four
conditions, failure precursor stress level generally shows a
decreasing trend, the lower the stress level, the earlier the failure
precursor point appears. The stress levels of failure precursor are
between 70% and 90% when loading, which is lower than the stress
levels between 90% and 100% under unloading conditions, the
peak stress of rock decreases under the action of unloading, leading
to an increase in the failure precursor stress level of the unloading
rock. Failure precursor point of unloading marble is close to the
unloading point, indicating that unloadingmarble ismore prone to
sudden fracture or even rock burst disaster. Since the failure
precursor in this paper was determined by the turning point
that volume crack strain rate changes from steady growth to
rapid growth, actually microcracks are about to or have already
begun to extend rapidly after the unloading point, thus the sudden
brittle failure usually occurs soon after unloading.

5 CONCLUSION

(1) Under different conditions, stress-strain curves of marbles are
similar in the linear stage, but they are significantly affected by
initial confining pressure, strain rate, and unloading rate in non-
linear and post-peak stages. Under different stress paths, triaxial
marble mainly suffers shear failure, and the failure degree under
the unloading state is more serious than the loading state. In the
loading state, as confining pressure increases and strain rate
decreases, the brittle failure degree of marble decreases. In the
unloading state, marble is less prone to brittle failure when
unloading at a lower unloading rate.

(2) The progressive failure process of marble can be divided into
crack closure, linear elastic, crack stable growth, crack rapid
growth, and post-peak failure stages based on volume crack
strain, correspondingly the characteristic stress thresholds are
determined. The higher the strain rate and confining pressure, the
higher the stress level of characteristic stress, while the unloading
conditions only weakens the peak stress. As stress level rises,
deformation modulus decreases, the Poisson ratio increases, and
their changing rate in unloading conditions is faster than in
loading conditions, indicating that more deformation is
generated in marble under unloading conditions, especially
under higher unloading rate and lower initial confining pressure.

(3) Introducing the pre-peak volume crack propagation strain
without considering initial damage to quantitatively analyze
the crack propagation degree of marble before the peak. The
lower the confining pressure, the higher the strain rate and
unloading rate, and the fewer the cracks generated before the
peak. The turning point of volume crack strain rate from
stable growth to rapid growth is defined as the failure
precursor point of rock. Stress levels of marble failure
precursors in loading and unloading conditions are
between 70% and 100%, and decrease as the strain rate
increases, confining the pressure and unloading rate. In
the unloading state, the failure precursor point appears
later and is close to the unloading point, showing that
unloading rock is more prone to sudden fracture.
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FIGURE 13 | Failure precursor stress levels of marbles based on crack strain rate: (A) loading test; (B) unloading test.
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