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For the bearing rock in geotechnical engineering, it is frequently affected by external loads.'is paper adopted different upper limits
of stress to carry out cyclic loading-unloading on the sandstone specimens to make them in different damage degrees and analyzed
the mechanical mechanism of the damaged sandstone under different stresses. 'en, the strength change and energy evolution of
sandstone with different damage degrees were analyzed, and the damage of the loaded sandstone was quantitatively characterized.
'e experimental results showed that the strength and plastic deformation of sandstone after cyclic loading-unloading with different
upper-stress limits gradually decreased with the increase of the upper-stress limit. In the loading-unloading stages of cyclic loading-
unloading, the elastic modulus increased with the increase of the upper-stress limit. In general, as the number of cycles increased, the
total strain energy density and elastic deformation energy density gradually increased, and as the upper-stress limit increased, both of
them also increased. 'e damage factor of sandstone after cyclic loading-unloading, which was characterized by dissipated energy,
increased in an S-shape with the increase of the upper-stress limit, and the growth rate first increased and then decreased.

1. Introduction

As the most common load-bearing medium, rock widely
exists in geotechnical engineering, such as mine surrounding
rock tunnels and underground protection projects [1–7].
Affected by human excavation activities, rock masses are in
varying degrees of damage under the disturbance of cyclic
loads with different upper-stress limits [8–10]. 'e super-
imposition of damage leads to the evolution of the rock mass
from the rupture of the internal mesostructure to the ex-
ternal macroscopic deformation and destruction. 'e
bearing capacity of the damaged rock and the deformation
capacity of resisting load is weaker than that of the original
rock, which brings major hidden dangers to the safety of
construction personnel [11]. In the indoor experiment, the
method of cyclic loading-unloading is mainly used to

analyze the mechanical properties and damage degree of the
loaded rock, which provides some references for the safety
production and stability analysis of the project site [12].

From the theory of rock damage mechanics, it can be
known that the damage of the rock actually deteriorates the
internal structure under the action of external load and leads
to the process of weakening the bearing capacity of the rock
mass [13]. Accumulation of rock mass damage will lead to a
decline in its integrity and load-bearing capacity, as well as
unreliable stability [14]. For the evolution process of rock
mass damage, many scholars have also reached specific
conclusions [13, 15–17], but the damage evolution of dif-
ferent rocks under external loads is not consistent. It shows
that the damage of the loaded rock does not depend on the
external loading path only but is also closely related to the
mechanical response of the rock mass [18]. 'e study of the
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mechanical response of the loaded rock mass is basic re-
search to study the evolution law of rock damage, the
damage constitutive relationship, and the strength change of
the damaged rock mass. 'erefore, in order to analyze the
damage of the loaded rock mass further, it is necessary to
establish a reasonable damage constitutive equation from
the perspective of damage mechanics and further explore the
evolution law of rock mass damage. For the characterization
of the damage of the loaded rock, many scholars have put
forward a very valuable method, hoping to obtain the rock
damage constitutive equation based on different damage
variables, in order to reflect the damage characteristics and
strength change law of the loaded rock [19–21].

'e mechanical properties of rock under cyclic loading
include a series of issues such as strength change [22, 23],
deformation [24, 25], and energy evolution [26, 27]. After
the cyclic loading, the internal microstructure of the rock has
deteriorated, such as the primary pores are compacted and
closed, the cementedmatrix cracks and the cracks propagate,
and even the main crack propagates and penetrates, and the
rock is damaged and unstable [28]. As the rock is not
damaged or destabilized, it still has the bearing capacity, but
the bearing capacity is reduced compared with the original
rock [29, 30]. 'e extent of the reduction is related to the
maximum stress value, the loading rate, and the number of
cycles [31]. When the rock surface is without significant
deformation and cracks, affecting the deterioration of the
internal structure of rock-on-rock damage, it cannot be
intuitively grasped. Many scholars analyze the damage de-
gree of the rock under cyclic loading based on the energy
evolution of the loaded rock during the cyclic loading-
unloading process [32, 33]. By analyzing the strength change
and energy evolution of the rock under cyclic loading, it has
an important reference value for the analysis of the damage
and stability of the loaded rock.

Aiming at the problem of damage of loaded rock, this
paper adopted cyclic loading-unloading with a different
upper-stress limit to make the rock in different degree of
damage state and analyzed the strength change, energy
evolution, and damage degree of damaged rock. First, de-
termine the uniaxial compressive strength σ of the rock.
'en, the upper-stress limits of 0.2σ, 0.4σ, 0.6σ, and 0.8σ
were cyclically acted on the sandstone to make them in
different degrees of damage. Finally, the strength change and
energy evolution of damaged rock after cyclic loading with
different upper stresses were analyzed, and the damage of
rock after cyclic loading with different upper stresses was
further explored.

2. Experiment

'e rock used in this experiment was taken from the rocky
slope of Cezi Island, Zhoushan City, China, and the li-
thology was sandstone. According to the standards of the
International Society for Rock Mechanics, after cutting
and grinding indoors, a cylindrical sample with a size of V

50mm ∗ h 100mm was prepared. 'e flatness error of
both ends of the rock should be controlled below 0.01mm,
and the nonparallelism of the two ends should be less than

0.05mm. 'e partially processed rock samples are shown
in Figure 1.

'e loading device of this experiment adopted the rock
mechanics test system (RMT-150C) developed by the
Wuhan Institute of Geotechnical Engineering, Chinese
Academy of Sciences, as shown in Figure 2. First, a
uniaxial compressive test was carried out on the processed
sandstone specimen to determine the uniaxial compres-
sive strength σ of the sandstone specimen. 'en, based on
the compressive strength of the rock, cyclic loading-
unloading experiments with different upper-stress limits
were carried out to make the sandstone in different de-
grees of damage. 'e cyclic loading was carried out in the
way of equal upper-stress limit, and the number of cyclic
loading-unloading was 7. 'e upper-stress limits used in
this experiment were 0.2σ, 0.4σ, 0.6σ, and 0.8σ, and the
loading rate was 500 N/s. Finally, the strength change,
elastic modulus change, and energy evolution of the
damaged sandstone after different cyclic static load upper-
stress limits were analyzed, and the damage of the rock
after cyclic loading-unloading was studied.

3. Experimental Results and Analysis

'e stress-strain curve of sandstone under uniaxial load is
shown in Figure 3. By analyzing the strength of sandstone
under uniaxial load, it can be known that the uniaxial
compressive strength of the sandstone specimen used in this
test was 61.14MPa. Based on the measured uniaxial com-
pressive strength of the sandstones, the upper-stress limits of
12.23MPa, 24.26MPa, 36.68MPa, and 48.91MPa were
taken in sequence to act on the sandstone specimens to make
them in different degrees of damage. 'e stress-strain curve
of loading is shown in Figure 4.

According to the experimental results, the plastic de-
formation of sandstone increased with the increase of the
upper-stress limit. When the upper-stress limit was
12.23MPa, 24.46MPa, 36.68MPa, and 48.91MPa, the
plastic deformation was 0.0010, 0.0015, 0.0028, and 0.0041 in
sequence. 'is showed that with the increase of the upper-
stress limit, the irreversible, permanent deformation of the
sandstone specimens after the cyclic loading-unloading
action gradually increased, and the increase in 33%, 64%,
and 76% took the upper-stress limit is 12.23MPa as a ref-
erence, the growth rate also gradually increased. At the same
time, it also showed that the damage degree of sandstones
after cyclic loading-unloading increases with the increase of
the upper-stress limit, and the growth rate also gradually
increased.

In the mechanical test of sandstone under uniaxial load,
the strain curve of loaded sandstone was analyzed. With the
action of load, the rock was finally compressed and
destroyed. 'is macroscopic mechanical appearance was the
qualitative change caused by the quantitative change of
mesostructure. 'e change of microstructure in the whole
process from loaded rock to failure was mainly composed of
three parts: compaction and closure of primary pores, rel-
ative slip between gravels, and main fracture connection
[34]. 'e compaction closure of primary pores mainly
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occurred in the initial compression stage of rock, and its
deformation was nonlinear. 'e deformation caused by
relative slip between gravels was irrecoverable, which usually
occurred in the loading section of cyclic loading-unloading,
and mainly in the initial loading stage. Influenced by dia-
genesis, there were primary pores and fractures with dif-
ferent sizes and densities in sandstone. In the initial loading
stage, the primary fractures were easy to be compacted and
closed, but the initial pores cannot be completely closed.'e
gravel around the pore would deform under the condition of
continuous stress, and the increasing deformation would
lead to the rock blocks between the contact surfaces cracking
and fell off. 'is was the formation process of local defor-
mation of the loaded rock, and the local deformation would
cause the overall plastic deformation.

'e deformation of sandstone under uniaxial loading
could be divided into the following stages: (1) Initial com-
paction stage: in this stage, the pores in sandstone were
compacted and closed, and local irreversible deformation
occurred, resulting in strength reduction. (2) Elastic de-
formation stage: the stress-strain curve was close to a straight
line, and the loaded sandstone was close to an elastic body.
(3) Microcrack propagation stage: with the continuous in-
crease of load and gradually reaching its elastic limit, the
relative slip between the sand and gravel caused new cracks
in the cemented matrix, and the propagation degree and
scale of the new cracks increased with the increase of load. In
the cyclic loading-unloading test, the microcracks gradually
formed and continued to develop during the loading stage,
and the microcracks tended to be stable during the
unloading stage and stopped at the complete unloading
stage. With the continuous increase of load, the proportion
of plastic deformation in the total deformation of loaded
sandstone increased gradually. 'e propagation state of
microcracks began to change, and the stress concentration at
the crack tip constantly appeared, which led to the derivation
of new cracks. 'e secondary cracks developed into new
cracks and merged with other cracks until the main cracks
gradually formed, and the transverse deformation of the
specimen occurred, and the volume of the rock expanded.
(4) Failure stage: after the loading stress rose to the peak
strength, the rock appeared macrofailure, the surface was
obvious through cracks, and the sandstone was crushed as a
whole.

It can be seen from Figure 4 that there is no obvious
difference in the overall trend of the stress-strain curve of
sandstone under cyclic loading of different upper limit
stress. However, with the increase of the upper-stress limit,
the shift of the hysteresis loop to the axial strain becomes
more and more obvious, which is due to the plastic de-
formation caused by the initial crack in the specimen being
compressed and closed.

Figure 1: Partial sandstone samples.

Figure 2: RMT-150C.
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Figure 3: Stress-strain curve of sandstone under uniaxial loading.
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3.1. Compressive Strength of Damaged Sandstone.
Previously, the mechanism of meso change of sandstone
under load was analyzed. Cyclic loading-unloading tests
were carried out on sandstone with different upper-stress
limits. 'e strength of sandstone with different damage
degrees would inevitably change. A uniaxial loading test was
carried out on sandstone with different damage degrees after
cyclic loading-unloading, and the uniaxial compressive
strength of damaged sandstone was determined, as shown in
Table 1.

According to the test results in Table 1, with the increase
of the upper limit of stress, the uniaxial compressive strength
of damaged sandstone decreases gradually. It can also be
found from Figure 4 that the plastic deformation of sand-
stone is different after cyclic loading with different upper
limits of stress. In order to more comprehensively grasp the
strength change and deformation characteristics of damaged
sandstone after cyclic loading-unloading, the upper limit of
stress is fitted with the plastic deformation and strength of
sandstone after cyclic loading-unloading, as shown in Fig-
ures 5 and 6.

It can be seen from the test results in Figures 5 and 6 that
with the increase of the upper-stress limit, the uniaxial
compressive strength of the damaged sandstone gradually

decreases, and the plastic deformation gradually increases,
and the reduction rate of uniaxial compressive strength and
the growth rate of plastic deformation gradually increase.
With the increase of the upper-stress limit, the deterioration
degree of the internal microstructure of sandstone gradually
increases, and the deterioration rate also increases with the
increase of the upper-stress limit.

3.2. Change of Elastic Modulus. In order to quantitatively
describe the elastic deformation characteristics of sandstone
under cyclic loading-unloading, this paper analyzes the
changes of elastic modulus in different loading-unloading
stages. 'e stress-strain curve of the cyclic loading-
unloading test is more complicated than the stress-strain
curve of the uniaxial loading test. 'erefore, the elastic
modulus of the loading stage and the unloading stage are
usually calculated separately. 'e elastic modulus value of
each segment is shown in Table 2, and the calculated elastic
modulus is fitted with the number of cycles, as shown in
Figure 7.

It can be seen from the test results in Table 2 and Figure 7
that in the cyclic loading-unloading test, the elastic modulus
of damaged sandstone gradually increases with the increase
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Figure 4: Stress-strain curves of sandstone under cyclic loading with different upper limits of stresses.
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of the number of cycles, but the increasing rate gradually
decreases and tends to be stable. In addition, it can be found
that the elastic modulus of sandstone in the loading stage is
smaller than that in the unloading stage. 'is shows that

with the increase of the number of cycles, the damage in
sandstone is gradually accumulated, and the damage degree
is gradually reduced in each loading-unloading cycle.
However, until the last cycle, the elastic modulus did not

Table 1: Uniaxial compressive strength of sandstone with different damage degrees.

Number Strength (MPa) Average strength (MPa)
0.2–1 59.13

57.620.2–2 52.98
0.2–3 60.75
0.4–1 57.65

56.030.4–2 54.12
0.4–3 56.34
0.6–1 41.66

44.680.6–2 45.22
0.6–3 47.18
0.8–1 34.12

26.030.8–2 21.95
0.8–3 22.01
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Figure 5: Uniaxial compressive strength of damaged sandstone under cyclic loading with different upper limits of stress.
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Figure 6: Plastic deformation of damaged sandstone under cyclic loading with different upper limits of stress.
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decrease. It also shows that the damage of sandstone under
cyclic loading does not reach the fatigue failure limit of
sandstone. Once the fatigue limit is reached, the sandstone
specimen will fail. In addition, it can be seen that the elastic
modulus of sandstone decreases with the increase of the
upper limit of stress.

According to the mechanical properties of rock, the rock
under load will deform due to resisting external force. 'e
deformation includes the elastic deformation that can be
recovered after unloading and the plastic deformation that
cannot be recovered after the external force is removed.
Before the elastic limit, the loaded rock is mainly elastic
deformation. After that, it is mainly plastic deformation.

When the upper limit of stress was 0.2σ, the difference
between the modulus of elasticity at the unloading stage and
that at the loading stage increased with the increase of cycles.
Because under a load of low stress, the primary pores in the
sandstone were compacted and closed to a greater extent,
resulting in the stiffness of the unloading section of the
sandstone gradually increasing. When the upper limit of
stress was greater than 0.2σ, the difference between the
elastic modulus of the unloading stage and that of the
loading stage became smaller due to the fact that the new
cracks in sandstone expanded gradually and connected with
each other.

'e elastic modulus of sandstone was decreasing in both
loading-unloading stages.When the upper limit of stress was

small, the growth rate of elastic modulus gradually decreased
with the increase of the upper-stress limit. When the upper-
stress limit gradually increased to a fixed value, the growth
rate of elastic modulus approached 0, and the curve began to
stabilize.

According to the theory of rockmechanics, the change of
elastic modulus of rock under cyclic loading could be di-
vided into three stages. (1) 'e rising stage of elastic
modulus: generally occurred at the initial stage of loading. At
this time, the primary pores in the loaded rock were
gradually compacted. In the subsequent unloading stage,
some of the compacted primary pores were restored, but
some of the closed fractures were not restored. 'erefore,
with the increase of rock stiffness, the elastic modulus also
increased, but with the gradual increase of load, the new
cracks began to expand, and the scale of cracks was also
large, which cannot be restored after unloading. With the
action of low-stress load, the effect of rock stiffness en-
hancement gradually weakened, resulting in the growth rate
of elastic modulus gradually decreased. (2) Regional stability
stage of elastic modulus: when the primary pores in the rock
were compacted and closed, the loading continued, and the
rock entered into the stage of nearly complete elastic de-
formation, and the elastic deformation gradually became
stable. Under the influence of the tip effect of the gravel, the
cementedmatrix in some areas also began to crack.'is kind
of deformation could not be restored after the external force

Table 2: Elastic modulus of sandstone at different loading-unloading stages under different upper-stress limits (GPa).

Number of cycles
0.2σ 0.4σ 0.6σ 0.8σ

Load Unload Load Unload Load Unload Load Unload
1 51.082 53.219 49.737 49.372 35.101 37.948 30.027 34.029
2 59.650 64.351 56.236 60.512 43.241 47.657 37.427 40.989
3 64.230 68.787 60.216 64.494 49.385 51.950 43.858 46.819
4 67.269 72.369 62.540 66.102 51.401 54.535 47.724 51.713
5 69.298 73.672 63.984 70.396 54.412 56.406 50.737 53.725
6 71.904 74.121 65.714 70.400 54.574 57.567 52.324 54.193
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Figure 7: Variation of elastic modulus of sandstone in different loading-unloading stages under cyclic loading.
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was removed, and the plastic deformation began to appear
again in the loaded rock. At this time, the increasing trend of
elastic modulus slowed down. (3) Elastic modulus decline
stage: at the critical point of the previous stage, with the
continued increase of stress, the cracks in the rock entered
the stage of rapid expansion, and the damage degree of the
rock was increasing. At this time, the scale and scope of
fracture propagation were much larger than the previous
two stages. At the same time, the plastic deformation of rock
began to increase, so the elastic modulus decreased
gradually.

3.3. EnergyEvolution. 'e damage of sandstone under cyclic
loading-unloading can be expressed by energy evolution in
addition to strength change and plastic deformation. 'e
energy method can quantitatively analyze the damage of
sandstone and the deformation and failure of rock under
cyclic loading-unloading, which is essentially the process of
energy exchange between the internal and external rock.
Rock failure is a process of instability caused by energy
absorption, release, and transformation, and its principle is
shown in Figure 8.

'ere are four main forms of energy transformation of
sandstone under cyclic loading-unloading. (1) Energy input:
since the beginning of loading, the loading device trans-
mitted mechanical energy to the rock. At the same time, the
friction between the loading end and the two ends of the
rock specimen also generated a small amount of heat energy.
'ese two kinds of energy were continuously input into the
loaded rock during the loading process. (2) Energy accu-
mulation and dissipation: the energy input from the outside
accumulated in the rock, but not all of the energy was
completely input into the rock, and some of the energy was
dissipated. 'is dissipation effect was weak in the early stage
of cyclic loading-unloading because the internal deteriora-
tion of sandstone was constantly strengthening, so with the
increase of the number of cycles, more energy was dissi-
pated. (3) Energy release: with the accumulation of internal
damage in sandstone, the rock would be crushed, and the
stored energy would be released in the form of kinetic
energy.

Energy absorption and release were reversible, but en-
ergy dissipation could only be released from rock to the
outside. In the cyclic loading-unloading test, the energy
input from the outside made the rock elastic deformation in
the loading stage and then released it to the outside in the
unloading stage. In addition, the closure and expansion of
fractures in rock would consume energy, which would re-
duce the total energy inside the rock, which led to the de-
crease of rock strength.

In the cyclic loading-unloading, the energy exchanged
between sandstone and the outside was considered as dy-
namic conservation, and the energy redistribution was
carried out continuously in the rock. 'e energy evolution
and energy dissipation characteristics of sandstone during
cyclic loading-unloading were studied. In order to facilitate
calculation and analysis, the heat exchange in the whole test
process was ignored as shown in the following equation:

U � FL � U
d

+ U
e
, (1)

where U is the total energy input by the loading system to the
specimen, the total strain energy of the rock, J; Ud is the
dissipated energy of rock, J; Ue is the elastic deformation
energy of rock, J; F is the load on the rock, kN; and L is the
deformation of rock, mm.

'e absorbed energy of rock can be divided into two
types. One type makes the rock plastic deformation and
leads to the accumulation of internal damage, which can be
called the dissipative energy of rock. 'e other is the re-
coverable deformation elastic deformation energy of rock,
which is released continuously during unloading.

In order to eliminate the error caused by different input
energy, this paper analyzes the energy evolution of rock
under cyclic loading-unloading by means of energy pro-
portion, as shown in

Ed �
U

d

U
, (2)

Es �
U

e

U
, (3)

where Ed is the energy dissipation rate, which means the
proportion of the rock dissipative energy in the total ab-
sorption energy, %. Es is the energy storage rate, which is the
proportion of elastic deformation energy of rock in the total
absorbed energy, %.

'e calculated energy ratio of sandstone under cyclic
loading-unloading is shown in Table 3. At the same time, the
energy dissipation rate and energy storage rate of sandstone
with different damage degrees at different loading-unloading
stages are fitted, as shown in Figures 9 and 10, respectively.
In addition, the total deformation energy density, elastic
energy density, and dissipated energy density of sandstone
with different damage degrees at different loading-unloading
stages are fitted, as shown in Figures 11–13.

According to the test results in Figures 9 and 10, when
the upper limit of stress is not greater than 0.4σ, the energy
dissipation rate decreases and the energy storage rate in-
creases with the increase of cycle times. When the upper
limit of stress is greater than 0.4σ, the energy dissipation first
decreases and then increases with the increase of the number
of cycles, while the change of energy storage rate is opposite
to that of the energy dissipation rate.

When the upper limit of stress is 0.2σ, the energy
storage rate increases to 75.71% with the increase of cycles,
combined with the above analysis of deformation mech-
anism, it can be seen that under the load of the upper limit
of stress, the deformation in sandstone is mainly the pri-
mary pores are compacted and closed, and the closure of
fractures leads to the continuous absorption of strain
energy. In the initial loading stage, the plastic deformation
of sandstone is large, and the absorbed energy is stored in
the sandstone in the form of elastic deformation energy.
But in the local space of rock with lower strength, the
energy is dissipated, and the proportion of dissipated
energy decreases with the increase of cycles. It shows that
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the damage fracture in the rock does not expand in a large
range, and the rock is mainly in the stage of initial crack
subclosed.

When the upper limit of stress is 0.4σ, the changing trend
of energy storage rate is the same as that of the upper limit of
stress is 0.2σ, which is in a linear rising state. However, in the
fifth cycle, the increasing rate decreases compared with the
previous cycles, which indicates that the storage of elastic
deformation energy in rock tends to be stable gradually,
while the growth rate of dissipated energy increases.
Combined with the mechanical mechanism of the loaded
rock, it can be seen that under the action of tip effect, the
cemented matrix begins to crack.

When the upper limit of stress is 0.6σ, the growth part of
energy storage energy ends in the third cycle. In the fourth
and fifth cycles, the elastic deformation energy of sandstone
begins to decrease, and most of its absorbed energy turns
into dissipative energy. 'is is due to the continuous
propagation of cracks in the rock and the irrecoverable
plastic deformation in the rock. Within this range, the
deformation growth rate of rock slows down.

When the upper limit of stress is 0.8σ, the fracture
compaction section of sandstone basically ends in the first
cycle, and its energy storage capacity decreases to the lowest
point in history, while the dissipated energy increases
continuously. 'e continuous propagation of new cracks in
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Figure 8: Energy transformation diagram of rock and external environment.

Table 3: Proportion of different kinds of energy in sandstone under cyclic loading-unloading (%).

Number of cycles
0.2σ 0.4σ 0.6σ 0.8σ

Ed Es Ed Es Ed Es Ed Es

1 69.41 30.59 67.33 32.67 68.80 31.20 64.64 35.36
2 60.29 39.71 58.41 41.59 46.48 53.52 33.24 66.76
3 48.33 51.67 49.83 50.17 27.47 72.53 30.94 69.06
4 37.81 62.19 40.32 59.68 29.63 70.37 34.63 65.37
5 24.29 75.71 34.33 65.67 33.70 66.30 44.80 55.20
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Figure 9: Energy dissipation rate of sandstone with different
damage degrees at different loading-unloading stages.
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Figure 10: Energy storage rate of sandstone with different damage
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the rock leads to a significant increase in plastic deformation.
'e new cracks propagate rapidly in the rock and induce
secondary cracks, which leads to the strength reduction of
sandstone. In the accelerated damage stage, each energy ratio
curve will show inflection point, and the surface rock failure
stage will appear. But from the overall change trend in the
figure, the energy storage rate is still in the stable decline
stage, and the overall failure crushing of rock samples does
not appear.

It can be seen from the test results in Figures 11–13 that
the total strain energy, elastic deformation energy, and
dissipated energy of loaded sandstone gradually increase
with the increase of cycle times. 'is is because the internal
damage of sandstone under cyclic loading-unloading
gradually accumulates, resulting in the increase of total
strain energy. With the increase of load, the elastic defor-
mation of sandstone increases. 'erefore, the elastic de-
formation energy of loaded sandstone increases gradually.

Under cyclic loading with a different upper limit of
stress, the dissipated energy increases with the increase of
cyclic times. When the upper-stress limit is 0.2σ, the
dissipative energy increases slowly in the first three
loading-unloading cycles and decreases slightly in all
loading-unloading cycles from the fourth cycle to the end
of the test. When the upper limit of stress is 0.4σ, 0.6σ, and
0.8σ, the dissipated energy is positively correlated with the
number of cycles, and the growth rate of dissipated energy
decreases with the increase of the upper limit of stress.'is
is because the damage in the loaded rock increases with the
increase of the upper limit of stress.

When the upper limit of stress is 0.2σ and 0.4σ, the
dissipative energy of loaded sandstone is lower, which is
because, under the cyclic loading-unloading of low stress,
the cracks inside the loaded rock are repeatedly compacted
and closed. When the upper limit of stress increases to 0.6σ
and 0.8σ, the dissipated energy in the loaded sandstone
increases rapidly. 'is is because the plastic deformation in
sandstone is significantly increased compared with the upper
limit of 0.2σ and 0.4σ, and the damage degree of loaded rock
is significantly greater than that of sandstone under cyclic
loading with a low upper limit of stress.

It can be seen from the test results in Figures 12 and 13
that the elastic deformation energy density and total strain
energy density of loaded sandstone increase with the in-
crease of cycle times, showing a nearly linear growth trend.

When the upper limit of stress is 0.2σ, the elastic de-
formation energy density, the dissipated energy density, and
the total strain energy density are the minimum compared
with other upper limits of stress. In the first two loading-
unloading cycles, the dissipated energy density is greater
than the elastic deformation energy density, but in the next
three loading-unloading cycles, the elastic deformation
energy density is greater than the dissipated energy density.

When the upper limit of stress is 0.4σ, compared with the
upper limit of stress is 0.2σ, the elastic deformation energy
density, the dissipated energy density, and the total strain

D
iss

ip
at

ed
 en

er
gy

 d
en

sit
y 

(J
·cm

-3
)

2 3 4 51
Number of cycles

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

σ1 = 12.23 MPa
σ1 = 24.46 MPa

σ1 = 36.69 MPa
σ1 = 48.92 MPa

Figure 11: Dissipated energy density of sandstone with different
damage degrees in different cycle stages.
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Figure 12: Elastic energy density of sandstone with different
damage degrees in different cycle stages.
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energy density all increase with the increase of the number of
cycles, but the growth rate gradually decreases. 'e reason is
that under the cyclic loading-unloading action of the upper-
stress limit, some cracks and primary pores are still com-
pacted and closed, while the elastic deformation energy
density decreases in the fourth and fifth cyclic stages.

When the upper limit of stress is 0.6σ and 0.8σ, the
elastic deformation energy density is close to the total strain
energy density, and both are larger than the former both.

3.4. Analysis of Damage Evolution Based on Energy
Dissipation. In the cyclic loading-unloading test of sand-
stone, the energy dissipation is caused by the accumulation
of damage in the rock. 'erefore, it is reasonable to define
sandstone damage by dissipative energy density. With the
increase of the number of cycles, the dissipative energy
density of the loaded sandstone is also increasing, as shown
in Table 4.

In this paper, it is assumed that the damage of sandstone
under cyclic loading-unloadingwith the upper limit of the stress
of 0.8σ is 1, and the damage of loaded rock is characterized by
the energy method, as shown in the following equation:

D′ �
 Ue 

0.8σU
e, (4)

where D′ is the damage factor;  Ue  is the sum of dissipated
energy during cyclic loading-unloading, J; and 0.8σUe is the
sum of dissipated energy when the upper limit of stress is
0.8σ, J.

'e damage factors of loaded sandstone under cyclic
loading with different upper limits of stress are calculated, as
shown in Table 5. In addition, the calculated damage factors
are fitted, as shown in Figure 14.

Based on the damage degree represented by the dissi-
pated energy of loaded sandstone, it can be seen that the
damage degree of sandstone under cyclic loading-unloading
increases with the increase of the upper limit of stress, and
increases slowly at first, then increases rapidly, and finally
tends to be stable, showing an S-shaped growth.

4. Conclusions

In this paper, cyclic loading-unloading with different upper-
stress limits is applied to the sandstone specimens to make
them in different degrees of damage. 'en, based on the
strength change, plastic deformation and energy evolution of
the damaged sandstone, the change law of damage degree of
sandstone with the increase of upper-stress limit is analyzed.
'e results are as follows:

(1) 'e plastic deformation and damage degree of
sandstone under cyclic loading-unloading with
different upper-stress limits increase with the in-
crease of upper-stress limit. 'e strength of sand-
stone under cyclic loading-unloading decreases
with the increase of upper-stress limit, and the
reduction rate also increases with the increase of
upper-stress limit.

(2) In general, the elastic modulus of the loading section
and unloading section increase with the increase of
cycle times. When the upper limit of stress is low, the
elastic modulus goes through the rising stage and
regional stability stage, while when the upper limit of
stress is high, the elastic modulus will appear in the
declining stage at last.

(3) When the upper limit of stress is less than 0.4σ, the
energy dissipation rate decreases and the energy
storage rate increases with the increase of the
number of cycles. When the upper limit of stress is
greater than 0.4σ, the energy dissipation first de-
creases and then increases with the increase of the
number of cycles, while the change of energy
storage rate is opposite to that of the energy dis-
sipation rate.

(4) 'e total strain energy density and elastic defor-
mation energy density increase with the increase of
the number of cycles. In general, both of them
increase with the increase of the upper limit of
stress.

(5) 'e damage factor of sandstone after cyclic loading-
unloading based on dissipated energy increases in
S-shape with the increase of upper-stress limit, and
the increase first increases and then decreases.

Table 4: Dissipation energy of sandstone with different damage
degrees under impact load (J).

Upper limit of stress 0.2σ 0.4σ 0.6σ 0.8σ
Total dissipated energy 0.0702 0.2019 0.3353 0.3707

Table 5: Damage factors of sandstone under cyclic loading with
different upper limits of stress.

Upper limit of stress 0.2σ 0.4σ 0.6σ 0.8σ
Damage factor 0.1894 0.5446 0.9045 1
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Figure 14: Damage factors of sandstone under cyclic loading with
different upper limits of stress.
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