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In order to analyze the mechanical behavior of cracked rock in cold region subjected to cyclic loading, step cyclic loading and
unloading (SCLU) triaxial tests with different stress paths have been designed. The mechanical responses such as strength,
deformation, and failure mode were analyzed. The test results show that limestone has obvious strengthening effect under
cyclic loading due to local crushing and filling of internal structural plane. The strengthening effect and fatigue damage effect
caused by cyclic loading and the impact damage effect caused by the upgraded of stress level have an effect on mechanical
response of cracked rock, and the degree of influence is related to the stress path. Under the stress path of constant stress
lower limit (CSLL), the strengthening effect of rock was more prominent and its strength was enhanced. It was mainly
subjected to progressive fatigue damage and had a buffering effect in the failure process. However, under the stress path of
increasing the stress lower limit (ISLL), the rock suffered significant impact damage and entered the fatigue damage stage in
advance, which led to its strength reduction and sudden failure when entering the next stress level. In addition, during the
loading process, larger initial stress amplitudes led to more obvious cyclic strengthening effects, while smaller initial stress
amplitudes led to greater plastic deformation and energy dissipation, and the rock was more prone to progressive damage.

1. Introduction

Traditional studies on rock mechanical behavior mostly
focus on monotonic loading conditions, while engineering
practices show that rock is affected by step cyclic loading
and unloading (SCLU) disturbance to varying degrees in
the excavation process of high slope, mine roadway, traffic,
and hydraulic tunnel, as well as in the operation process of
dam storage and flood discharge [1, 2]. With the develop-
ment of engineering construction in cold regions, the
mechanical behavior of cracked rock subjected to step cyclic
loading has become a research hotspot of scholars [3–5].
Due to the damage freeze-thaw alternation, rocks in cold
regions generally generate cracks [6]. Compaction, develop-
ment, expansion, convergence, and cracking of irregular
interlayer such as primary fissures and joints before rock
are completely destroyed, and the most significant manifes-
tation of these evolutionary processes is the change of rock

mechanics parameters and energy [7]. Therefore, it is of
great significance to study the mechanical parameters and
energy evolution law of rock with irregular interlayer under
SCLU conditions, which is also helpful to better explain the
damage mechanism of rock in practical engineering.

Previous studies on the mechanical properties of rock
under cyclic loading and unloading are mainly divided into
two aspects. One is to analyze the deformation and strength
evolution properties of rock under fatigue damage from
macroscopic and microscopic perspectives. The experimen-
tal study found that the development of rock deformation
during uniaxial cyclic loading compression can be divided
into initial stage, stable stage, and acceleration stage [8].
Hu et al. analyzed the stress-strain relationship of granite
under different maximum loads, loading amplitude, and
loading frequency during cyclic loading and unloading and
also found that the cumulative damage presented an obvious
three-stage process [5]. Ghamgosar and Erarslan studied the
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development and closure of microcracks in the fracture pro-
cess of tuff under mono-loading and cyclic loading through
splitting test and numerical simulation [9]. It was found that
cyclic loading caused continuous friction between grains and
produced more microcracks, while mono-loading produced
a smooth shear band. Ghamgosar et al. also found that cyclic
loading would reduce the rock strength to 70% of its original
strength, and the high-density microcracks formed were
mostly located in the fracture process zone [10]. The second
is to establish various damage models combined with the law
of energy evolution. The damage process of rock is a kind of
energy dissipation process, and the strength, deformation,
and failure characteristics of rock have internal relations
with energy dissipation [11]. Peng et al. found that the dam-
age model established according to energy evolution is more
consistent with the actual damage evolution process of rock
[12]. Therefore, many scholars gradually studied the evolu-
tion of rock deformation and damage under cyclic loading
from the perspective of energy. The variation characteristics
of hysteretic cycle curves of typical cyclic loading were ana-
lyzed in detail, and the variation rules of parameters such as
total work, elastic deformation energy, dissipated energy,
energy dissipation rate, residual strain, damage variables,
and their mutual relations in the loading and unloading pro-
cess were discussed [13].

The above studies attempted to reveal the damage evolu-
tion law of rock under cyclic loading and unloading from
different aspects and obtained valuable results. However,
for rock with irregular interlayers, the cyclic loading process
not only exist damage evolution but may also exist obvious
strengthening effect, resulting in the increase of rock
strength [14]. Therefore, it has some limitations to study
the mechanical response of irregular interbedded rock mate-
rials only from the perspective of damage evolution law. In
addition, the research on the mechanical response of rock
under cyclic loading mainly focuses on the damage evolution
law under constant stress amplitude, while the research on
the mechanical response of rock under step cyclic loading
of different stress paths is not deep and clear enough. In
practical engineering, with the increase of working depth
or the change of construction location, the cyclic load stress
amplitude and stress lower limit of rock will change differ-
ently [15], and therefore, a further study to explore the influ-
ence of different stress paths on rock bearing capacity,
deformation, and energy dissipation is necessary.

In order to resolve those problems, this article intends to
design triaxial SCLU tests with four different stress paths
(constant or increasing stress lower limit, relatively large,
or small initial stress amplitude), and the corresponding
strength, performance parameters, deformation, and energy
were calculated according to the stress-strain curves of the
rocks. Combined with the structural characteristics of rock
with irregular interlayer, the experimental phenomena are
analyzed. The study in this paper is helpful to reveal the fail-
ure mechanism of rock damage, deterioration, and instabil-
ity under different SCLU stress paths. The research results
of this article have important significance for the design
and construction of cracked rock in engineering construc-
tion and the prevention and control of dynamic disasters.

2. Rock Specimen Preparation and
Test Methods

2.1. Specimen Preparation. As shown in Figure 1, the lime-
stone was chosen from the Nangqian County of Qinghai
Province, and CT scan showed that many irregular inter-
layers existed within it. The proposed tunnel project in this
area needs to excavate the rock mass, which may be affected
by SCLU during the construction process. The research
results of this article will also provide reference for the engi-
neering construction in this area.

The rock blocks were wrapped in foam cotton and trans-
ported to the State Key Laboratory of Frozen Soil Engineer-
ing, Chinese Academy of Sciences. As shown in Figure 1(c),
in strict accordance with the International Society for Rock
Mechanics code, the rock block was prepared into a standard
cylinder rock sample with a size of φ 50mm × L100mm. In
order to minimize the influence of heterogeneity of the spec-
imens on the test results, all specimens are drilled from the
same rock. Five groups of specimens, #1, #2, #3, #4, and
#5, were used in the test. Two additional rock specimens
are set in each group for repeated test to reduce the occa-
sionality and error of the experiment.

2.2. Test Equipment. The equipment used was the GCTS
RTR-1000 rock triaxial test system of the State Key Labora-
tory of Frozen Soil Engineering of the Chinese Academy of
Sciences. The equipment can perform strain or stress con-
trol, as well as conduct behavior tests after rock failure.
The maximum axial load of the test equipment is 1000 kN,
and the loading frame stiffness is 1750 kN/mm. The inte-
grated confining pressure can reach 140MPa, the pressure
resolution is 0.01MPa, and the liquid volume resolution is
0.01CC. The rock specimen size was up to 75mm (3 inches).
The equipment has an axial and radial linear variable differ-
ential transformer measurement, deformation range ± 2:5
mm, and deformation resolution of 0.001mm. The installa-
tion of test equipment and rock specimen is shown in
Figure 2.

2.3. Test Methods. During the construction of rock excava-
tion, the rock may be affected by SCLU. The cyclic loading
form of rock caused by construction activities is related to
the change of upper and lower limit of stress and stress
amplitude with stress level (for example, when mineral
resources enter deep mining, the surrounding rock of the
roadway and stope is under different unloading and loading
disturbances due to different mining methods, and the fail-
ure mode and energy dissipation of the surrounding rock
are significantly different.) [16], it is transformed into indoor
test settings, corresponding to different stress paths of SCLU.
Five different stress paths were designed in this experiment.
The corresponding curves of stress and time under different
stress paths are shown in Figure 3. In order to reduce the
influence of the non-uniformity of samples on the test
results, the larger discrete type was removed. The test results
were valid only when three or more similar results were
obtained.
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As shown in Figure 3(a), the stress path 1 is the conven-
tional triaxial compression experiment, and the loading rate
is 0.02mm/min. Stress path 2-5 is triaxial SCLU experiment,
which is loaded by axial stress control. The loading wave-

form is sine wave, frequency is 0.1Hz, each level has 30
cycles, the period of each cycle is 10s, and the initial value
of deviator stress is 1MPa (which can make the loading
device fully contact with the specimen). The loading
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parameters of each stress path are shown in Table 1. In the
stress path 2, the upper and lower stress limits are both
increased by 40MPa at each stress level, and the stress
amplitude is 40MPa, which remains unchanged. In stress
path 3, the upper and lower stress limits are both increased

by 20MPa at each stress level, and the stress amplitude is
20MPa and remains unchanged. In stress path 4, the lower
stress limit is 1MPa and remains unchanged, and the stress
amplitude is improved by 40MPa at each level of loading. In
stress path 5, the lower stress limit is 1MPa and remains

Stress path 1

0

0 500 1000 1500

Time (sec)

2000

20
40
60
80

100
120
140
160

D
ev

ia
to

r s
tre

ss
 (M

Pa
)

180
200

Stress path 1s

(a)

Stress path 2

Level II

Level III

10 MPa

30 cycles

Level IV

Level I

0

0 200 1000800600400

Time (sec)

1200

20
40
60
80

100
120
140
160

Sd
 - 

de
vi

at
or

 st
re

ss
 (M

Pa
)

180
200

(b)

Stress path 3

Level II

Level III
20 MPa

30 cycles

Level IV

Level V
Level VI

Level VII

Level I

0

0 400 200016001200800

Time (sec)

2400

20
40
60
80

100
120
140
160

Sd
 - 

de
vi

at
or

 st
re

ss
 (M

Pa
)

180
200

(c)

Stress path 4

Level II

Level III

40 MPa

30 cycles

Level IV

Level I

0

0 200 1000800600400

Time (sec)

1200

20
40
60
80

100
120
140
160

D
ev

ia
to

r s
tre

ss
 (M

Pa
)

180
200

(d)

Stress path 5

Level II
Level III

20 MPa

30 cycles

Level IV
Level V

Level VI
Level VII

Level I

0

0 400 200016001200800

Time (sec)

2400

20
40
60
80

100
120
140
160

D
ev

ia
to

r s
tre

ss
 (M

Pa
)

180
200

(e)

Figure 3: Loading diagram of different stress paths.

Table 1: Loading parameters of each stress path.

Stress
path

Increment of upper stress limit at
adjacent stress level (MPa)

Increment of lower stress limit at
adjacent stress level (MPa)

Initial stress
amplitude (MPa)

Stress amplitude at adjacent
stress level (MPa)

2 40 40 40 0

3 20 20 20 0

4 40 0 40 40

5 20 0 20 20
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Figure 4: Stress-strain curves of limestone subjected to step cyclic loading.
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unchanged, and the stress amplitude is improved by 20MPa
at each level of loading. In this article, the triaxial loading
tests of all stress paths are carried out under the confining
pressure of 5MPa.

3. Test Results and Analysis

3.1. Characteristics of Whole Process Stress-Strain Curves
under Step Cyclic Loading Stress Paths. The stress-strain
curves of limestone specimens under different stress paths
of SCLU are shown in Figure 4. It can be seen from
Figure 4(a) that under the condition of conventional triaxial
compression (stress path 1), the limestone shows the defor-
mation characteristics of approximate linear relationship
until sudden failure occurs, and it is mainly elastic deforma-
tion with elastic-brittle properties.

The strength of rock is related to the stress path. It is
generally believed that irreversible structural damage will
occur in the process of SCLU, and the strength of rock
decreases gradually, which is called fatigue damage. How-
ever, both seismic observations [17, 18] and laboratory tests
[19, 20] can confirm that after structural damage or irrevers-
ible deformation of rocks, the strength of rock will increase
or recover. This is called cyclic strengthening effect. The rea-
son for this phenomenon is that the improvement of the
contact state between the particles increases the friction
and contributes to the improvement of the bearing capacity
of the rock.

The fatigue damage and strengthening effect are coupled
in the process of cycle loading. Taking stress path 2 as an
example, as shown in Figure 4(b), at the early stress level
of loading, the plastic strain increment after unloading was
significantly higher than the peak strain increment under
the same stress level, which indicates that the plastic strain
increment is mainly caused by the improvement of the con-
tact state between particles under cyclic loading and the
strengthening effect is more significant. However, at the later

stress level of loading, the plastic strain increment after
unloading was significantly lower than the peak strain incre-
ment under the same stress level, indicating that the fatigue
damage effect is more significant.

Comparing the peak strength of rock under different
stress paths in Figure 4, it can be found that under the stress
paths with relatively high initial stress amplitude (stress
paths 2 and 4), the peak strength of specimens is higher than
that of the specimens under the conventional compression
test condition (stress paths 1). Under the stress paths with
relatively low initial stress amplitude (stress paths 3 and 5),
the peak strength of specimens is lower than that under
stress paths 1. In addition to that, under the stress path with
increased stress lower limit (ISLL) (stress paths 2 and 3), the
peak strength of the specimens is lower than that of the spec-
imen under the stress path with constant stress lower limit
(CSLL) (stress paths 4 and 5). From the above analysis, it
can be seen that under the condition of relatively larger
stress amplitude in each stress level of SCLU, the cyclic
strengthening effect of specimens will be more prominent
and the peak strength will increase accordingly. The
strengthening effect and fatigue damage show great differ-
ences in the loading process of different stress paths, which
will be analyzed in the combined with the variation law of
each parameter, later in this article.

3.2. Dynamic Elastic Modulus Analysis. The dynamic modu-
lus of elasticity (Ed) is a parameter commonly used to eval-
uate the dynamic properties of materials, and the
calculation method is shown in Figure 5. Ed reflects the abil-
ity of material to resist deformation under dynamic stress.
The relationship between Ed and the number of SCLU is
shown in Figure 6. Under the four stress paths of SCLU,
Ed of the specimen decreases gradually with the upgraded
of stress level during the whole process of loading, which is
quite different from the existing research results [21]. The
main reason is that there are irregular structural planes in
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Figure 6: Elastic moduli of specimens evolution process under different stress paths. (a) Ed evolution with number of cycles under stress
paths 2 and 4; (b) influences of stress level on Ed under stress path 2; (c) influences of stress level on Ed under stress path 4; (d) Ed
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limestone, with the increase of stress level, the initial cracks
in the rock are further compressed and accompanied by
the dislocation and friction between adjacent structural
planes, the macroscopic deformation of the rock is further
increased, leading to the decrease of the elastic modulus.

The variation of Ed under four cyclic loading stress paths
was different. As shown in Figures 6(a) and 6(d), with the
upgraded of stress level, the decrease trend of Ed under ISLL
stress paths (stress path 2 and 3) is higher than that under
CSLL stress paths (stress path 4 and 5). In addition, as
shown in Figures 6(b) and 6(e), under the stress paths of
ISLL, the Ed of the first cycle is smaller than that of other
cycles at each stress level. As shown in Figures 6(c) and 6(f
), under the stress paths of CSLL, the Ed of the first cycle
in each level does not seem to be smaller than that of subse-
quent cycles. The above results show that under the ISLL
stress path, the impact damage of limestone is significant,
while under the CSLL stress path, the damage of limestone
is mainly progressive.

As shown in Figures 6(b), 6(c), 6(e), and 6(f), under four
SCLU stress paths, the Ed of rock increased at the stress level
in the early stage of loading, which was caused by the
strengthening effect caused by cyclic loading. The Ed of rock
decreased at the stress level in the later stage of loading,
which was caused by the fatigue damage effect caused by
cyclic loading. Stress paths 2 and 3 (Figures 6(b) and 6(e))
show the decreasing trend of Ed due to fatigue damage from
level III and level IV, respectively. Compared with CSLL
stress paths 4 and 5 (Figures 6(c) and 6(f)), the beginning
of decreasing trend of Ed was advanced by 1 and 2 stress
levels, respectively. The experimental phenomenon shows
that the ISLL will make the limestone enter the fatigue dam-
age stage earlier.

3.3. Dynamic Poisson’s Ratio under Step Cyclic Loading Stress
Paths. Dynamic Poisson’s ratio (μd), defined as the ratio of
radial strain to axial strain, is used to evaluate the transverse
deformation characteristics of materials, and the calculation
method is shown in Figure 7. μd reflects the information of
damage and crack propagation in rock. It can be seen from
Figures 8(a) and 8(d) that the variation of μd is different
from the Ed . Under the condition of SCLU, with the increase
of the stress level, the μd increases as a whole. The reason is
that with the stress level increases, internal structural dam-
age occurs in the specimen, and cracks continue to expand.

The variation of μd under four cyclic loading stress paths
was different. As shown in Figure 7(a), in the stress path
with higher initial stress amplitude (stress path 2 and stress
path 4), with the upgraded of stress level, the μd showed a
trend of decreasing at first and then increasing, basically
showing a “U” shape, while in the stress path with lower ini-
tial stress amplitude (stress path 3 and stress path 5) as
shown in Figure 7(d), the μd showed no obvious decreasing
trend. Under the stress path with relatively high initial stress
amplitude (stress paths 2 and 4), the μd decreased in the ini-
tial stage of cyclic loading. This is because under the stress
paths with relatively higher initial stress amplitude, the
cyclic loading has a significant strengthening effect on the
rock. Under the stress paths with relatively lower initial
stress amplitude (stress paths 3 and 5), due to the relatively
small stress amplitude of SCLU, the strengthening effect of
cyclic loading on the rock was not obvious. This is consistent
with the analysis of rock peak strength under different stress
paths in Section 3.1.

It is known from the previous study that the increase of
μd is due to the propagation of internal cracks [22]. Under
SCLU stress conditions, cracks will continue to expand and
cause new damage. The main factors affecting the variation
law of μd vary according to different stress paths. For the
stress paths with ISLL (stress paths 2 and 3), the main factor
for the increase of μd is the impact damage caused by the
upgrade of stress level, as shown in Figures 8(b) and 8(e),
the maximum value of μd appeared in the first cycle of each
stress level. While for the stress paths with CSLL (stress
paths 4 and 5), the main factor for the increase of μd is the
fatigue damage caused by cyclic load, as shown in
Figures 8(f) and 8(h), the μd increased gradually with the
accumulation of cycle times. The effect of impact damage
on the expansion of microcracks in rock is significantly
stronger than that of fatigue damage, which explains why
the μd increases faster under the ISLL stress path than under
the CSLL stress path.

3.4. Peak Strain under Step Cyclic Loading Stress Paths. It can
be seen from Figure 4 that the hysteresis curve will change
with the different stress paths. With the accumulation of
cycles, the hysteresis curve formed by each cycle has a ten-
dency to move gradually towards the direction in which the
absolute value of its corresponding strain increases. In other
words, the specimen will undergo irreversible deformation
under stress paths of SCLU. The calculation method of irre-
versible deformation is shown in Figure 9. The peak strain
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Figure 8: Poisson’s ratio of specimen evolution process under different stress paths. (a) μd evolution with number of cycles under stress
paths 2 and 4; (b) influences of stress level on μd under stress path 2; (c) influences of stress level on μd under stress path 4; (d) μd
evolution with number of cycles under stress paths 3 and 5; (e) influences of stress level on μd under stress path 3; (f) influences of
stress level on μd under stress path 5.
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increment was used to analyze the plastic strain increment of
the rock plastic deformation. The reason why the strain incre-
ment after unloading is not used is that the lower stress limit
variations under different stress paths are different, so the
strain increment after unloading is not comparable.

Figures 10(a) and 10(b) show the comparison of peak
strain and cycle times of rock under four step cyclic loading
stress paths. Figures 10(c)–10(f) show the relationship
between the increment of peak strain and cycle times under
different stress paths. Under the four stress paths of SCLU,
the peak strain increases gradually on the whole. It indicates
that with the upgraded of stress level, the rock was com-
pressed gradually in axial direction and expanded gradually
in radial direction. As shown in Figures 10(a) and 10(b),
the peak strain growth rates under the ISLL stress paths 4
and 5 were higher than that under the CSLL stress paths 2
and 3, respectively. According to Figures 10(c) and 10(d),
under the ISLL stress paths, the peak strain increment
mainly existed in the first cycle of each stress level, and the
peak strain increment caused by the increase of stress level
increases linearly. As shown in Figures 10(e) and 10(f),
under the CSLL stress path, the peak strain increment
existed in the entire cycling process of each stress level, in
which the peak strain increment caused by the upgraded of
stress level was basically consistent, while the peak strain
increment caused by cyclic loading increased gradually with
the upgraded of stress level.

As shown in Figure 10(a), under stress path 2, the cumu-
lative irreversible axial and radial strains increase signifi-
cantly with the accumulation of cycle times at the last
stress level (level IV) before failure, and the cumulative irre-
versible radial strain increment is significantly higher than
the cumulative irreversible axial strain. This indicates that
microcracks begin to develop effectively. However, in the
level IV of stress path 4, the cumulative irreversible axial

and radial strain generated by SCLU is small, so that the
cumulative irreversible axial and radial strain is significantly
lower than that of stress path 2. This phenomenon indicates
that, compared with the loading condition with CSLL, the
stress threshold corresponding to the effective development
of microcracks in rock is lower under the loading condition
with ISLL, and the rock enters the irreversible strain accu-
mulation stage caused by SCLU earlier. As shown in
Figure 10(b), for stress paths 3 and 5, the difference in irre-
versible deformation between them caused by the different
changes in the lower stress limits was similar to that of stress
paths 2 and 4. However, the cumulative irreversible axial and
radial strain of stress paths 3 and 5 before failure were higher
than that of stress paths 2 and 4. The reason for this phe-
nomenon is that the increment of upper stress limit at adja-
cent stress levels of stress paths 3 and 5 is less than that of
stress paths 2 and 4. The results show that the smaller the
increment of upper stress limit at adjacent stress levels, the
more significant the plastic deformation of the rock under
the stress path.

The above phenomena show that under the ISLL stress
path, the irreversible deformation caused by cyclic loading
before failure is small because the stress amplitude remains
constant and does not grow. It produces less axial irrevers-
ible deformation than that under the CSLL stress path. How-
ever, it does not have a significant effect on the development
of radial peak strain, which also explains why the μd
increases faster under the ISLL stress path than under the
CSLL stress path. In addition, it can be found that under
the ISLL stress path, the irreversible strain of the specimen
accumulates significantly at the last stress level, and the spec-
imen fails suddenly when the stress level entered the next.
However, under the CSLL stress path, the peak strain of
the specimen increased gradually during the failure process,
and there was a buffer process. Comparing Figures 10(a) and
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Figure 9: Calculation diagram of irreversible strain.
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10(b), it can be found that the deformation before failure of
the specimen under stress paths 3 and 5 with small initial
stress amplitude was significantly higher than that under
stress paths 2 and 4 with large initial stress amplitude. More-
over, the buffering process of rock failure was more obvious
under the CSLL stress path with low initial stress amplitude.

4. Energy Evolution Laws under Different
Stress Paths

4.1. Definition of Energy Parameters in SCLU Process. In the
process of SCLU test, the upper and lower limits of stress are
usually set, and the SCLU is carried out by stress control

method. The research results of the existing research results
[23, 24] show that in the process of SCLU, the hysteretic
loop curve is usually not closed, and the stress-strain hyster-
etic loop curve in the typical process of SCLU is shown in
Figure 11. The curve in loading stage is usually higher than
that in unloading stage, and there is residual deformation.
From the perspective of energy, under the action of SCLU
in stages, part of the total energy input from the outside is
stored in the material in the form of elastic strain energy,
which can be released during unloading and is reversible.
The other part of the energy is dissipated by the plastic
deformation of the specimen, the expansion of the crack,
and the transformation into the form of sound energy, heat
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Figure 10: Peak strain of specimen evolution process under different stress paths. (a) Peak strain evolution with number of cycles under
stress paths 2 and 4; (b) peak strain evolution with number of cycles under stress paths 3 and 5; (c) increment of peak strain under
stress paths 2; (d) increment of peak strain under stress paths 3; (e) increment of peak strain under stress paths 4; (f) increment of peak
strain under stress paths 5.
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energy, and radiation energy, which is called dissipated
energy. The dissipated energy will not be released from the
rock specimen in the unloading stage and is irreversible.

Taking the cyclic stress-strain curve shown in Figure 11 as
an example, the area enclosed by ABB′A′ included in the
loading curve is defined as the absorbed energy (U) during
the loading process, the area enclosed by CBB′C′ included
in the unloading curve is defined as the elastic strain energy
(Ue) during the unloading process, and the area of the differ-
ence between the areas enclosed by the loading and unloading
curves A′ABCC′ is defined as the dissipated energy (Ud).
According to the concept of definite integral, the area of tiny
trapezoid bars is used to sum:

U = 〠
n

i=1

1
2 σ1 − σ3ð Þi + σ1 − σ3ð Þi+1
� �

εað Þi+1 − εað Þi
� �

, ð1Þ

Ue = 〠
n

j=1

1
2 σ1 − σ3ð Þj + σ1 − σ3ð Þj+1
h i

εað Þj+1 − εað Þj
h i

, ð2Þ

Ud = Uj j − Uej j =U1
d +U2

d: ð3Þ
4.2. Energy Evolution Process and Characteristics under SCLU
Stress Paths. In the process of SCLU, along with the trans-
formation of energy input, release, and dissipation; the rock
material undergoes the process of germination, expansion,
penetration, and instability failure of primary fissures. There
is energy state corresponding to the stress state. The energy
state at this time is a function of stress, strain, and time
and is related to the stress path of the rock specimen and
the current stress-strain state [25]. Therefore, energy evolu-
tion reflects the essential properties of the closure of the
original microdefects in the rock and the generation, expan-
sion, and penetration of new microcracks.

Figure 12 shows the evolution of the U , Ue, and Ud of
the rock specimens during each SCLU according to the

energy calculation results under different stress paths. It
can be seen from Figure 12 that under different stress paths,
with the upgraded of stress level, the energy of each part of
showed an increasing trend. This shows that although the
stress paths are different, the energy required is increased
with the generation, expansion, and penetration of the rock
cracks.

Under the ISLL stress paths (stress path 2 and 3), the U
and Ue of specimens presented a linear increase trend with
the upgraded of stress level. Under the CSLL stress paths
(stress path 4 and 5), the U and Ue of specimens presented
exponential increase trend with the upgraded of stress level,
and the rates of energy input (U) and output (Ue and Ud)
were higher than those under the ISLL stress paths. This is
because under the CSLL stress paths, the stress amplitude
gradually increases, and the rock can be completely
unloaded and reloaded. Therefore, the friction between the
internal structures of the rock is more sufficient, and the
energy consumption is greater.

As shown in Figures 12(a1) and 12(a3), under the ISLL
stress paths, when the stress level entered the next, there
was impact energy input, which was greater along with the
upgraded of the stress level. Similarly, as shown in
Figures 12(c1) and 12(c3), the Ud under this stress paths also
showed this regularity, and the Ud was mainly concentrated
in the first cyclic loading at each stress level, but it was very
low in the later cyclic loading process. This indicates that
under ISLL stress path, the rock is mainly affected by the
impact damage caused by the increase of stress level. As
shown in Figures 12(a2) and 12(a4), under the CSLL stress
paths, with the upgraded of stress level, the Ud increased
gradually in a step-like variation trend on the whole. Under
the same stress level, with the increasing of the number of
cycles, there was no obvious attenuation in the evolution
process of Ud . This indicates that the stress paths with CSLL
weaken the impact damage and intensify the fatigue damage
of rock.
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Figure 11: Hysteresis loop of rock under cyclical loading and unloading conditions.
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The U and Ue with higher initial stress amplitude (stress
path 2 and stress path 4) were greater than those with lower
higher initial stress amplitude (stress path 3 and stress path
5). It shows that the ISLL stress path with relatively higher
increment at adjacent stress levels is more likely to cause
impact damage to the rock, and the CSLL stress path with
relatively lower increment at adjacent stress levels is more
likely to cause fatigue damage to the rock.

The slippage deformation between the internal structural
planes of rock is mainly related to the stress amplitude, and
the larger the stress amplitude, the more significant the slip-
page process is. Under the CSLL stress path, the stress ampli-
tude of rock gradually increases with the upgraded of stress
level, and the rock deformation and external input energy also
increase, which makes the frictional sliding process of struc-
tural plane more significant. After unloading and reloading,
the improvement of the contact state between the structural
planes increases the friction force and contributes to the
increase of the bearing capacity of the rock. However, under
the ISLL stress path, due to the constant stress amplitude,
the rock deformation and external input energy are relatively
low, which makes the strengthening effect of the rock is rela-
tively weak.

5. Conclusions

(1) Cracked rocks have obvious strengthening effect
under cyclic loading. In the process of loading, the
irregular structural planes in rock will be subjected
to local contact stress much higher than the nominal
stress, resulting in local failure. The detritus formed
may fall off during unloading and fill into nearby
voids, improving the friction properties and increas-
ing the bearing capacity of the rock

(2) Cyclic loading leads to fatigue damage of rock, and the
upgraded of stress level leads to impact damage of
rock. The latter has a stronger effect on the expansion
of microscopic cracks in rock than the former. Under
the stress path of ISLL, the rock will suffer linearly
increasing impact damage with the increase of stress
level, while under the stress path of CSLL, the rock
mainly suffers progressive fatigue damage

(3) During the initial loading period, the stress strength-
ening effect of rock is more obvious, while the fatigue
damage effect is more prominent in the later loading
period. Under the stress path of CSLL, the strength-
ening effect of rock is more prominent and its
strength enhanced, while under the stress path of
ISLL, the fatigue damage of rock is more prominent
and its strength decreased

(4) The stress path with smaller initial stress amplitude
experienced more fatigue loading cycles, which
intensifies the fatigue damage of limestone. There-
fore, the plastic deformation and energy dissipation
of rock material are greater, the rock is more prone
to progressive damage and the buffering effect is
more obvious during the failure

Nomenclature

SCLU: Step cyclic loading and unloading
U : Absorbed energy during the loading process
CSLL: Stress path of constant stress lower limit
Ue: Elastic strain energy (Ue) during the unloading

process
ISLL: Stress path of increasing the stress lower limit
Ud : Dissipated energy
Ed : Dynamic modulus of elasticity
μd : Dynamic Poisson’s ratio
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