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Deep underground engineering often utilizes cyclic loading. To understand the deformation and damage characteristics of rock
under cyclic loading conditions, cyclic loading tests of three different specimens with varying lithology were performed. The
dissipated energy method was used to analyze the magnitude of damage and rock failure characteristics during the energy
evolution process of cube specimens. The results indicated that the modulus of elasticity of three lithologies were stable prior
and subsequent to cyclic loading. While the cyclic loading profile improved the rock’s resistance to deformation, it increased
the internal mesostructure defects. Rock damage caused by the cyclic loading reduced the uniaxial compression strength. This
was especially true for coal samples. For coal samples, these observations were consistent with internal coal damage calculated
by analysis. Under the same lithology and different loading modes, rock damage was caused by cyclic action, and the elastic
strain energy released by instantaneous unloading of rock samples with significant damage was reduced. The rupture
magnitude for cyclic loading was observed to be less than that of uniaxial compression. Under cyclic loading and varying
different lithologies, sandstone absorbed the most energy, resulting in a larger final fracture magnitude compared to other
lithologies.

1. Introduction

With the acceleration of industrialization, near-surface
resources are being gradually exhausted, and the develop-
ment and utilization of deep mineral resources has become
essential [1]. Due to the significant depth to access deep
mineral resources, roadways to access such resources are
surrounded by rock in a variable geological environment.
The presence of the tunnel containing the roadway has a
direct impact on the stability of the surrounding rock. This
is consequence of the tunnel’s structural characteristics, the
strength and mechanical properties of the surrounding rock,
and the impact of excavation unloading. In addition, related
support disturbance, propagating up to three support
heights into surrounding rock, is a key factor for the defor-
mation and failure of rock surrounding a deep tunnel [2, 3,

4]. In the engineering activities such as deep coal mining,
the excavation of roadway tunnels was processed with for-
ward excavation support, chamber, and tunnel excavation.
During these processes, the surrounding rock experiences
cyclic loading and unloading. The cyclic load will cause the
mechanical properties of the surrounding rock to deteriorate
and induce secondary failures. Such processes are more seri-
ous for deep roadway excavation.

Scholars globally have characterized the stress and
energy evolution under cyclical loading conditions. In addi-
tion, damage characteristics have also been characterized.
Research in these area includes Meifeng et al. [5], Li et al.
[6], and Wu et al. [7]. From the perspective of thermody-
namics, instable rock destruction is the factor driving energy
conversion, accumulation, dissipation, and other similar
processes. There is a connection between the expansion
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and development of rock internal microcracks, energy evo-
lution law, and destructive morphology. Consequently, there
is important theoretical significance to characterizing the
destructive rock behavior from the perspective of energy
evolution. Based on damage mechanics, Lei et al. [8] estab-
lished a shear damage evolution model for joints which con-
sidered freeze-thaw cycles and joint persistence. Kai-Nan
et al. [9] conducted Brazil splitting tests for shale and char-
acterized the sample energy distribution characteristics.
Yao and Wang [10] studied the energy variation rule for
granite experiencing uniaxial compression failure and con-
cluded that there was a linear relationship between energy
and confining pressure in the failure process. Li et al. [11]
conducted compression tests for coal at different loading
rates and studied the relationship between energy conver-
sion of coal and lumpiness after crushing. Ping et al. [12]
conducted compression damage experiments on white sand-
stone under uniaxial conditions with different loading rates
along with triaxial loading experiments with varying confin-
ing pressures and different control modes. In addition, Li
et al. [11] discussed the relationship between the loading rate
and both the final failure form and the ultimate strength of
white sandstone. Loading rate was also related to confining
pressure, loading control, and unloading control. Meng
et al. [13] performed uniaxial compression tests on red sand-
stone with varying sizes and strain rates. It was found that
the higher the absorption energy of red sandstone, per unit
volume, in the compression process, the larger the magni-
tude of the final rupture. Liu et al. [14], Xu et al. [15], and
Zhizhen and Feng [16] conducted cyclic loading tests under
uniaxial compression for sandstone, characterized the rela-
tionship between load and elastic energy and dissipated
energy, and analyzed sandstone rock burst propensity using
the elastic energy index. Li et al. [17] calculated a prelimi-
nary estimate of the spatter velocity of broken rock particles
based on the principle of energy conservation and provided
a set of steps and methods for preliminary analysis of the
overall failure mode together with the state and strength of
rock mass structure from the perspective of an energy bud-
get. Guo et al. [18] studied the mechanical properties and
deformation characteristics of rock under uniaxial cyclic
loading and characterized the stress-strain curve under each
cyclic loading. The stress-strain curve formed a hysteresis
loop which translated in the direction of increasing strain.
Yang et al. [19] conducted uniaxial and cyclic tests on a
coal-rock assemblage and found that dissipative energy
accumulated had experienced sudden changes. In addition,
it was indicated that rock fracture is caused by the release
of elastic strain energy. Liu et al. [20] and Cheng and Xiao
[21] used normalized dissipative energy to characterize rock
damage. Zhang et al. [22–23] studied the fragmentation pro-
cess of granite through acoustic emission observations and
studied the law of total elastic strain energy change at differ-
ent times. In addition, acoustic emission events under differ-
ent stress conditions were studied. In addition, research
regarding rock damage has also been a research topic receiv-
ing considerable attention. Chuang et al. [24] established
damage variable expression based on residual strain princi-
ples and Yang et al. [25] established damage variable expres-

sion based on energy principles. Residual deformation
accumulation is an external manifestation of internal dam-
age. It is a qualitative rather than quantitative indicator.
Energy is the internal cause of driving damage. The damage
model based on energy principles may objectively reflect the
damage evolution during rock deformation. In terms of rock
uniaxial compression, Zhao et al. [26] conducted quasistatic
and dynamic uniaxial compression tests on cylindrical thick-
walled granite specimen with different clay filling volumes to
understand the dynamic characteristics of rock in a mud-
water environment. Fan et al. [27] conducted uniaxial com-
pression tests on samples with a single nonpenetrating defect
and presented the crack growth behavior and fracture char-
acteristics of sandstone specimens with nonpenetrating frac-
tures during uniaxial loading.

Most of the mentioned studies were based on the loading
of rocks or with lower limit stresses, which did not fully
reflect the cumulative effect of energy-induced fatigue dam-
age and the nature of the rock damage processes. Based on
this study’s context, utilizing the rock destruction theory of
energy change, the load cycle addition and unloading of dif-
ferent rock tests are developed to provide a theoretical basis
for geotechnical engineering practice.

2. Materials and Methods

2.1. Engineering Background. Shandong Energy Zaozhuang
Mining Group’s Fucun Mine 1009 contains a working sur-
face material roadway which utilizes tunnel arm excavation
after the use of anchor parallel operation technology. The
parallel operation of the tunnel construction area is divided
into a header cutting area and an anchor operation area.
The front of the header and the header behind the anchor
operation division operate in parallel. The working area con-
tains the roadway hydraulic support, back circulation sup-
port, and hydraulic door support. The working principle
utilizes auxiliary support lifting the front of the manipulator
roadway door hydraulic support from the support area. This
support method is equivalent to a roof. Such an area which
contains two cycle loading effects may cause surrounding
rock strength deterioration and induce secondary failures.
This risk is suggested by the working principle utilized by
door hydraulic support and the indoor tests of loading and
unloading. See Table 1 for material lithologic characteristics
of the 1009 working face and see Figure 1 for hydraulic por-
tal support.

Verification of the effectiveness of the hydraulic tempo-
rary support for improving stability of the rock surrounding
the new roadway tunnel is vital. Also, characterizing the
deformation and failure characteristics of rock surrounding
the roadway when subjected to the installation of an
advanced temporary support structure is very important
for fast and safe roadway excavation. According to the actual
geological situation of the roadway surrounding rock and
the working principle of hydraulic portal support, cyclic
loading and unloading tests related to sandstone, mudstone,
and coal are carried out, combined with uniaxial compres-
sion test, to analyze the deformation and damage
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characteristics and energy evolution law of the roadway sur-
rounding rock.

2.2. Test Process

2.2.1. Sample Preparation. The large coal block and roof slab
rock block were collected at the site and analyzed in the lab-
oratory. During this analysis, three rock samples including
sandstone, mudstone, and coal were utilized. These samples
characterized the site lithological conditions. After cutting,
grinding, and processing into a standard 70 × 70 × 70mm
sample, the flatness and verticality of the processed test sam-
ple were verified to satisfy the rock test specification stan-
dard. The equipment used included a cutter (DQ-6) and
grinder (SHM-200) shown in Figure 2(a), while the resulting
sample is shown in Figure 2(b).

2.2.2. Test Scheme. Specimen combinations including rock,
sandstone, mudstone, and coal were used and analyzed.
Prior to cyclic loading, an uniaxial compression test was
conducted on each lithology sample. In order to minimize
measurement error, three samples were selected for dupli-

cate testing test to determine the average compressive
strength of varying lithologies. In addition, to magnify the
failure characteristics and energy evolution law for varying
lithologies, the loading was as much as 40% of the compres-
sive material strength, which was subsequently unloaded.
This was to model the hydraulic portal support’s working
principle. A loading speed of 0.2mm/min was utilized. Uni-
axial cycle loading adopted stress control. The cycle loading
and loading rate was 0.1MPa/s and there were four cycles.
After the cycle loading, the loading continued until the spec-
imen ruptured and experienced instability. The test process
was completed in the ROCK600-50 rock test system accord-
ing to the set control procedure. Figure 3 shows the
ROCK600-50 rock test system. The cycle loading method
is shown in Figure 4.

2.3. Results and Discussion

2.3.1. Basic Mechanical Properties. Table 2 contains an aver-
age for mechanical parameters for different lithological sam-
ples and the testing processes. One should note that after the

(a)

(b)

Figure 1: Hydraulic door bracket. (a) Renderings of hydraulic door-type bracket. (b) Photo of the hydraulic gate bracket.

Table 1: Comprehensive histogram of working face conditions.

No. Thickness (m) Depth (m) Formation No. Thickness (m) Depth (m) Formation

1 1.85 52.66 Medium sandstone 6 5.5 82.46 Coal seam

2 9.0 61.66 Fine sandstone 7 0.3 82.76 Mudstone

3 10 71.66 Medium sandstone 8 5.12 87.88 Siltstone

4 5 76.66 Siltstone
9 0.15 88.03 Sandy mudstone

5 0.3 76.96 Mudstone
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cyclic loading, loading was continued until the specimen frac-
tured and became unstable. The sandstone, mudstone, and
coal strength limits decreased, with the coal strength limit

decreased significantly by 15.42MPa. At 40% cyclic loading
and unloading, the average elastic modulus of mudstone and
coal was greater than that of uniaxial compression. The sand-
stone elastic modulus was reduced but not significantly. The
test indicated that the elastic modulus for the three rocks did
not change significantly after four cycles of loading and
unloading. The cyclical loading improved rock deformation
resistance but produced defects within the fine visual structure
inside the rock (such as microcracks and microholes). The
above conclusions can be explained by examining the energy
evolution and magnitude of rock damage.

2.3.2. Deformation Characteristics Analysis. During loading
and unloading, elastic deformation and plastic deformation
will continuously occur. The elastic deformation will be
completely recovered after the removal of the stress, while
the plastic deformation will accumulate and increase contin-
uously during each cycle of loading and unloading. Such
deformation is referred to as residual strain. Figure 5 shows
the stress-strain curves of uniaxial compression and cyclic
loading for different lithologies. Under cyclic loading, the
stress-strain curves of different lithologies are similar to the
uniaxial compression curves, which are divided into com-
paction, elastic, plastic, failure, and residual stages.

Each cycle produces plastic deformation, which results
in a constant shift to the right for the hysteresis curve.
Because the pore cracks in the initial cycle are not com-
pacted by the test piece, the first residual strain generated
by the initial cycle is larger than that of later cycles. The
strain difference under different cycles and the residual
strain difference are shown in Figure 6. The unrecoverable
strain generated when the stress is unloaded is the residual

Figure 3: ROCK600-50 testing system.

Time (s)

Stress
(MPa)

Figure 4: Cyclic loading mode. The compressive strength of rock
sample is 40% and the loading/unloading slope is k = ±0:1MPa/s.

(a)

(b)

Figure 2: Processing instruments and produced rock samples. (a) Rock sample processing instrumentation and (b) resulting test sample.
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strain. However, in the stress-strain curve, with increasing
stress, the difference between the two adjacent loading
curves increases. This indicates that the corresponding strain
difference at a given stress state is greater than the residual
strain generated by a given cycle. This implies that some of
the irreversible deformation under high stress is restored at
low stress conditions. This portion of recoverable deforma-
tion may a result of the microelement rebound of rock, the
recovery of microdefects, and other similar factors. This por-
tion of the recoverable deformation may result in the illusion
of large irreversible strain under a load threshold.

One may observe from the above data that the residual
strain difference of the first coal cycle is larger than that of
other lithologies, which indicates that there are many cracks
and holes in the coal body resulting in large unrecoverable
deformation. The sandstone interior itself contains compar-
atively fewer defects; consequently, the unrecoverable defor-
mation is small. Mudstone has the lowest elastic modulus,
low deformation resistance, significant deformation ability,
and good recovery ability. Consequently, the residual defor-
mation produced by the first cycle addition and unloading is
less than other lithologies.

2.3.3. Analysis of Macrodestruction Characteristics. Three
different lithological cubes loaded to fracture are shown in
Figure 7. These specimens include three lithologies. The
sandstone specimen shows principally tapered damage, and
the mudstone specimen principally exhibits shear failure at
angles of 45°. For the coal specimens, failure is generally
tapered with some shear failure along angles of 45° along
with split failure. For these fracture conditions, a theoretical
study of 45° shear failure and cone failure is performed.

(1) Shear Failure. When the test block is in a state of uniaxial
compressive stress, the mechanical model of the shear belt

with a point of its force is shown in Figure 8. According to
the mechanical model for the uniaxial stress state, the
stresses along the oblique m-n plane are analyzed. The axial
pressure is decomposed into components parallel, τn, and
orthogonal to the m-n direction, σn. Using the Moore-
Coulen criterion principle, the following formulas are
obtained.

σn =
1
2σ1 +

1
2σ1 cos 2β = σ1 cos2β, ð1Þ

τn =
1
2 sin 2β = σ1 sin β cos β: ð2Þ

Here, τn is the “sliding force” that causes shear damage,
and σn improves the sliding friction resistance on the rup-
ture surface. The value of the angle β affects the magnitude
of τn and σn. The oblique section τn has the largest shear
stress when β is 45°, but the shear resistance at the oblique
section of 45° is the minimum. The surface generally rup-
tures at the section with the largest difference between the
shear stress and the shear strength. The failures for the spec-
imens with the three types of lithology generally occur on
surfaces oriented at angles of 45° from the applied load.

According to the Moore-Coulen criterion, the shear
strength τf at an angle β can be expressed as

τf = c + μσn: ð3Þ

Here, c is the cohesive force (MPa), and μ is the friction
coefficient on the inclined section, which is related to the
roughness of the inclined section. μ = tan φ, where φ is the
internal friction angle of the rock sample.

Table 2: Table of varying lithologic mechanical parameters.

Lithology
The specimen

number
Strength of
limit (MPa)

Average
intensity (MPa)

Modulus of
elasticity (GPa)

Average elastic
modulus (GPa)

Uniaxial compression

Sandstone

SY-1-01 58.58

56.04

4.173

3.861SY-1-02 52.48 3.490

SY-1-03 57.06 3.920

Mudstone

NY-1-01 12.29

10.89

1.099

0.981NY-1-02 9.24 0.704

NY-1-03 11.13 1.139

Coal

M-1-01 13.09

30.31

1.228

1.296M-1-02 32.33 1.420

M-1-03 28.29 1.241

Cyclic loading
and unloading

Sandstone
SY-2-01 55.39

50.34
3.582

3.665
SY-2-02 45.29 3.748

Mudstone
NY-2-01 12.00

9.96
0.896

1.030
NY-2-02 7.92 1.164

Coal
M-2-01 13.90

14.89
1.256

1.364
M-2-02 15.87 1.472
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Figure 5: Continued.
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When the coaxial pressure is greater than a threshold
value, the shear stress, τn, exceeds the shear strength τf ,
and fracture occurs along the oblique β surface. The oblique
β cross section is the most probable rupture surface with the
rock sample. The equation for τn at oblique angle β at the
limit of instability balance is

τn ≥ τn = c + μσn: ð4Þ

Substituting equations (1) and (2) into equation (4)
yields

1
2σ1 sin 2β ≥ c + μσ1 cos2β: ð5Þ

One may observe that shear damage occurs under the
conditions indicated previously. In addition, provided the
strength parameters for lithology, c, μ, and σ1, are known,
the rupture angle range and the most probable fracture angle
can be utilized to mitigate fraction risk.

(2) Cone Destruction. The cone disruption is caused by the
end-surface effect and shear. The test machine places pres-
sure on the sample face oriented toward the end face’s center
of the friction. Consequently, the transverse deformation of
the sample face is constrained, which restricts the lateral
deformation of the test sample and has a role similar to
the peripheral pressure. In the process of sample transition
from plastic deformation to fracture, specimen expansion
becomes more significant. The end surface effect has a more
important role as the loading continues. Friction with the
rigid loading plate restricts movement to two specimen
sides. Farther from the upper and lower specimen surfaces,
where the friction effect is less, the largest lateral displace-
ment occurs. This is approximately near the middle of the
rock sample. The observed and calculated damage agree well
near the middle of the outward bulge, which is shown in
Figure 9.

Prior to fracture, the specimen “collapse zone” (near the
specimen exterior at axal locations close the maximum
deformation) generally fractures and falls from the sample.
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Figure 5: Total stress-strain curves. (a) Uniaxial compression for the SY lithology. (b) Uniaxial compression for the NY lithology. (c)
Uniaxial compression for the M lithology. (d) Cyclic loading for the SY lithology. (e) Cyclic loading for the NY lithology. (f) Cyclic
loading for the M lithology.
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The “thrust area” (areas of the sample influenced by the
deformation constraints introduced by loading) thrust zone
has a tendency to penetrate into the cube. With increasing
pressure, two intersecting shear planes are formed inside
the rock sample. With increased loading, the thrust zone is
crushed into the collapse zone. The outer surface begins to
collapse. Finally, a pair of “core,” damaged surfaces, which
are approximately symmetric, results from the loading. This
process is summarized in Figure 10.
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(3) Cleavage Breakdown. The mudstone and coal specimens
showed cleavage failure. The probability of cleavage failure
for mudstone was greater than that of coal, while sandstone
did not show cleavage failure. The nature of splitting failure
is that the rock tensile strength is significantly less than the
compressive strength, and the mudstone and coal specimens
reach their tensile strength before reaching their compres-
sive strength. This resulted in tensile cracks within the rock
samples. Under cyclic loading, tensile cracks grew and even-
tually formed splitting failure surfaces. The compressive
strength of the three lithologies was in the order sandstone
> coal > mudstone. The sandstone specimen’s compressive
strength was much greater than that of coal or mudstone.
Specimens with small compressive strength were subjected
to small compressive pressure by the pressing plate. Regard-
ing the neglecting of the end faces’ friction coefficient, the
friction effect of the end face can be reduced by using a spec-
imen with low compressive strength. This low compressive
strength was also a reason for the specimen splitting failure.

(4) Energy Analysis and Rock Damage under Cycle Loading and
Unloading. Rock damage is a deterioration process of material
or structure caused by fine structure defects (such as micro-
cracks and microholes), under the action of external loading
and environmental factors. Energy is the driving force driving
the development of fine structural defects; consequently, the
rock deformation and fracture processes must be accompanied
by capacity transformation. It is feasible to analyze the energy
transformation characteristics of the rock deformation and
rupture process to characterize the magnitude of rock damage.

The process of rock cycle loading and unloading results
in the external force constantly performing work on the

specimen. The external force is converted into elastic strain
and dissipation energy. Using the principles of thermody-
namics, energy transformation is the essential process by
which the energy state of the specimen changes, as mani-
fested by the rock deformation. Ultimately, the destruction
of the specimen is an instability driven by changes of inter-
nal energy. According to the conservation of energy,

U =Ue +Ud: ð6Þ

Here,U is pressure performing work on the rock, specifi-
cally, the strain energy stored within the rock lattice.Ud is
the dissipative energy transferred to the rock’s lattice during
the loading process. Ue is the elastic strain energy trans-
ferred to the rock’s lattice during the loading process.

During rock loading, a portion of the transferred energy
is absorbed by the rock’s lattice is consumed to drive plastic
deformation and damage, such as the formation and devel-
opment of cracks. The other portion of transferred energy
is stored in the lattice rock as elastic strain energy. This
energy is completely recovered when the rock sample is
unloaded. In cyclic loading, the elastic strain energy and dis-
sipation energy are numerically equal to the area enclosed by
the corresponding full stress-strain curve and the coordinate
axis, as shown in Figure 11.

Based on basic principles and methods of energy analy-
sis, cumulative dissipated energy is proposed to be indicative
of energy dissipation after different cycles. The magnitude of
damage is defined as the ratio of cumulative total strain
energy to that at the cycle of specimen failure. The calcula-
tion of cumulative dissipated energy is shown in equations
(7)–(9). The full stress-strain curve data of different lithology
cube specimens were decomposed, and the area of each cycle
was calculated by using the integral function provided in
Origin software.

Ud ið Þ = 〠
i

k=1
Ud

k , ð7Þ

where UdðiÞ is the cumulative dissipated energy in cycle i
and Ud

k is the dissipated energy during cycle k.

U ið Þ =Ue ið Þ +Ud ið Þ, ð8Þ

Direction of friction

Deformation

The binding force of
friction effect on the end

face of specimen

Direction of friction

n

Figure 9: Deformation produced by friction at the specimen top
and bottom faces.
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Figure 11: Calculated areas and the interrelationship of elastic
strain energy and dissipation energy.
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where UðiÞ is the cumulative total strain energy during cycle
i and UeðiÞ is the cumulative elastic strain energy during
cycle i.

D ið Þ = Ud ið Þ
U tð Þ ∗ 100%, ð9Þ

where DðiÞ is the magnitude of rock damage when loading to
cycle i and UðtÞ is the cumulative total strain energy at the
failure cycle.

After the conversion of the strain, the test results are
shown in Table 3.

Based on test data, the cumulative energy dissipation and
rock damage trends are shown in Figure 12.

Table 3: Changes of various energy parameters for cycle loading and unloading.

(a)

Lithology Coal
Number of loading
and unloading cycles

Cumulative dissipation
energy Ud (kJ·m−3)

Cumulative strain
energy U (kJ·m−3)

Degree of
damage D (%)

Mean degree of
damage (%)

1
1.016 4.098 3.16

3.23
0.982 4.048 3.30

2
1.949 7.549 6.06

6.26
1.923 7.392 6.45

3
2.740 10.973 8.52

8.86
2.741 10.689 9.20

4
3.356 14.335 10.44

10.85
3.352 14.062 11.25

The final cycle
32.156

100.00
29.799

(b)

Lithology Mudstone
Number of loading
and unloading cycles

Cumulative dissipation
energy Ud (kJ·m−3)

Cumulative strain
energy U (kJ·m−3)

Degree of
damage D (%)

Mean degree of
damage (%)

1
0.720 1.088 3.36

3.21
0.590 1.326 3.05

2
1.055 1.877 4.93

4.78
0.892 2.503 4.62

3
1.451 2.684 6.78

6.53
1.211 3.744 6.27

4
1.935 3.624 9.04

8.45
1.519 4.974 7.86

The final cycle
21.40

100
19.32

(c)

Lithology Sandstone
Number of loading
and unloading cycles

Cumulative dissipation
energy Ud (kJ·m−3)

Cumulative strain
energy U (kJ·m−3)

Degree of
damage D (%)

Mean degree of
damage (%)

1
2.261 7.730 1.71

2.10
3.314 7.269 2.48

2
3.663 14.919 2.76

3.18
4.810 12.681 3.60

3
5.791 21.787 4.37

4.93
7.312 19.338 5.48

4
6.629 28.809 5.00

6.17
9.788 26.047 7.33

The final cycle
132.539

100.00
133.449
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Using the data presented, one can arrive at the following
conclusions. First, compared with the other two lithologies,
sandstone has the highest cumulative dissipation energy, but
after four loading cycles, its damage is the lowest at only
6.17%. This reflects the property of sandstone to have superior
antifatigue ability compared with that of coal and mudstone.
Second, the cumulative dissipated energy of coal is inferior
to that of sandstone, but the magnitude of damage for coal is
the highest of the studied lithologies. After four loading cycles,
the damage is 10.85%. This conforms with its deformation
characteristics, and the strength limit of coal decreases the
most of the considered lithologies, with a decrease of
15.42MPa. The deformation characteristics and energy and
magnitude damage verify each other. This infers that the test
results are reasonable. Third, for mudstone, the cumulative
dissipation energy after four loading cycles is the minimum
of the considered lithologies. This indicates significant elastic
deformation for mudstone in addition to a significant internal
deformation energy of total strain energy. This results in low
energy dissipation, which is similar to the low residual strain
of mudstone. Fourth, under different lithological cycle loading
modes, loud sounds were emitted during rock damage. This

was accompanied by the ejection of rock debris. The sandstone
absorbs the most energy of the considered lithologies. It stores
the most elastic strain energy, and the rupture magnitude is
greater than other considered lithologies.

During the test procedure, both coal and sandstone suf-
fered burst damage when the uniaxial compression reached
the ultimate compressive strength. The damaged area, frag-
mentation, and fragment speed were all “violent” than the
state caused by cyclic loading. This was mainly due to the
energy evolution difference between uniaxial compression
and cyclic loading. This is shown in Figure 13 for sandstone.

The observed behavior, including magnitude of damage,
of different rocks can be explained by the energy evolution
process. Studies have explained the principal reasons for
rock damage using energy conversion. Any rock stress state
corresponds to an energy state, from elastic and plastic
deformation to failure. Energy is always exchanged with
the surroundings, to maintain dynamic balance. Before the
rock mass reaches the ultimate stress, it primarily absorbs
energy from the surroundings. After the rock reaches the
ultimate stress, it releases this energy back to the surround-
ings. The dynamic failure of rock is the result of the rapid
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Figure 12: (a) Average cumulative dissipated energy. (b) Average degree of rock damage.

(a) (b)

Figure 13: (a) Uniaxial compression failure state. (b) Cyclical loading final failure state.
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accumulation and release of internal elastic energy in the
failure state. For the coal and sandstone, which exhibited sig-
nificant burst damage, the cyclic loading and magnitude
fracture can be analyzed from the perspective of energy con-
servation. The same analysis can be performed for fragment
ejection velocity being less than that of uniaxial compres-
sion. With an increasing of the number of loading cycles,
the dissipative energy accumulated continuously, promoting
the continuous formation and development of cracks.
Finally, through theoretical calculation, the magnitude of
damage for of coal and sandstone were 10.85% and 6.17%,
respectively. This indicated that these rock samples were in
the “plastic state.” When the rock sample reached the ulti-
mate strength failure, the elastic strain energy released by
instantaneous unloading was less for the cyclic loading than
for simple uniaxial loading.

3. Conclusions

It was demonstrated that the modulus of elasticity of the
three lithologies did not change significantly after four load-
ing cycles. The loading cycles improved the rock’s antidefor-
mation ability but caused material defects (such as
microcracks and microvoids) in the internal rock mesostruc-
ture. The magnitude of damage degree was the greatest for
coal. It was also found that the ultimate strength decreased
the most for coal, decreasing by 15.42MPa. The magnitude
of damage degree calculated by theory is consistent with
the mechanical properties observed in the test.

There are many defects, such as fissures and holes, with
in the coal body. This resulted in large, unrecoverable defor-
mation. Mudstone had the smallest elastic modulus, but it
had significant deformation and recovery ability; conse-
quently, the residual deformation produced by the first
cyclic loading was small. Comparing the failure modes of
the three cubic lithologies, except the mudstone and coal
specimens which generally failed by splitting failure, the
specimens generally failed by shear and conical failure.

Under the same lithology and different loading modes,
rock damage was caused by cyclic action, and energy evolu-
tion was different between the specimens. The transient
unloading with significant previous damage may release less
elastic strain energy. The cyclic loading and had a smaller
fracture damage than that of uniaxial compression. Under
different cyclic loading modes for different lithologies, sand-
stone absorbed the most energy, stored the most elastic
strain energy, and had the largest magnitude of rupture
destruction compared to other lithologies.
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