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To study the energy dissipation characteristics and damage evolution law of sandstone under cyclic loading, uniaxial cyclic loading
tests are conducted on sandstone specimens under different frequencies with anMTS-815 rock testing machine. Furthermore, the
characteristics of elastic modulus and energy evolution law during cyclic loading and unloading are explored. ,e results show
that the loading and unloading moduli increase with the loading frequency. Under higher frequencies, the deformation resistance
of the specimen is stronger, the elastic energy stored in a single cycle of loading is larger, the released energy is less, and it is less
likely for the specimen to be damaged. At the beginning of loading, the energy dissipation ratio K decreases slowly with increasing
loading cycles, and it then remains stable. When the specimen is close to failure, an inflection point of K appears, and K increases
rapidly. Furthermore, the evolution equation of the damage variable is derived according to the strength characteristics and energy
evolution law in the process of cyclic loading, and the reasons for the failure of sandstone specimens are explained from the
perspectives of energy and fatigue damage.

1. Introduction

,e essence of rock failure is instability caused by the constant
exchange of energy with the external environment [1, 2].
Underground rock mass accumulates and dissipates energy
repeatedly under the action of the dynamic load produced by
blasting or excavation [3–7], which is equivalent to subjecting
the surrounding rock to fatigue (cyclic) loading, leading to
instability of rock mass. ,erefore, the study of rock energy
transformation under cyclic load is of great significance to
analyze the stability of underground engineering.

An indoor test is an effective method to quantitatively
measure rock deformation and failure. Researchers carried
out uniaxial and triaxial cyclic loading and unloading tests
on rock salt, sandstone, and marble under different con-
fining pressures, stress amplitudes, and cyclic loading
frequencies, respectively, to study the deformation law,
strength characteristics, fatigue characteristics, damage
evolution law, and damage accumulation model of rock
[8–10]. In recent years, some scholars [11–15] studied the

behavior of energy dissipation and release in the process of
rock deformation and failure under uniaxial compression
and revealed the evolution of volume energy, elastic energy,
and dissipated energy during rock mass failure; subse-
quently, they obtained the characteristics of energy accu-
mulation and dissipation before and after the peak
compressive force. In addition, some scholars [16–19]
studied the evolution of damping coefficient, elastic
modulus, and dissipated energy under different confining
pressures, loading frequencies, and loading amplitudes
through uniaxial or triaxial cyclic loading and unloading
tests, and they established the constitutive equation of the
stress-strain evolution curve. In the aforementioned re-
search, there is a basic consensus on the energy conversion
under external load; that is, the work done by the external
load on the rock gradually turns into elastic energy and
dissipates energy during the loading process, causing the
failure of the rock specimen. When rock failure occurs, the
elastic energy decreases, and the dissipated energy in-
creases rapidly.
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,e deformation and failure process of rock material
under external load is also a process of damage accumu-
lation. Studying the damage evolution law of rock material
from the perspective of energy dissipation can reveal the
damage evolution law of rock in essence. Zhang et al. [20],
Yang et al. [21], and Xu et al. [22] defined the damage
variable in terms of energy dissipation, studied the damage
evolution law of granite and mudstone under different
confining pressures and load levels, and predicted the fatigue
damage life of mudstone.

In the above studies of rock material damage under
cyclic loading from the perspective of energy dissipation,
the number of cycles considered is less and the initial cyclic
stress mostly started from 0MPa in the cyclic loading
experiment. In addition, some studies used graded loading
to analyze fatigue damage, which causes energy dissipation
to a certain extent, and the accuracy of the results was poor.
Further, the above research results defined fatigue damage
variables from the perspective of energy dissipation and
elastic modulus separately and not the combination of
both. ,e change in elastic modulus reflects the damage
process of the internal microstructure of rock and repre-
sents the changing trend of the stress-strain curve. Energy
in the loading process of rock is a parameter obtained from
the stress-strain curve trend and can be used to characterize
the internal state change of rock. To a certain extent, it
reflects the deformation state of rock during cyclic loading
and unloading and reveals the deformation and failure
evolution of rock under cyclic loading. ,erefore, the
combination of elastic modulus and energy can reveal the
damage evolution characteristics of rock in essence. In this
study, cyclic loading tests of sandstone under different
loading frequencies are conducted to determine the fatigue
characteristics and energy evolution law of rock. ,e fa-
tigue damage evolution equation of sandstone is estab-
lished by combining elastic modulus and energy; this
equation is of great significance to determine the stability of
underground engineering.

2. Materials and Methods

2.1. Specimen and Equipment. ,e sandstone specimens
were extracted from the roadway roof at a buried depth of
1000m in theWest Second mining area of Hongyang No. 3
Mine, Liaoyang City, Liaoning Province, China. In com-
pliance with the test procedures listed by the International
Society of Rock Mechanics [23], the shape of all tested
sandstone specimens is cylindrical with approximately
50mm diameter and 100mm length. To ensure the con-
sistency of physical and mechanical properties of the
specimens, specimens with rough, uneven, or defective
surfaces were not used. ,e diameter, perimeter, weight,
and other parameters of the specimens were measured,
and the density of each specimen was calculated. ,e
specimens were divided into four groups, each consisting
of three specimens. ,e grouping number and physical
parameters are shown in Table 1. An MTS-815 electro-
hydraulic servo rock test system was adopted for the cyclic
loading test (Figure 1).

2.2. Test Method. ,e existing research results show that
[24, 25] there is a critical value for the fatigue failure of rock
under cyclic loading, which generally takes the yield stress as
the reference, and the fatigue failure of rock is affected by the
upper limit of cyclic loading stress. ,erefore, uniaxial
compression tests were performed on group 1 to obtain the
uniaxial compressive strength of the specimens, which is
used as the basis for selecting the reasonable upper limit
value of stress σmax.,e fatigue damage tests were conducted
on groups 2–4 with loading frequencies of 0.5, 1.0, and
2.0Hz, respectively; the mechanical properties of rock under
different loading frequencies were studied by keeping the
stress amplitude constant.,e loading curves for groups 2–4
of specimens are divided into two stages: linear loading and
cyclic loading. During the test, the specimens were loaded
axially to a certain value, σmax, and then cyclically loaded.
,e loading process is shown in Figure 2; here, σmax and σmin
are the upper and lower limits of each cyclic loading and T is
the cyclic loading period.,e stress-velocity control method
was adopted in the test. After loading each specimen to the
upper limit of cyclic loading at a rate of 0.2MPa/s under
axial compression, each specimen was subjected to 2000
cycles of loading.

2.3. Calculation Principle and Method. ,e stress-strain law
of natural rock during loading and unloading shows that the
strain decreases with decreasing stress during unloading.
However, due to residual deformation, the unloading curve
generally does not return along the path of the loading curve,
and the phenomenon of strain lag stress occurs. ,e loading
and unloading curves form an approximately closed hys-
teresis loop, and a series of hysteresis loops form the hys-
teresis curve [25]. Figure 3 shows the hysteresis loop under a
single cycle of the cyclic loading test. ,e slopes of the
loading and unloading curves on the hysteresis loop rep-
resent the loading modulus (Eli) and the unloading modulus
(Eui), respectively. ,e secant method was used to calculate
the loading and unloading moduli:

Eli �
σmax − σmin

εmi − εli

,

Eui �
σmax − σmin

εmi − εui

.

(1)

Here, σmax and σmin are the upper limit and lower limit of
stress, respectively, MPa; εmi is the maximum strain of a
cycle; εli and εui are the strains at the beginning and end of a
cycle, respectively.

According to the first law of thermodynamics, the total
energy U produced by the external load on the rock is equal
to the sum of the elastic energy Ue and the dissipated energy
Ud; that is [18],

U � U
e

+ U
d
. (2)

,e relationship between elastic energy Ue
i and dissi-

pated energy density Ud
i per unit volume of rock mass under

loading and unloading conditions is shown in Figure 3. For
the cyclic loading stress-strain curve, when the stress is
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Table 1: Parameters for different rocks tested.

Groups Specimen D (mm) L (mm) M (G) ρ (g·cm−3) Average density (g·cm−3) Loading mode

1
U1 50.10 99.84 520.3 2.645

2.630
Uniaxial compression

U2 49.42 100.02 502.1 2.618 Uniaxial compression
U3 48.82 99.78 490.4 2.627 Uniaxial compression

2
CF1-1 49.02 100.3 499.8 2.6403

2.6228
Cyclic loading

CF1-2 50.04 100.9 512.3 2.5817 Cyclic loading
CF1-3 48.96 99.5 495.7 2.6462 Cyclic loading

3
CF2-1 48.24 99.9 474.9 2.6010

2.6168
Cyclic loading

CF2-2 49.64 100.12 510.6 2.6352 Cyclic loading
CF2-3 49.18 99.86 495.9 2.6142 Cyclic loading

4
CF3-1 48.44 100.2 487.2 2.6384

2.6374
Cyclic loading

CF3-2 49.96 99.84 513.8 2.6252 Cyclic loading
CF3-3 49.12 99.54 499.6 2.6486 Cyclic loading

(a) (b)

Figure 1: MTS-815 pressure test system.
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Figure 2: Schematic diagram of cyclic loading.
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Figure 3: Single-cycle loading and unloading hysteresis loop.
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loaded from σmin to σmax, the released elastic energy density
Ue

i is the area between the unloading curve and the strain
axis, which can be approximately expressed as the area of
graph AEDF. ,e total energy density Ui is the area between
the loading curve and the strain axis, which can be ap-
proximately expressed as the area of graph ABCF. ,e zone
between the loading and unloading stress-strain curves
represents the dissipated energy density Ud

i , which causes
irreversible plastic deformation and internal damage. Based
on the proposed method of rock energy determination, the
equations for related energy densities are expressed as
follows:

Ui � 
εmi

εli

σdε ≈
σmax + σmin( 

2
εmi − εli( ,

U
e
i � 

εmi

εui

σdε ≈
σmax + σmin( 

2
εmi − εui( ,

U
d
i � U − Ue ≈

σmax + σmin( 

2
εui − εli( ,

(3)

where εmi is the corresponding strain to σmax.
Combined with equation (1), the total energy density Ui

and elastic energy density Ue
i in a single cycle of the loading

and unloading process can be rewritten as

U
i

�
σ2max − σ2min

2Eli

,

U
e
i �

σ2max − σ2min
2Eui

.

(4)

3. Results and Discussion

3.1. Uniaxial Compression Test Results. Group 1 specimens
were subjected to uniaxial compression tests to obtain the
uniaxial compressive strength of sandstone specimens in
order to determine a reasonable upper limit σmax.,e results
of the uniaxial compression test are shown in Table 2 and
Figure 4.

According to Table 2 and Figure 4, the uniaxial com-
pressive strength of sandstone is 60.5MPa, the yield strength
is 50MPa, and the upper limit stress value σmax of cyclic
loading is determined to be 45MPa. ,e lower limit stress
value σmin is determined as 25MPa by referring to the
overburden stress on 12# coal roof strata. ,e specific test
process is shown in Table 1.

3.2. Cyclic Loading Test Results. According to the test results
given in Table 3, group 2 specimens were subjected to cyclic
loading under a frequency of 0.5Hz; specimens CF1-1, CF1-
2, and CF1-3 were destroyed after 869, 821, and 897 cycles,
respectively. Under loading frequencies of 1.0Hz and 2Hz,
the specimens were not damaged after 2000 cycles. Because
the damage evolution law of specimens in the same group is
similar, we selected the test results of specimens CF1-1, CF2-
1, and CF3-1 to study the fatigue damage characteristics of
sandstone under different loading frequencies.

3.3. Fatigue Characteristics of Sandstone under Cyclic Loading

3.3.1. Characteristics of the Stress-Strain Curve. From the
stress and strain data of CF1-1, CF2-1, and CF3-1 in cyclic
loading tests, we obtained the axial stress-strain curves
(Figure 5) and the hysteresis curves at different stages under
0.5Hz loading frequency (Figure 6). Under loading fre-
quencies of 1Hz and 2Hz, CF2-1 and CF3-1 were not
damaged after 2000 cycles. Under a loading frequency of
0.5Hz, CF1-1 experienced fatigue failure after 869 cycles.
,e test results show that the deformation and failure of
sandstone under cyclic loading are affected by not only the
maximum stress but also the loading frequency.

,e stress-strain curve of the sandstone specimen at a
loading frequency of 0.5Hz can be divided into three stages:
the first stage is compaction stage; this stage is the transition
stage from linear loading to cyclic loading, and the hysteresis
curve is sparse in this stage. Based on Figure 5, the area of the
first hysteresis loop is larger than that of the later hysteresis
loop, which indicates that more energy is consumed in this
stage. ,e second stage is stable loading stage; in this stage,
the deformation of the sandstone specimen is relatively
stable, the hysteresis curves are dense, and the energy
consumed in each cycle is less than that in the previous stage.
,e third stage is accelerated failure stage; in this stage, the
hysteresis curve is loose, and the area of the single hysteresis
loop and the plastic deformation increase rapidly with the
number of cycles. Fatigue failure of the sandstone specimen
occurs when the plastic deformation reaches the limit.

3.3.2. Strength Characteristics. ,e strength characteristics
of sandstone specimens are characterized by loading and
unloading moduli. According to equation (1), the variation
of loading and unloading moduli with the number of cycles
at different frequencies is plotted in Figure 7.

From a macro perspective, the elastic modulus is a
measure of an object’s ability to resist elastic deformation.
Figure 7 indicates that the loading and unloading moduli
increase with the loading frequency, suggesting that the
greater the loading frequency is, the stronger the defor-
mation resistance of the specimen is, and the more difficult
the specimen is to be damaged. ,e unloading modulus is
slightly larger than the loading modulus, which is due to the
plastic deformation of sandstone material during unloading.

In general, under loading frequencies of 1Hz and 2Hz,
the loading and unloading moduli initially decrease and
finally become stable as the number of cycles increases.
Under a loading frequency of 0.5Hz, with increasing
number of cycles, the loading modulus decreases and the
unloading modulus first decreases and then becomes stable
and finally increases rapidly.

Under a loading frequency of 0.5Hz, both moduli
change in three stages: in the compaction stage, the loading
and unloading moduli decrease with increasing number of
cycles. Owing to the existence of small cracks, holes, and
weak interlayers in natural rocks, these parts are prone to
deformation and failure in the initial stage of cyclic loading.
,erefore, the loading and unloading moduli are large in the
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early stage of loading. As the internal defects are gradually
compacted, the deformation rate decreases and the loading
and unloading moduli decrease gradually. In the stable
loading stage, the loading and unloading moduli tend to be
stable, the deformation is stable, and the plastic deformation
accumulation is slow. In the accelerated failure stage, the
loading modulus decreases rapidly and the unloading
modulus increases rapidly. ,e fatigue failure of the spec-
imen occurs when the plastic deformation accumulates to a
certain extent.

3.3.3. Energy Dissipation Characteristics. ,e energy evo-
lution characteristics of rock specimens during cyclic
loading and unloading are expressed by the variation laws
of total energy density, elastic energy density, and dissi-
pated energy density. ,e elastic energy density and
dissipated energy density are obtained according to
equation (3).

Figure 8 shows the variation of elastic energy density and
dissipated energy density during cyclic loading under dif-
ferent loading frequencies. With increasing loading fre-
quency, the elastic energy density increases and the dissipated
energy density decreases. ,e reason is that when the loading
frequency increases, the damage propagation and energy
dissipation of rock are limited to a certain extent and more
energy is stored in the rock, which is equivalent to improving
the antideformation ability of the rock. At the same frequency,
the trend of change in elastic energy density and dissipative
energy density is the opposite. Under loading frequencies of
1.0Hz and 2.0Hz, the specimens were not damaged and the
energy evolution curves are similar. With increasing number
of cycles, the elastic energy density first increases rapidly and
then remains stable, while the dissipated energy density first
decreases rapidly and then remains stable. Under a loading
frequency of 0.5, in the initial stage of cyclic loading, the
difference between the elastic energy density and the dissi-
pated energy density increases gradually, the defects in the

Table 2: Uniaxial compression test results.

Specimen Uniaxial compressive strength (MPa) Average (MPa) Yield strength (MPa) Elastic modulus (GPa) Poisson’s ratio
U1 61.2

60.9 50 14.8 0.21U2 60.5
U3 59.4
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Figure 4: Stress-strain curve of uniaxial compression test.

Table 3: Cyclic loading test results.

Specimen σmax (MPa) σmin (MPa) f (Hz) Failure strength (MPa) Cycle number
CF1-1 45 25

0.5
45 869

CF1-2 45 25 45 821
CF1-3 45 25 45 897
CF2-1 45 25

1.0
— 2000

CF2-2 45 25 — 2000
CF2-3 45 25 — 2000
CF3-1 45 25

2.0
— 2000

CF3-2 45 25 — 2000
CF3-3 45 25 — 2000

Shock and Vibration 5



rock are gradually compacted, and the work done by the
external force is mainly transformed into elastic energy.
Subsequently, both energy densities enter the stable stage with
increasing number of cycles, and the energy absorbed and
dissipated in a single loading and unloading cycle remains
unchanged. When the specimen is close to failure, the elastic
energy density suddenly releases and decreases rapidly, and
the dissipated energy density increases sharply. ,erefore, the
energy variation of rock failure is characterized by energy
release and dissipation. Under this loading frequency, two
inflection points appear in the elastic energy density and
dissipated energy density curves, and the elastic energy

density evolves in the pattern of “increase-stable-decrease,”
while the dissipated energy density follows the reverse pattern.

Figure 9 shows the evolution of total energy density
during cyclic loading. ,e figure indicates that it is similar to
the evolution of elastic energy density, because the total
energy is mainly transformed into elastic performance in the
whole process.

Most natural rocks belong to elastic-plastic anisotropic
materials, and cracks and holes are formed in them. When
work is done by an external force, part of the energy is
converted into elastic energy and accumulated in the rock,
while the other part is consumed in the process of crack or
hole initiation, expansion, and penetration. ,is consumed
energy is called dissipated energy. When the dissipated
energy accumulates to a certain extent, the rock will be
destroyed. ,erefore, energy storage and dissipation during
the rock loading process can be defined by the energy
dissipation ratio K [2], which can be used as the basis for
determining rock strength failure.

K �
Ud

Ue

. (5)

,ecurves of the energy dissipation ratioK of the sandstone
specimens under different loading frequencies are shown in
Figure 10.,e energy dissipation ratio K decreases rapidly with
the number of cycles and then remains stable under loading
frequencies of 1Hz and 2Hz. When the loading frequency is
0.5Hz, the evolution law of energy dissipation ratioK in the first
two stages is similar to that under 1Hz and 2Hz loading
frequencies. After the stable stage, a new inflection point ap-
pears in the curve and K rapidly increases; then, the sandstone
specimen is damaged. Combined with the energy dissipation
characteristics of sandstone in the process of cyclic loading, the
energy behavior of rock failure ismainlymanifested in the rapid
release of elastic energy and consumption of a large amount of
energy, which is directly manifested in the sudden increase of
the energy dissipation ratio K.

,e strength state of rock under external force is closely
related to energy evolution. When the loading frequency is
lower than a certain threshold, the internal fracture of rock
occurs after several cycles, a large amount of elastic energy
(Ue decreases) is released along the fracture surface, and a
large amount of energy (Ud increases) is consumed. ,e
energy dissipation ratio K increases, and an inflection point
appears in the curve.,e sudden change inK represents rock
failure and strength failure.

3.4. Damage Evolution. Considering the change in the
loading and unloading moduli during cyclic loading, as-
suming that the rock is damaged in different degrees during
each cycle of loading and unloading, the loading and
unloading moduli are defined as [19]

Eli(D) � Eli · (1 − D),

Eui(D) � Eui · (1 − D),
(6)

where D is the damage variable and Eli (D) and Eui (D) are the
loading and unloading moduli after damage during each
cycle of loading and unloading.
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Figure 6: Hysteresis curves at different stages under a loading
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Equation (4) is then rewritten as follows:

Ui �
σ2max − σ2min
2Eli(D)

�
σ2max − σ2min
2Eli · (1 − D)

,

U
e
i �

σ2max − σ2min
2Eui(D)

�
σ2max − σ2min
2Eui · (1 − D)

.

(7)

Combining equations (2) and (7), the functional rela-
tionship of damage variables, dissipated energy density,

loading modulus, and unloading modulus during cyclic
loading is obtained as follows:

D � 1 −
σ2max − σ2min

2U
d
i

1
Eli

−
1

Eui

 . (8)

,e dissipated energy density, loading modulus, and
unloading modulus are substituted into equation (8), since
they all change with the number of cycles, and the curves of
the damage variable D with the number of cycles at different
frequencies are obtained as shown in Figure 11.
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Figure 7: Variation of loading and unloading moduli of sandstone specimens under loading cycles with different frequencies. (a) Loading
modulus. (b) Unloading modulus.
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,e figure shows that, under loading frequencies of
1.0Hz and 2.0Hz, the damage variable initially increases
rapidly and then remains unchanged with the number of
cycles; this is the reason for no failure of sandstone speci-
mens under these loading frequencies. Under a loading
frequency of 0.5Hz, the damage variable changes rapidly
with increasing number of cycles, with a continuous increase
during cyclic loading. When the specimen is close to failure,
the damage variable increases rapidly; this is the precursor of
rock failure.

4. Conclusion

(1) ,e deformation and failure of sandstone under
cyclic loading are affected by not only the maximum
stress but also the loading frequency. ,e loading
and unloading moduli increase with the loading
frequency. As the loading frequency increases, the
damage propagation and energy dissipation of the
rock are limited to a certain extent, which has en-
hanced antideformation ability and the rock speci-
men is less likely to be damaged.

(2) ,e energy evolutions were similar in the initial and
stable cyclic loading stages under different loading
frequencies. ,e elastic energy and dissipated energy
showed opposite trends under the same loading
frequency. Under a loading frequency of 0.5Hz, the
curves of elastic energy density and dissipated energy
density consisted of two inflection points, and the
evolution of elastic energy density followed the
pattern of “increase-stable-decrease,” while that of
dissipated energy density was the opposite.

(3) As the loading frequency decreased, the energy
dissipation ratio K increased gradually; when the
sandstone specimen was close to failure, there was an
inflection point in the curve of energy dissipation
ratio K, and the K value increased rapidly. ,e
sudden increase in K is considered the criterion of
rock failure and strength failure in the process of
cyclic loading.

(4) According to the strength characteristics and energy
evolution law of the specimen in the cyclic loading
process, the equation of the rock damage variable (D)
evolution was deduced, and the damage evolution
characteristics under different cyclic loading fre-
quencies were determined. Subsequently, the reasons
for the instability and failure of sandstone specimens
under cyclic loading were explained.
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