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+e mechanical response characteristics of sandstone specimens under different stress amplitudes and loading frequencies were
tested by a TAW-2000 rock triaxial testing machine. +e characteristics of the stress-strain curve and the evolution process of
strain damage under cyclic loading are analyzed. Based on creep theory and the disturbance state concept, a theoretical model
between the axial compressive strain, axial compressive stress, and cycle number is established. +e results show that there exists
an upper threshold value of stress in cyclic loading above which the specimen will be damaged. As peak stress increases, the energy
loss and irreversible deformation caused by damage gradually increase. When loading to an unstable peak stress under cyclic
loading, the fatigue damage of sandstone under cyclic loading undergoes three characteristic stages: the initial stage; the stable
stage; and the accelerated failure stage. +e parameters of the strain damage model based on the disturbance state concept of
sandstone are identified by test data, and the rationality of the model is validated by comparing theoretical values with
experimental measurements.

1. Introduction

In addition to static loads, the surrounding rock near
roadways will also be disturbed by dynamic loads such as
drilling, mechanical excavation, or earthquakes frommining
processes [1].+emechanical properties of rock under cyclic
loads are very different from those under static loads, and its
mechanical behavior is more complex [2, 3]. +erefore, it is
of great significance to study the dynamic behavior and
fatigue damage evolution laws of rock subjected to cyclic
loading in order to assess the stability of rock formations
surrounding roadways.

Laboratory testing is the primary method used to
understand rock mechanical behavior. In previous decades,
scholars have little researched rock mechanical responses
under cyclic loading. +ere are some studies on the dy-
namic response characteristics of various types of rock
under coupled static-dynamic loading and high-stress
conditions [4–7], and the results have revealed the
mechanism of deep rock burst. Song et al. [8] carried out
cyclic loading tests on salt rock samples and determined the

fatigue life of rock salt samples under different upper and
lower stresses, cyclic loading speeds, temperatures, and
confining pressures. Fan [9] further quantified the fatigue
life and deformation evolution characteristics of salt rock
by subjecting it to different stress amplitudes. Wang et al.
[10] established the constitutive equation of cumulative
deformation of rock subjected to multiple disturbances and
obtained the evolution law of the surrounding rock stress
field caused by a blasting disturbance. Liu et al. [11] studied
the effects of confining pressure on the mechanical
properties and fatigue damage evolution of sandstone by
using the MTS-815 rock test system. Tang et al. [12] carried
out uniaxial small-amplitude high-stress cyclic disturbance
tests on deep marble and established a strain damage model
under cyclic loading. Based on the energy dissipation
theory, Liu et al. [13] established a new damage model to
describe the behavior of siltstone and sandy mudstone
subjected to cyclic loading and calculated the damage
evolution equation of siltstone and sandy mudstone. Liu
et al. [14] carried out cyclic loading tests on marble, skarn,
and serpentine under different stress amplitudes and

Hindawi
Shock and Vibration
Volume 2020, Article ID 1452159, 9 pages
https://doi.org/10.1155/2020/1452159

mailto:yangyu9300@163.com
https://orcid.org/0000-0001-8151-9506
https://orcid.org/0000-0003-0121-0555
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/1452159


analyzed the evolution law of damage variables in response
to these variations. Huang [15] studied the fatigue damage
characteristics of gypsum under cyclic loading and
established a creep damage constitutive model of gypsum.
Sun et al. [16] analyzed the damage evolution law and
accumulation mode of sandstone subjected to cyclic
loading under different confining pressures. Liu et al. [17]
studied the creep failure characteristics of soft rock under
dynamic disturbance through a self-developed rock dis-
turbance and creep experimental system and established a
disturbance creep constitutive model of soft rock based on
a disturbance factor. Zhao et al. [18] found that under
short-term cyclic loading of sandstone, both the residual
strain and peak strain show the “decay increase” and
“steady-state increase” stages with the cyclic numberN, and
they used a modified Burgers model to establish the re-
lationship between the strain and cyclic number N under
peak stress (tensile or compressive stress). Wang et al. [19]
carried out uniaxial disturbance creep tests of gneiss under
different disturbance amplitudes and frequencies and ob-
tained the influence of disturbance load on rock creep
characteristics.

+e above research results establish rock constitutive
relationships and rock damage characteristics based on the
energy and cyclic number or reveal the mechanical char-
acteristics of disturbed rock from the angle of stress am-
plitude and frequency. +e methods seldom use the cyclic
number and frequency in the same constitutive equation in
order to define the law of rock strain damage.

2. Test Equipment and Scheme

2.1. Test Equipment and Specimen Preparation. +e me-
chanical properties of sandstone under cyclic loading are
studied by using a TAW-2000 rock triaxial testing machine
(see Figure 1). Firstly, the mechanical properties of sand-
stone under different stress amplitudes are studied by fixing
loading frequency. +en, the mechanical properties of rock
under different loading frequencies are studied by fixing the
stress amplitude. During the test, the specimens are loaded
axially to a certain value, σmax, and then cyclically loaded in
stages. +e loading process is shown in Figure 2.

+e sandstone samples are taken from the roadway roof
with a buried depth of 800m in the West +ird mining area
of Hongyang No. 2 Mine, Sujiatun District, Shenyang city,
Liaoning Province, China. +e samples are a fine sandstone
with high hardness and homogeneity, with a porosity of
2.5%. In compliance with the test procedures listed by In-
ternational Society of Rock Mechanics [20], the shape of all
tested sandstone specimens is cylindrical with 50mm in
diameter and 100mm in length, approximately. In order to
ensure the consistency of physical and mechanical prop-
erties of the specimens, the specimens with rough, uneven,
or defective surfaces are not used. +e specimens are then
tested for their propagation velocity in response to a P wave.
Based on these results, the testing specimens with close
propagation velocities of the P wave are selected. +e
specimens are divided into three groups. Before the test, the
parameters such as the diameter, circumference, and weight

of specimens aremeasured, and the density of each specimen
is calculated. +e grouping and physical parameters of the
specimens are shown in Table 1.

2.2. Test Scheme. In order to study the mechanical response
characteristics of sandstone under different stress ampli-
tudes and loading frequencies, the test process is divided into
three steps. +e first group is used for uniaxial compression
tests to obtain the uniaxial compressive strength of sand-
stone specimens in order to choose a reasonable upper limit
σmax and lower limit value σmin. +en, the second group is
used for fatigue damage tests under different cyclic stress
amplitudes at a frequency of 0.5Hz. +e third group is used
for fatigue damage tests under different loading frequencies
at a stress amplitude of 5MPa.

+e stress-velocity control method is adopted in the test.
+e specimen is loaded to the upper limit of cyclic loading at
a speed of 0.5MPa/s under axial compression, and then the
cyclic test is carried out with 1000 cycles per stage.

3. Test Results and Analysis

+e uniaxial compressive strength Rc, yield strength σ0,
elastic modulus E, and Poisson’s ratio μ of sandstone are
obtained from averaging the results from the uniaxial
compressive tests, as shown in Table 2.

3.1. Influence of Stress Amplitude on Fatigue Characteristics.
Disturbance load is transmitted as a wave in the specimen.
Disturbance waves can cause damage and deformation of
rock and can be divided into two main cases. One is that
disturbance waves propagate as elastic waves, in which there
will be no permanent deformation nor crack propagation.

Figure 1: TAW-2000 rock triaxial testing machine.
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Figure 2: Cyclic disturbance loading.
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+e other is disturbance propagation in the form of plastic
waves. In this case, the original cracks propagate and
penetrate, creating new cracks. +e plastic deformation
accumulates gradually, and the specimen eventually fails.

In Figure 3, it can be seen that when the upper limit stress
(peak stress) is 35 or 45MPa, no fatigue damage occurs in
the specimens after 1000 cycles. When peak stress is 55MPa,
the specimen fails after 297 cycles, which verifies that there is
an upper limit threshold in cyclic loading. If the peak stress is
lower than this value, no matter howmany cycles are loaded,
the specimen will not be destroyed. +e critical stress lies
between 45 and 55MPa in which plastic deformation and
failure will result. If the peak stress is higher than 55MPa, the
specimen will be destroyed in 1000 cycles or less. +is shows
that the fatigue life of sandstone is reduced with peak stresses
greater than 55MPa and is unaffected by peak stresses less
than 45MPa. Further testing is required in order to find the
critical peak failure stress in cyclic loading within the range
of 45 to 55MPa.

+e stress-strain hysteresis curves of the specimens
under cyclic loading are cusp-shaped, rather than oval-
shaped, at the place of stress inversion, which indicates that
the elastic deformation response of the specimens is faster
than the plastic deformation response. As the stress am-
plitude increases, the hysteretic curve moves to the right
gradually, the hysteretic loop area increases gradually, the
transverse spacing of a single hysteretic loop widens, and the
axial strain increases. +is trajectory indicates the damage
accumulated and energy dissipated with the repeated
opening and closing of a microfracture. +e energy loss and
irreversible deformation caused by the damage increase with
an increase in stress amplitude.

Figure 4 shows the relationship between the axial peak
strain and the cycle numberN. Under cyclic loading between
25 and 35MPa, the axial peak strain increases gradually and
then reaches a relative stability value of about 0.77%, and it is

Table 1: Parameters for different specimens tested.

Groups Specimen D
(mm)

L
(mm)

M
(g)

ρ
(g·cm−3)

Average
density
(g·cm−3)

Loading mode σmax
(MPa)

σmin
(MPa)

f
(Hz)

Failure
strength
(MPa)

Cycle
number

1

U1 50.10 99.84 520.3 2.645 2.630 Uniaxial
compression — — — 65.6 —

U2 49.42 100.02 502.1 2.618 Uniaxial
compression — — — 67.5 —

U3 48.82 99.78 490.4 2.627 Uniaxial
compression — — — 68.0 —

2
C-A1 48.84 98.64 483.4 2.617 2.620 Cyclic loading 35 25 0.5 — 1000
C-A2 49.10 99.43 496.6 2.639 Cyclic loading 45 25 0.5 — 1000
C-A3 48.30 100.20 478.4 2.607 Cyclic loading 55 25 0.5 55 297

3
C–F1 49.02 100.3 499.8 2.642 2.630 Cyclic loading 45 40 0.5 — 1000
C–F2 48.24 99.90 474.9 2.602 Cyclic loading 45 40 1 — 1000
C–F3 48.44 100.2 487.2 2.640 Cyclic loading 45 40 2 — 1000

Table 2: Static parameters of sandstone.
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Figure 3: Stress-strain curves under different stress amplitudes.
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still 0.77% for the remaining cycles. For the cyclic loading
between 25 and 45MPa, the axial peak strain increases
gradually and then reaches a stable value of 0.95%, following
which it remains unchanged. When cycling between 25 and
55MPa, the axial strain continues to increase with cycle
number and does not reach a stable value. +e fatigue
damage of sandstone under cyclic loading between 25 and
55MPa undergoes three stages: the first stage is the initial
stage, in which the strain rate decreases gradually; the second
stage is the stable stage, in which the strain rate remains
relatively unchanged; and the third stage is the accelerated
stage, in which the strain rate increases rapidly.

3.2. Effect of Loading Frequency on Fatigue Characteristics of
Sandstone. Figure 5 shows the stress-strain curves of the
specimens at frequencies of 0.5Hz, 1Hz, and 2Hz under a
stress amplitude of 5MPa. As loading frequency increases,
the hysteresis loops become denser, which indicates that the
growth rate of plastic deformation is decreasing gradually.
After the 2Hz cycling, the specimens are not damaged and
are in a fatigue stability stage, but irreversible plastic de-
formation occurs after unloading.

As can be seen from Figure 6, as frequency increases, the
strain remains unchanged, which is different from previous
research that showed strain of salt rock and gypsum rock
decreasing with increasing frequency [9, 15]. Hence, during
cyclic loading, the specimen enters the plastic deformation
stage and remains in a stable fatigue stage with increasing
loading frequency. However, to monitor the variation of
internal cracks in rocks, it is necessary to further observe
internal cracks through electron microscopy or CT.

4. Establishment of Sandstone Damage
Constitutive Model under Disturbance

4.1. Model Selection. When rocks are subjected to repeated
disturbance loads, internal structural distortion and crack
evolution lead to cumulative damage and irreversible plastic
deformation. At present, the description of damage evolu-
tion is mainly based on the evolution characteristics of
damage variable D. Kachanov [21] established the rela-
tionship between the creep damage variable and creep time
of brittle rock.

D � 1 − 1 −
t

tR

 

(1/r+1)

, (1)

where tR is the creep life and r is the parameter of rock
material properties.

In a cyclic loading test, the rock fatigue life Nf is the
number of cycles at the time of rock failure. If T is the time
for one cycle, then the cycle number and loading time satisfy
t�NT and tR �NfT, and then (1) can be expressed as

D � 1 − 1 −
N

Nf

 

(1/r+1)

. (2)

It can be seen that this expression for damage under
cyclic loading is similar to that of creep damage, and the

essence of damage variable is the same. For both cases, under
the action of external load over a given cycle number or time
frame, rock material properties will deteriorate due to in-
ternal structure distortion, crack initiation and propagation,
and continuous energy dissipation. It can be seen from
Figure 4 that the peak strain curve under cyclic loading has
the same evolution law as that under creep loading, which
also follows the three-stage characteristics listed in Section
3.1. Based on the above two points, it is considered that the
damage failure of specimens subjected to cyclic loading is
essentially the rock creep under peak stress. +erefore, this
paper will study the damage characteristics of sandstone
under cyclic loading based on creep theory.

In view of the disturbance of geotechnical materials
under external loads, Desai, an American scholar, proposed

εp
εe

St
re

ss
 (M

Pa
)

0

10

20

30

40

50

0.2 0.4 0.6 0.8 1.0 1.2 1.40.0
Axial strain (%)

0.5HZ
1HZ
2HZ

St
re

ss
 (M

Pa
)

36

38

40

42

44

46

1.10 1.15 1.20 1.25 1.301.05
Strain (%)

Figure 5: Stress-strain curves under different loading frequencies.
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the concept of disturbed state concept (DSC) [22]. +e DSC
holds that material structure is composed of an undisturbed
relative-integrity state (RI state) and completely destroyed
fully adjusted state (FA state). +e material structure can
transform from RI state to FA state under external force.+e
function describing the transformation process between
these two states is called the disturbed function (D). +e
expression of their relationship is

εij � (1 − D)εi
ij + Dεc

ij, (3)

where εij, εiji , and εijc are observed strain values, RI strain
values, and FA strain values, respectively.

Based on creep theory and the disturbance state concept,
the strain damage model of sandstone under different peak
stresses is established in this paper. According to the strain
curves of sandstone under different peak stresses, the
specimen exhibits elastic deformation at the moment of
loading. As the cycle number increases, the specimen
continues to deform, and the deformation rate gradually
decreases, showing viscous characteristics. +en, irreversible
plastic deformation occurs, ultimately rupturing the rock
specimen. +erefore, the selected model should contain the
elastic, viscous, and plastic elements in order to reflect the
complete process of strain damage evolution.

(a) Sandstone in an RI state is considered to have vis-
coelastic deformation under external disturbance. In
order to simplify the model and reduce the pa-
rameters, the Kelvin model is used to represent
sandstone in RI state. +e equation is as follows:

ε �
σ
E1

1 − e
− E1/η1( )t( ) , (4)

where E1 and η1 are elastic fatigue coefficient and
viscous coefficient of the Kelvin body, respectively.

(b) After entering FA state, the material in RI state
encloses and restricts the material in FA state during
deformation, which locally hardens the material in
FA state. However, after continuous disturbance, the
specimen eventually breaks down, so it can be
represented by a model with a critical state. Huang
[15] considered that the sudden change of fatigue
rate will be triggered if the disturbance force exceeds
a certain critical value. A nonlinear disturbance
creep element (NDCE) is introduced (see Figure 7).
+e nonlinear disturbance creep element satisfies

σ − σs �
η3

tn−1 ·
dε
dt

 

m

, σ > σs, (5)

where η3 is viscous coefficient of the nonlinear clay
body, n is rheological coefficient, t is rheological time,
m is the parameter of rock property (0≤m≤ 1), and σs
is threshold stress, which is considered as yield
strength.
When ε (0)� 0, (5) can be transformed using the
separation of variables method such that

ε(t) �
σ − σs

η3
 

(1/m)
m

m + n − 1
t
(m+n− 1/m)

, σ > σs. (6)

+e FA state model is obtained by connecting the
NDCE in series with the traditional Maxwell creep
model (see Figure 8).
+e state equation of the improved Maxwell model:

σ1 � E2ε1,

σ2 � η2 _ε2,

σ3 � σs +
η3

tn−1 ·
dε
dt

 

m

,

σ � σ1 � σ2 � σ3,

ε � ε1 + ε2 + ε3.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

Combining (6) and (7), we obtain the disturbance
model.

ε �

σ
E2

+
σ
η2

t, σ > σs( ,

σ
E2

+
σ
η2

t +
σ1 − σs

η3
 

(1/m)
m

m + n − 1
t
(m+n− 1/m)

, σ > σs( ,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(8)

where E2 and η2 are elastic fatigue coefficient and
viscous coefficient of the Maxwell body, respectively.

(c) According to Guo [23], the disturbance function D is
a function with plastic cumulative strain value εp as
an independent variable. Assuming that the distur-
bance function D is in the form of a Weibull
function, we obtain

D � D εp
(  � Du 1 − exp −αεp

( 
β

  , (9)

where α and β are the scale and shape parameters of
rocks; Du is the disturbance limit, 0 ≤Du≤ 1, and Du � 1
generally; and εp is the plastic cumulative strain value.
+e total strain can be divided into two parts: elastic
strain and plastic strain. According to the Man-
son–Coffin empirical formula [24, 25], the total strain is
expressed using the cycle number and loading fre-
quency as

σs

η3, n

σ σ

Figure 7: Nonlinear disturbance creep element.
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ε � εe
+ εp

� c1 Nf
k1− 1

 
− β1

+ c2 Nf
k2− 1

 
− β2

, (10)

where f is loading frequency; c1, c2, k1, k2, β1, and β2 are
material constants; εe and εp are the elastic strain and
plastic strain, respectively; and N is cycle number.
Hence, the relationship between loading frequency and
plastic strain εp is as follows:

εp
� c2 Nf

k2− 1
 

− β2
. (11)

(d) +e cycle number and loading time satisfy t�NT.
Combining Equations (3), (4), (8), (9), and (11), we
can obtain the expression of one-dimensional
sandstone strain damage:

ε(N) �

1 − e− AN−BfC( )  ·
σ
E1

1 − e
− E1/η1( )NT( )   + e− AN−BfC( ) ·

σ
E2

+
σ
η2

NT , σ < σs( ,

1 − e− AN−BfC( )  ·
σ
E1

1 − e
− E1/η1( )NT( )   + e− AN−BfC( ) ·

σ
E2

+
σ
η2

NT +
σ − σs

η3
 

(1/m)
(NT)G

G
⎡⎣ ⎤⎦, σ > σs( ,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

A � α · c2( 
β
,

B � β · β2,

C � 1 − k2(  · β · β2,

G �
m + n − 1

m
 ,

(12)

where σ is stress; ε is strain; N is cycle number; f is
loading frequency; T is loading period, T�1/f; σs is
threshold stress, which is considered as yield strength;
E1 and E2 are elastic fatigue coefficients of the Kelvin
body and Maxwell body, respectively; η1 and η2 are
viscous coefficients of the Kelvin body and Maxwell
body, respectively; η3 is viscous coefficient of the
nonlinear clay body; and A, B, C, G are material
constants related to c1, c2, k1, k2, β1, and β2.
+e modified strain damage model of sandstone is
shown in Figure 9.

4.2. Parameter Identification of Model. According to the
peak strain of sandstone under uniaxial cyclic loading, the
strain damage equation is fitted using Origin software and

the least squares principle, and the parameters of the strain
damage model are obtained as shown in Table 3. When
cycling to a peak stress of 55MPa, both E2 and η2 in the
Maxwell body increase significantly, which may be due to
the hardening of the specimen before failure.

+e strain damage model of sandstone based on the
concept of a disturbance state is compared with the ex-
perimental results as shown in Figure 10. +e experimental
results under different stress amplitudes are represented by
symbols of different shapes, and the theoretical calculated
values are expressed by solid lines. +e derived constitutive
model is in good agreement with the experimental results
and reflects the characteristic three stages of sandstone
damage failure under cyclic loading, which verifies the
presented strain damage model of sandstone based on
disturbance state.

σ σ
σs

η3, n
η2E2

ε2ε1 ε3

Figure 8: Improved Maxwell model.
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Figure 11 shows the variation of the strain damage curve
with rheological coefficient n when the peak stress is fixed at
55MPa. +e acceleration phenomenon becomes more and
more obvious as coefficient n increases. +e change of n
mainly affects the accelerated failure stage and has no
measurable effect on the first and second stages of strain
evolution. +is shows that the nonlinear clay body can
simulate the accelerated damage stage of sandstone well and
verify the rationality of the model.

Figure 12 shows the variation curve of disturbance
function D with the cycle number under different peak
stresses. When the peak stress is 35 or 45MPa, the slope of
the curve increases gradually, with 35MPa showing a
sharper initial slope increase in early cycles.While cycling up
to 1000 cycles, the disturbance function value tends to be
stable and less than 1 for both cases, which indicates that the
specimens were not damaged. +is is similar to the variation
rule of the peak strain curve. When peak stress increases to

D

Maxwell NDCE

1 – D

Kelvin

σ σ
E1

E2
η2

η1

σs

η3, n

Figure 9: Strain damage model of sandstone.

Table 3: Strain damage model parameters of sandstone under disturbance state concept.

σmax (MPa)
Model parameter Fitting effect

A B C E1 (MPa) E2 (MPa) η1 (MPa·N) η2 (MPa·N) η3 (MPa·N) n m R2

35 0.74 0.36 0.31 45.10 52.17 6.42 61998.51 0.992
45 0.09 0.69 0.60 46.39 56.95 3.82 70311.99 0.991
55 84.00 0.04 9.46 12.55 21930.55 2.28 286624.7 5.10 8.9 0.57 0.962
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55MPa, the second derivate of the slope is initially positive
before inverting around 150 cycles. For this case, D con-
tinues to sharply increase until reaching a value of 1 at 297
cycles when the rupture of the rock specimen takes place.
+e 55MPa peak stress cycling process reflects the trans-
formation from RI state to FA state, controlled by the
disturbance function.

5. Conclusion

(1) +ere exists an upper threshold value for the axial
stress of sandstone under cyclic loading. When the
loading frequency is constant, with the increase of
stress amplitude, the area of hysteresis loop increases
gradually, the transverse spacing of a single hys-
teresis curve widens, and the energy loss and irre-
versible deformation of rock caused by damage
increase gradually. When the stress amplitude is
constant (mean stress value of 42.5MPa and am-
plitude of 5MPa), an increase in loading frequency
did not change the axial strain.

(2) +e unstable fatigue damage of sandstone subjected
to cyclic loading generally goes through three stages:
the initial stage in which the strain rate decreases
gradually, the stable stage in which the strain rate
remains unchanged, and the accelerated failure stage
in which the strain rate increases rapidly.

(3) On the basis of creep theory and the disturbance state
concept, a strain damage model of sandstone is
established. +e parameters of the model are solved
byOrigin software.+e rationality and correctness of
the strain damage model are validated by comparing
the calculated results with the experimental data.
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