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Abstract

In order to study the mechanical properties and damage evolution of the gas storage surrounding rock under the periodic injection-

production process, the uniaxial cyclic loading and unloading tests of sandstone were carried out by TFD-2000 microcomputer servo-

controlled rock triaxial testing machine. Results shown that the compressive strength of gas storage sandstone specimens were 

gradually decreases with increasing of the stress amplitude after 200 cycles. The stress-strain curve under uniaxial cyclic loading and 

unloading condition formed hysteresis loops, and the hysteresis loop presented sparse-dense-sparse when the stress amplitude 

was relative higher. The residual strains can be divided into three stages of decay deformation stage, stable deformation stage and 

accelerated deformation stage when the stress amplitude is 8~32 MPa, this phenomenon is very similar to the creep behavior of rocks. 

The energy evolution of sandstone under cyclic loading and unloading was analyzed and the damage evolution low of which was also 

discussed in detail, the damage variable defined by energy dissipative ratio accumulation can well reflect the damage development 

of sandstone under uniaxial cyclic loading and unloading. A nonlinear visco-plastic body was proposed by considering the accelerate 

stage of curves of the axial residual strains, and used the nonlinear visco-plastic body to replace the visco-plastic body of the traditional 

Nishihara model, a nonlinear viscoelastic-plastic model for cyclic loads was established and the applicability of the model is verified. The 

research results provide certain reference value for the construction and maintenance of gas storage.
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1 Introduction
In recent years, with the rapid development of economy 
and green energy, China's natural gas consumption has 
increased year by year. In order to ensure gas supply, China 
vigorously promotes the construction of underground gas 
storage. Frequent injection and production during opera-
tion of gas storage results in frequent changes of pressure 
in gas storage, resulting in fatigue stress, which will affect 
the mechanical properties of surrounding rock and the ser-
vice life of gas storage [1]. Therefore, it is necessary to 
better understand the mechanical properties and damage 
evolution law of rock mass under fatigue state for the oper-
ation and maintenance of gas storage.

In the cyclic loading and unloading test, when the cumu-
lative axial deformation of rock reaches the axial failure 
deformation of conventional test, rock failure occurs [2]. 
According to this characteristic, scholars deeply studied 
the fatigue life of rock, and found that after adding time 

interval in the fatigue process, the increase rate of axial 
deformation of rock was accelerated, resulting in the cumu-
lative axial deformation of rock reaching the axial fail-
ure deformation under monotonic compression faster [3]. 
When studying the fatigue properties of rock, the cyclic 
loading and unloading method of axial stress is generally 
used for research. In the cyclic loading and unloading test, 
there are many factors affecting the strength of rock, such 
as loading frequency, temperature, stress amplitude, and 
cycle number [4–6]. These factors have different effects 
on the fatigue strength of rock. For example, the load-
ing frequency has a significant deterioration effect on 
the fatigue strength of rock [4]. The increase of tempera-
ture also leads to the decrease of the fatigue strength of 
rock [5]. With the gradual deepening of the understand-
ing of rock mechanical properties under fatigue load-
ing, scholars began to study the development of internal 
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damage of rocks under fatigue loading. In the process of 
cyclic loading and unloading, the surface of rock will pro-
duce cracks, and judging the internal damage develop-
ment of rock by the crack volume is also a method adopted 
by many scholars at present [7–10]. This method can bet-
ter reflect the damage state of the rock at various stages 
under fatigue loading, but the mechanism of the inter-
nal damage development of the rock is not clear enough. 
Regarding this problem, some scholars have begun to 
study the damage development in the rock under fatigue 
load from the energy point of view. Under fatigue loading, 
the internal energy of the rock is determined by the stress-
strain curve. In the early research process, scholars used 
the internal elastic energy of the rock and the nature of 
the rock to determine the internal damage evolution trend 
of the rock under fatigue loading [11]. With the deepen-
ing of research, scholars have found that the deformation 
and failure of rocks during cyclic loading and unloading 
are always accompanied by energy dissipation. Based on 
this, scholars began to introduce the concept of dissipated 
energy to reflect the damage development of rock during 
cyclic loading and unloading through the accumulation of 
dissipated energy. [12–16].

With further research, scholars are not satisfied with 
only study the rock internal damage, began to build the 
constitutive model of rock under cyclic loading and unload-
ing. Current research focuses on component model [17–21], 
damage fatigue constitutive model [22, 23] and empirical 
model [24]. The constitutive model that reflects the fatigue 
deformation of rock is established by combining the elas-
tic, viscous and plastic body. Although the results are reli-
able, most of the component models adopt from the rheo-
logical model, and its physical meaning is not clear enough. 
At the same time, there is a certain controversy about the 
construction of the body of the instantaneous plastic strain. 
On the other hand, because the components of the com-
ponent model are basic mechanical components, the com-
ponent model describes the constitutive relationship of 
rock in uniaxial state, while the constitutive relationship 
of rock in triaxial state also needs to consider the influ-
ence of the deviatoric and spherical parts of the tenso-
rial [25, 26]. The damage fatigue constitutive model con-
structs by introducing the damage variable and the stress 
equivalence principle, which mainly reflects the stress-
strain curve of a certain cycle loading and unloading, and 
it is difficult to completely describe the whole process of 
rock cycle. Although, the constitutive model established 
according to the empirical formula can better reflect the 

changes of physical properties of rocks under cyclic load-
ing and unloading, but the physical meaning of its parame-
ters is not clear, it is not universally applicable.

In summary, scholars have made many achievements in 
the research area of mechanical properties, energy evolu-
tion, damage evolution trend and constitutive model con-
struction of rocks under cyclic loading and unloading. 
However, as far as the current research status is concerned, 
the fatigue properties and damage evolution trend of sand-
stone in the four stages of deformation are still has cer-
tain research value. In this paper, the stress amplitude was 
determined by the four stages of sandstone deformation, 
and then the uniaxial cyclic loading and unloading test of 
sandstone was carried out. Based on the stress-strain rela-
tionship, the mechanical properties and energy evolution 
law of sandstone under fatigue load are analyzed, and the 
damage variable is constructed. By borrowing ideas from 
the rheological theory, a constitutive model which can 
reflect the deformation of sandstone under cyclic loading 
and unloading condition was constructed and the damage 
evolution trend of sandstone under fatigue load was deter-
mined, which provides a certain reference for the con-
struction and maintenance of gas storage.

2 Materials and method
2.1 Specimen preparation
The natural sandstone used in the test was collected from 
a gas storage in Junggar, Xinjiang, China, which was a typ-
ical sandstone. First, a complete rock is obtained from 
about 3585 meters underground, then the rock core is 
obtained along the same direction of the rock, and finally 
the rock core is processed into a cylindrical solid standard 
sample with a height of 50 mm and a diameter of 25 mm 
(height-diameter ratio of 2:1) by indoor dry sawing, as 
shown in Fig. 1. The size of sandstone specimen is required 
to be processed in strict accordance with the ISRM test 
procedures, with the allowable error range of 0.3 mm in 
diameter and the non-parallelism of upper and lower end 
faces of 0.05 mm. The basic physical parameters of the 
specimens are shown in Table 1 and the average nature 
density of six specimens is around 2.44 g/cm3, which is 
basically the same as the red sandstone specimens used 
by Gong et al. [27].

2.2 Testing equipment
The TFD-2000 microcomputer servo-controlled rock tri-
axial testing machine is adopted in the test as shown in 
Fig. 2. The maximum axial compressive force of the test 
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machine is 2000 kN and the pressure measurement error 
range is ±0.5%. During the test, the test data is automati-
cally collected by microcomputer.

2.3 Preliminary test
Before the uniaxial cyclic loading and unloading test, the 
uniaxial compression tests of sandstone were conducted, 
the test results are shown in Table 2. It can be seen from 
Table 2 that the average uniaxial compressive strength (σc) 
of sandstone specimens is 42.76 MPa, the average peak 
axial strain (εmax) is 5.1 × 10–3, the average elastic modulus (E) 
is 9.53 GPa, and the average Poisson's ratio (ν) is 0.21. 
Compared with the research results of Gong et al. [27], 
the peak axial strain and uniaxial peak strength of the red 
sandstone specimens used in this paper are slightly lower, 
which may be due to the relatively developed internal frac-
tures of the specimens used in this paper. Fig.  3 shows the 
three uniaxial compressive stress-strain curves of sandstone 
specimens. It can be seen from Fig. 3(b) that the stress-
strain curve of sandstone under uniaxial compression can 
be divided into four stages, namely, compaction stage (I), 
elastic stage (II), plastic stage (III) and failure stage (IV).

2.4 The cyclic loading and unloading test method
It can be also obtained from Fig. 3(b) that the stress level 
of specimens entered the elastic stage is about 8 MPa, and 
the average yield stress is about 24 MPa. So, in the cyclic 

Fig. 1 Sandstone specimens

Table 1 Basic physical properties of the specimens

Specimen 
no.

Length 
(mm)

Diameter 
(mm)

Weight 
(g)

Density 
(g/cm3)

A-1 51.10 25.30 63.93 2.49

A-2 50.54 25.30 62.73 2.47

A-3 50.40 24.95 60.83 2.47

D-1 50.10 24.98 58.41 2.38

D-2 50.80 25.10 61.05 2.43

D-3 50.18 25.05 59.32 2.4

Average 50.52 25.11 61.05 2.44

Fig. 2 The TFD-2000 microcomputer servo-controlled rock triaxial testing machine

Table 2 The results of uniaxial compressive tests for sandstone specimens

Specimen no. σc (MPa) εmax (10–3) E (MPa) ν

A-1 41.69 5.24 9.74 0.20

A-2 43.65 4.62 9.38 0.22

A-3 42.95 5.45 9.47 0.21

Average 42.76 5.10 9.53 0.21
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loading and unloading tests, the stress value of 8 MPa was 
selected as cyclic lower limit stress σmin, and the stress val-
ues of 16 MPa, 24 MPa and 32 MPa were as cyclic upper 
limit stress σmin, the detailed test procedure as shown below:

Fist, the axial stress is loaded to the lower limit stress  
σmin at a rate of 0.1 kN/s, and then apply the cyclic load at 
the speed of 0.2 kN/s, the stress path is from the lower limit 
stress σmin to the upper limit stress σmax, and then to the 
lower limit stress σmin. After 200 cycles, a rate of 0.2 kN/s 
was selected again to apply axial stress until the specimen 
destroys. The detailed stress path as shown in Fig. 4 and 
the Table 3 present the upper limit stress value, lower limit 
stress value, cyclic stress amplitude, cycle number and 
loading frequency, respectively.

3 Results and discussion
3.1 Mechanical properties of sandstone under cyclic 
loading and unloading
3.1.1 Deformation characteristics
Fig. 5(a)–(c) shows the stress-strain curves of sandstone 
under uniaxial cyclic loading and unloading tests with the 
stress amplitudes of 8–16 MPa, 8–24 MPa and 8–32 MPa, 
respectively. Fig. 6(a–c) shows the hysteresis loops of sand-
stone under different number of cycles with the stress ampli-
tudes of 8–16 MPa, 8–24 MPa and 8–32 MPa, respectively.

Compare with Fig. 3(a), it can be seen that the stress-
strain curve under uniaxial cyclic loading and unloading 
condition formed hysteresis loops, and the hysteresis loop 
presented sparse-dense-sparse when the stress amplitude 
was relative higher, means that the area of the hystere-
sis loop also presented development trend of large-small-
large. It can be seen from Fig. 6 that the axial strain of 
sandstone specimens gradually increases with the increase 
of the number of cycles. When the stress amplitude was 
relative higher, the axial strain increases the most. It was 
found that the trend of the stress-strain curve of sandstone 
under cyclic loading was basically the same as that of sand-
stone under uniaxial compression before the beginning of 
cyclic loading, the stress-strain curve includes compac-
tion stage (I) and elastic stage (II). While there was a cer-
tain value of permanent residual deformation after each 
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Fig. 3 The stress-strain curves under uniaxial compression tests; 

(a) The uniaxial compression stress-strain curve, (b) The four-stage 
diagram of uniaxial compression
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Fig. 4 Stress path diagram of cyclic loading and unloading test

Table 3 Uniaxial cyclic loading and unloading test procedure

Speci- 
men no.

Upper limit 
stress 
(MPa)

Lower 
limit stress 

(MPa)

Cyclic stress 
amplitude 

(MPa)

Cycle
Number 

(N)

Loading 
speed 
(kN/s)

D-1 16 8 8 200 0.2

D-2 24 8 16 200 0.2

D-3 32 8 24 200 0.2
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(a)

(b)

(c)
Fig. 5 The sandstone stress-strain curve under different stress 

amplitude; (a) D-1 (8-16 MPa), (b) D-2 (8-24 MPa), (c) D-3 (8-32MPa)

(a)

(b)

(c)
Fig. 6 The sandstone hysteresis loops under different number of cycles; 

(a) Cycle 2, (b) Cycle 10, (b) Cycle 20
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cyclic loads, and then shape of the stress-strain curve was 
still similar with the uniaxial compression curve's when 
stress amplitude is relatively low. It can be also obtained 
that the stress-strain curves under cyclic loads are differ-
ent in the failure stage, the stress of the sandstone under 
uniaxial compression drops rapidly, and the load capacity 
was lost in a short time, while the stress of the sandstone 
decreases relatively slow after cyclic loads and the axial 
strain increases rapidly as the loading progresses.

According to Fig. 5(a)–(c), it can be observed that the 
peak strength under cyclic loads were lower than the uniax-
ial compression tests and the uniaxial compressive strength 
gradually decreases with the increasing of the stress 
amplitude. When the stress amplitude was 8–16 MPa and 
8–24 MPa, the peak stress of the specimen was 38.92 MPa 
and 34.13 MPa, respectively, which decreased by 9.3% and 

20.4% compared with the peak stress under uniaxial com-
pression. It was found that the sandstone is damaged after 
31 cycles of loading and unloading condition when the 
stress amplitude is 8~32 MPa.

As we all know that the rock will form a hystere-
sis loop in the process of cyclic loading and unloading. 
In this paper, the axial strain at the point of lower limit 
stress was defined as the axial residual strain. The Fig. 7 
shows the axial and radial residual strain evolution curve 
of sandstone under uniaxial cyclic loading and unload-
ing, respectively. It can be observed from the Fig. 7 that 
the axial residual strain and radial residual strain gradu-
ally increases with the increasing of the cycles and stress 
amplitude. Integrating the curves of Fig. 7, it can be drawn 
that the curves of the residual strain rate versus cycles, 
as shown in Fig. 8. From Fig. 7 and Fig. 8, it can be easily 

(a) (b)
Fig. 7 The curves of the residual strains vs cycles; (a) Axial residual strain, (b) Lateral residual strain

(a) (b)
Fig. 8 The curves of the residual strain rate vs cycles; (a) Axial residual strain rate, (b) Lateral residual strain rate
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concluded that the residual strains can be divided into two 
stages of decay deformation stage and stable deformation 
stage when stress amplitude is relatively low. While, the 
residual strains can be divided into three stages of decay 
deformation stage, stable deformation stage and accel-
erated deformation stage when the stress amplitude is 
8~32 MPa. This phenomenon is very similar to the creep 
behavior of rocks.

3.1.2 The elastic modulus(E) and the Poisson's ratio(μ)
According to the Chinese Standard Test Procedure for 
Physical and Mechanical Properties of Rock Part 19, the 
elastic modulus and Poisson's ratio of rock under load-
ing and unloading can be determined by the following 
Eqs. (1)–(4):

E l l1
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d d

l l . (4)

Where, E1 is loaded modulus of elasticity, E2 is unload-
ing modulus of elasticity, ν1 is loading Poisson's ratio, ν2 is 
unloading Poisson's ratio, σmax is maximum stress per cycle, 
σmin is minimum stress per cycle, εl

max is maximum axial 
strain per cycle, εl

min(1) is minimum axial strain during 
loading, εl

min(2) is minimum axial strain during unloading, 
εd

max is maximum radial strain per cycle, εd
min(1) is mini-

mum radial strain during loading, εd
min(2) is minimum 

radial strain during unloading. The calculation diagram of 
the elastic modulus and Poisson's ratio under cyclic load-
ing and unloading condition as shown in Fig. 9.

The Fig. 10 shows the curves of the loading elastic mod-
ulus and Poisson's ratio versus cycles, and the curves of 
the unloading elastic modulus and Poisson's ratio versus 
cycles as shown in Fig. 11. It can be seen from Fig. 10 and 
Fig. 11 that the loading elastic modulus and the unloading 
Poisson's ratio present two stages of decaying and stabi-
lizing, and there is an acceleration stage when the stress 
amplitude is largest. While, the unloading elastic mod-
ulus and the loading Poisson's ratio have the opposite 

development trend, that is, the accelerated increase stage, 
the stability stage and the accelerated decay stage. It can be 
found that under the same stress amplitude, the unloading 
elastic modulus at the stable stage is slightly larger than 
the loading elastic modulus, while the unloading Poisson's 
ratio at the stable stage is slightly smaller than the loading 
Poisson's ratio. It can be found that the Poisson's ratio of 
loading and unloading is gradually approach, and the elas-
tic modulus of loading and unloading is gradually approach 
with increasing of cycles. This is because, in the early cyclic 
stage, the internal microcracks of the rock specimen are 
compacted, resulting in a rapid increase in the elastic mod-
ulus and a decrease in the unloading elastic modulus. After 
that, the elastic deformation plays a dominant role result-
ing in a relatively stable loading and unloading elastic 
modulus. When the cyclic stress amplitude is largest, new 
micro-cracks appear and increasing with the cycle inside 
of the sandstone in the last few cycles, and the integrity of 
the sandstone is damaged, resulting in a rapid decline in 
the loading elastic modulus and an increase in the unload-
ing elastic modulus. In the process of uniaxial cyclic load-
ing and unloading, the radial deformation of the sample 
is not constrained. In the initial loading stage, the peak 
axial and radial deformation of sandstone increased rap-
idly and Poisson's ratio attenuates or increases. Later, the 
peak axial and radial deformation ratio of sandstone tends 
to be stable and Poisson's ratio tends to be relatively stable. 
In the last few cycles new cracks appear in the sample and 
the increase of radial deformation obviously leads to the 
rapid increase of the loading Poisson's ratio.

Fig. 9 The schematic diagram of loading and unloading elastic 
modulus and Poisson's ratio calculation
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(a)

(b)

(c)
Fig. 10 The evolution curves of loading elastic modulus and Poisson's 

ratio of sandstone under different stress amplitudes; (a) D-1 (8-16 MPa), 
(b) D-2 (8-24 MPa), (c) D-3 (8-32 MPa)

(a)

(b)

(c)
Fig. 11 The evolution curves of unloading elastic modulus and 
Poisson's ratio of sandstone under different stress amplitudes;

(a) D-1 (8-16 MPa), (b) D-2 (8-24 MPa), (c) D-3 (8-32 MPa)
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3.1.3 Failure mode
The failure mode diagram of sandstone under different 
stress amplitudes has seen in Fig. 12. It can be seen from 
the Fig. 12 that the failure mode form of sandstone in uni-
axial compression test is mainly splitting failure which 
cracks penetrate the whole specimen, while the failure 
mode form of sandstone under uniaxial cyclic loading and 
unloading is splitting failure and accompanied by shear 
failure. It was also found that the damage under cyclic 
loading seems much more complete, the reason is that 
there are a large number of micro-fracture and volume 
expansion under the cyclic loading condition, which will 
also accompanied by a large number of local rupture or 
falling block phenomenon. And this phenomenon is even 
more obvious when the stress amplitude is higher.

3.2 Discuss of the energy and damage evolution 
3.2.1 The energy evolution
External work is the main reason of rock failure during 
the process of the rock mechanics experiment [28]. Rock 
in the test process of cyclic loading and unloading, part of 
the energy is stored in the rock and the other part is dissi-
pated. it is assumed that the total energy generated by the 
axial load in each cycle is U, as shown in Eq. (5):

U U Um w� � , (5)

where, Uw is dissipation energy per cycle, Um is elastic 
strain energy per cycle.

The schematic diagram of sandstone energy calcula-
tion under cyclic loading and unloading can be seen in 
Fig. 13. The elastic strain energy and dissipation energy of 
rocks can be calculated by stress-strain curves as shown 
in Eqs. (6)–(8) [29]:
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Where, σmax is upper limit stress per cycle, σmin is lower 
limit stress per cycle, f(σ1) is curve formula of each cycle 
loading segment, f(σ2) is curve formula of unloading sec-
tion for each cycle, εmax is maximum axial strain corre-
sponding to the upper limit stress of each cycle, εmin(1) is 
minimum axial strain corresponding to the lower limit 
stress of the loading section of each cycle, εmin(2) is mini-
mum axial strain corresponding to the lower limit stress of 
the unloading section of each cycle.

According to Eqs. (6)–(8), the energy of each cycle was 
calculated. Fig. 14 presents the energy evolution curve 
of sandstone under different stress amplitudes. It can be 
seen from Fig. 14 that energy evolution curves present the 
energy sudden drop stage and the energy stable stage when 
the stress amplitude was relatively small. While the energy 

Fig. 12 The failure mode of sandstone in uniaxial cyclic loading and unloading test; (a) Uniaxial compression, (b) D-1 (8-16 MPa), (c) D-2 (8-24 MPa), 
(d) D-3 (8-32 MPa)

(a) (b) (c) (d)
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Fig. 13 The schematic diagram of sandstone energy calculation under 
cyclic loading and unloading condition
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evolution can be divided into three stages: energy sudden 
drop stage, energy stabilization stage and energy acceler-
ated increase stage when cyclic loading and unloading tests 
were carried out with the stress amplitude of 8–32 MPa. 
During the energy sudden drop stage, it was found that 
the total strain energy and dissipated energy of sandstone 
rapidly decrease, while the elastic energy increases, indi-
cating that the energy absorbed by sandstone at this stage 
is mainly used for fracture compaction and increasing 
friction between particles. During the energy stabilization 
stage, all of the total energy, dissipated energy and elas-
tic energy were tended to stable, indicating that the input 
energy at this stage is mainly stored in the specimen in 
the form of elastic energy, and results is the deformation 
of sandstone at this stage is mainly elastic deformation. 
During the energy accelerated increase stage, the total 
strain energy and dissipated energy were increasing with 
cycles, while the elastic energy was decreasing, indicating 
that the energy inside the sandstone begins to dissipate 
rapidly, and large cracks begin to appear inside the sand-
stone and the specimen enter the accelerated failure stage.

The variation trend of average dissipation energy on 
sandstone under different stress amplitudes can be seen in 
Fig. 15. With the increase of stress amplitude, the dissipa-
tion energy increases. The dissipation energy of 8–16 MPa 
stress amplitude is 373.93% lower than that of 8–24 MPa 
stress amplitude and 872.83% lower than that of 8–32 MPa 
stress amplitude. This shows that with the increase of the 
upper limit stress, the dissipation energy in sandstone 
increases exponentially and the damage development in 
sandstone accelerates.

(a)

(b)

(c)
Fig. 14 The energy evolution curve of sandstone under different stress 
amplitude; (a) D-1 (8-16 MPa), (b) D-2 (8-24 MPa), (c) D-3 (8-32 MPa) Fig. 15 The trend chart of average dissipated energy of sandstone under 

different stress amplitudes
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The energy dissipation ratio (η) is the ratio of dissipated 
energy to total input energy, which can reflect the damage 
inside the rock during the cycle. The calculation formula 
is as shown in Eq. (9):

� �
U
U
w . (9)

According to Eq. (9), the evolution curves of energy 
consumption ratio of sandstone under different stress 
amplitudes can be calculated, as shown in Fig. 16.

The variation trend of internal energy dissipation ratio 
of sandstone under different stress amplitudes tends to be 
consistent, which is shown in Fig. 16. The energy dissipa-
tion ratio decreases rapidly by the initial cycle, and most 
of the total energy dissipation is absorbed by the rock in 
the initial cycle to compress the microcracks inside the 
rock. The energy dissipation ratio decreases with increas-
ing number of cycles, internal cracks are compacted and 
dissipated energy decreases by rock under cyclic loading. 
The energy consumption ratio rises suddenly before rock 
is destroyed, this phenomenon shown that the develop-
ment of new cracks in rock leads to further increase of 
damage, and then rock unstable failure.

3.2.2 Damage evolution law
The current research shows that the energy dissipation 
of rock comes from the damage of rock, and the damage 
is related to the energy dissipation, so scholars begin to 
define the damage variable of rock based on the energy 
dissipation. In this paper, taking the dissipation energy 
at the beginning of the cycle as the initial damage point 
and the total dissipation energy at the end of the cycle as 
the damage point, the damage variable can be defined as 
shown in Eq. (10) [14, 29]:

D
U

Ui
i

N
w

w
�
�

1
, (10)

where, N is total number of cycles, i is a cycle, Di is dam-
age variable of the i cycle, Uw1 is total energy dissipation.

The energy damage of sandstone under different stress 
amplitudes is calculated by Eq. (10). Fig. 17 shows the evo-
lution law of energy damage of sandstone under different 
stress amplitudes.

The diagram of the evolution law of sandstone energy 
damage under different stress amplitudes in Fig. 17. When 
the number of cycles increases, there are obvious nonlin-
ear relationship between the energy damage variable and 

the axial strain of sandstone. The energy damage evo-
lution can be divided into three stages under 8–32 MPa 
stress amplitude: the accumulation rate of damage slowly 
rising in elastic stage, and the accumulation rate of dam-
age sudden increase when the plastic stage. In the failure 
stage, the damage keeps accumulating at a high speed, and 
the axial strain is close to the failure strain when the sand-
stone specimen is completely broken is shown in Fig. 17(c). 
The damage variable evolution curve is 'S' type line in the 
whole cycle process. The upper loading stress is less than 
the yield strength when the 8–16 MPa stress are ampli-
tude and 8–24 MPa amplitude, so the accumulation rate of 
energy damage rises slowly at the beginning of the cycle 
and then rises rapidly after the end of the cycle.

4 Constitutive model
The above-mentioned deformation characteristics of sand-
stone under cyclic loading and unloading condition shown 
that the curves of the residual strain can be divide into 
decay deformation stage and stable deformation stage 
under low stress amplitude, while the curve of sandstone 
experienced rapid rise in the early stage, stable in the mid-
dle stage, and accelerate rise stage under high stress ampli-
tude, which is similar very to the rheological curve of sand-
stone. So, it is feasible to introduce a rheological model to 
describe the fatigue deformation. However, the rheological 
time and the cycles are two different dimensional physical 
variables, therefore, it is necessary to improve the rheolog-
ical model to accurately describe the development trend of 
rock residual deformation in fatigue test.

Fig. 16 The evolution curve of energy dissipation ratio of sandstone 
under different stress amplitudes
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4.1 Construction of constitutive model
4.1.1 Stress equivalent
As the loading wave of this cyclic loading and unload-
ing test is triangular wave, which belongs to a complex 
stress loading mode, according to the rheological theory, 
the equivalent stress σN of this test is calculated according 
to Eq. (11) [30]:
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2
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, (11)

where, σs is failure stress, f is period frequency, T is the 
loading and unloading period. 

4.1.2 Nonlinear visco-plastic body
As we all known that the five element the traditional 
Nishihara model cannot fully describe the whole creep 
stage due to the linear characteristics of each element. 
Consider this feature in depth and take the accelerate stage 
of curves of the D-1 axial residual strains versus cycles as 
the research object, it was found that a power function can 
be used to describe this curve as shown in Fig. 18 [31].

Fitting of accelerated deformation curve of sandstone 
under cyclic loading and unloading, a power function can 
be expressed as Eq. (12):

� �� �0 ANn , (12)

where, ε0 is strain during the first cycle, A is fitting param-
eters, N is cycle number, n is accelerated deformation 
parameters.

(a)

(b)

(c)
Fig. 17 The diagram of the evolution law of sandstone energy damage 

under different stress amplitudes; 
(a) D-1 (8-16 MPa), (b) D-2 (8-24 MPa), (c) D-3 (8-32 MPa)

Fig. 18 The accelerate stage of curves of the axial residual strains 
versus cycles
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It is known that the function of ideal viscous element 
is Eq. (13):

�
�
�

�� �t 0 , (13)

where, η is viscosity coefficient of sandstone.
For the deformation evolution of sandstone under cyclic 

loading and unloading condition as shown in Fig. 7, the 
time t in ideal viscous element can be modified as N/f. 
So, According to Eqs. (12) and (13), a nonlinear viscous 
body is proposed, and the nonlinear parameter η can be 
expressed as Eq. (14):

�
�N n

AN fn,� � � �1 . (14)

4.1.3 Establish of the constitutive model
By using the proposed nonlinear visco-plastic body to 
replace the visco-plastic body of the traditional Nishihara 
mode, and redefine each element meaning of the mode to 
meet to the cyclic load deformation characteristics, a non-
linear viscoelastic-plastic model for cyclic loads was 
established as shown in Fig. 19 [32]. 

It can be easily obtained from Fig. 19 that when the 
equivalent cyclic stress σN is less than the failure stress σaN, 
the total strain is equal to ε1 add ε2. While the total strain is 
equal to ε1 add ε2 add ε3 when the equivalent cyclic stress 
σN is larger than the failure stress σaN. Based on the rhe-
ological mechanics theory, when the body are paralleled, 
the stress is added and the strain is equal. When the body 
are in series, the stress is equal, and the strain is added. 
Then the differential equation of the nonlinear viscoelas-
tic-plastic model can be expressed as Eqs. (15) and (16):
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Where, σaN is failure stress under cyclic loading and 
unloading condition, σN is equivalent cyclic stress. E1N and 
E2N are the cyclic elastic modulus, respectively. η1N is the 
viscous coefficient of rock under fatigue state.

According to Eqs. (14), (15) and (16), the nonlinear vis-
coelastic plastic model of sandstone under uniaxial cyclic 
loading and unloading can be expressed as Eq. (17):
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Fig. 19 The nonlinear viscoelastic-plastic model
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4.2 Verification of model
According to Eqs. (11) and (17), the data calculated by the 
nonlinear viscoelastic-plastic model were used to com-
pared with the test results as shown in Fig. 7 (a), as shown 
in Fig. 20. It can be seen from Fig. 20 that the proposed 
nonlinear viscoelastic-plastic model in this paper is in good 
agreement with the test results illustrate that the nonlin-
ear viscoelastic-plastic model can better reflect the whole 
residual deformation of sandstone under cyclic loading and 
unloading, and the applicability of the model is verified.

5 Conclusions
In order to study the mechanical properties of sandstone 
under uniaxial cyclic loading and unloading condition, the 
uniaxial cyclic loading and unloading tests with different 
stress amplitudes of gas storage sandstone were carried 
out. From the test results, the following conclusions can 
be drawn:

(1) The stress-strain curve under uniaxial cyclic load-
ing and unloading condition formed hysteresis loops, and 
the hysteresis loop presented sparse-dense-sparse when the 
stress amplitude is 8–32 MPa. The compressive strength of 
gas storage sandstone specimens was gradually decreases 
with increasing of the stress amplitude after 200 cycles. 

(2) The axial deformation and radial deformation of 
sandstone can be divided into three stages of decay defor-
mation stage, stable deformation stage and accelerated 
deformation stage when the stress amplitude is 8–32 MPa. 
There are decay deformation stage and stable deformation 
stage when the stress amplitude is 8–16 MPa, 8–24 MPa. 
These phenomena are very similar to the creep behavior 
of rocks. And the elastic modulus and energy have similar 
characteristics.

(3) It is a good way to define damage variable based on 
energy evolution, the damage variable defined by energy 
dissipative ratio accumulation can well reflect the damage 
development of sandstone under uniaxial cyclic loading 
and unloading. 

(4) A nonlinear viscoelastic-plastic model for cyclic 
loads was established by redefining the meaning of each 
parameter and using the nonlinear visco-plastic body to 
replace the visco-plastic body of the traditional Nishihara 
model. The applicability of the nonlinear viscoelastic-plas-
tic model was also verified. 
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