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China 
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Abstract: To study the fatigue properties and microstructure variation of salt rock under cyclic loading, uniaxial fatigue tests under 

different maximum cycling stresses were carried out on salt rock specimens. Meanwhile, scanning electron microscopy (SEM) and 

nuclear magnetic resonance (NMR) instruments were utilized to analyze the microstructure variation in salt rock before and after the 

test. The results indicated that the cracks growth mode in salt rock under cyclic loading is mainly the development of intergranular 

cracks, and the number of cracks increases with the maximum stress ratio (the ratio of the maximum cycling stress to the uniaxial 

compressive strength). After cyclic loading (12 000 cycles), the number of large pores and total pores in salt rock both increase, 

whereas the number of small pores decreases; and with the increase of maximum stress ratio, the increasing number of large pores 

and total pores and the decreasing number of small pores both increase. When the maximum stress ratio is 0.40 and the cycle number 

N≤2 000, the numbers of small pores, large pores and total pores all increase with cycle number; but the increase rate of small pores 

is faster than that of large pores, showing that the pore structure variation in salt rock is dominated by the initiation of small pores. 

When the maximum stress ratio is 0.40 and the cycle number N > 2 000, the number of large pores and total pores still increase with 

cycle number, whereas the number of small pores decreases, demonstrating that the formation of large pores accounts for the main 

change of pore structure. By solving the inverse function of S-shaped function, an empirical fatigue model with simpler form and 

fewer parameters was established, which can describe the whole process of irreversible deformation development of salt rock with a 

unified function, and the rationality of the model was verified by the fatigue test results of salt rock. 

Keywords: salt rock; cyclic loading; microstructure; SEM; NMR; empirical fatigue model 

 

1  Introduction 

Salt rock possesses many advantages, such as 
compact structure, low permeability, stable mechanical 
properties and strong damage self-healing ability, and 
thus is regarded as an ideal medium for constructing 
underground salt cavern gas storage and compressed 
air energy storage (CAES) station[1−2]. The operation 
procedure of salt cavern gas storage and CAES station 
includes four stages: gas injection and pressurization, 
high-pressure operation, gas recovery and depressurization, 
and low-pressure operation, as shown in Fig. 1. In the 
gas injection and pressurization stage, the pressure in 
the storage gradually increases, and the unbalance 
force of the surrounding rock around the cavern 
decreases gradually. In the high-pressure operation 
stage, the pressure in the storage is maintained at a high 

level and basically unchanged, and the unbalance force 
of the rock around the cavern is small and relatively 
constant. In the gas recovery and depressurization 
stage, the pressure in the storage pressure gradually 
decreases, and the unbalance force of the rock around 
the cavern gradually increases. In the low-pressure 
operation stage, the internal pressure remains at a low 
level and basically unchanged, while the unbalance 
force of the surrounding rock is large and relatively 
constant. Due to the periodic gas injection and production, 
surrounding rock will withstand cyclic loading in the 
long-term operation of salt cavern gas storage and 
CAES station[3]. Therefore, in order to ensure the 
long-term safety and stability of underground salt 
cavern gas storage and CAES station, it is of great 
significance to study the fatigue characteristics of salt 
rock under cyclic loading[4−5]. 
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Fig. 1  Variation of internal pressure and unbalanced force 

of surrounding rock for salt cavern storage 

 
Since salt rock plays an important role in the 

underground storage of natural gas and other energy 
sources, scholars have studied the fatigue properties of 
salt rock from different perspectives. Ma et al. studied 
the effects of stress amplitude, loading frequency, 
maximum and minimum cycling stress on the strength, 
deformation and damage characteristics of salt rock[6]. 
Guo et al. found that with the increase of the average 
stress or maximum stress ratio of cyclic loading, the 
fatigue process of salt rock is significantly shortened 
and the total deformation caused by fatigue failure is 
substantially reduced [7]. On the basis of summarizing 
the fatigue test results of salt rock at different temperatures, 
Ren et al. discussed the influence of temperature on 
the development of internal damage and fatigue life of 
salt rock[8]. Pouya et al. analyzed the influence of 
cyclic loading on the damage development of salt rock 
by connecting the micro stress, macro stress, micro 
viscoplastic strain and macro viscoplastic strain together 
and using the inclusion matrix model[9]. Fan et al. 
carried out fatigue tests on salt rock with intermittent 
time, and pointed out that with the extension of intermittent 
time, the internal damage of salt rock gradually increases 
and the fatigue life gradually shortens[10]. Jiang et al. 
explained the damage mechanism of salt rock under 
cyclic loading with intermittent time from a theoretical 
perspective, and stated that the Bauschinger effect and 
residual stress are the main reasons for shortening the 
fatigue life of salt rock[11]. Although there are many 
investigations on fatigue properties of salt rock, most 
of them focus on the influence of cyclic loading on the 
macroscopic mechanical parameters (such as strength 
and deformation), and few on the influence of 
microstructure. In fact, the deterioration of mechanical 
properties of salt rock under cyclic loading is the 
macro performance of its internal damage accumulation. 
Therefore, microscopic studies on the internal structural 
changes of salt rock under cyclic loading is of great 
value to correctly understand the fatigue mechanism 
of salt rock[12−14]. 

In order to quantitatively describe the development 
law of rock irreversible deformation, numerous fatigue 
constitutive models have been constructed by combining 
laboratory fatigue tests and analytical solutions. In 
general, these models can be divided into two categories: 

(1) Damage fatigue model. Li et al. set up a rock 
low-cycle fatigue damage model combining the continuum 
damage mechanics theory from the viewpoint of 
mechanical deterioration of rock under cyclic loading[15]. 
Wang et al. proposed a low-cycle damage model for 
salt rock considering the effects of loading frequency 
and stress amplitude based on fatigue test results and 
the Manson−Coffin equation[16]. On the basis of 
analyzing the variation of residual strain and elastic 
modulus of fractured rock with loading cycles, Li et al. 
constructed a damage model of fractured rock mass 
from the perspective of energy dissipation[17]. Liu et al. 
established the damage evolution equation under cyclic 
loading based on energy dissipation, and established 
the rock fatigue damage constitutive model by recursive 
method[18]. Although the damage fatigue constitutive 
model can effectively reflect the fatigue characteristics 
of rock under cyclic loading, it is difficult to select 
reasonable damage variables to characterize the damage 
evolution[19]. 

(2) Element combined fatigue model. In recent years, 
due to the similarity between cumulative irreversible 
deformation curve and creep curve, scholars have set 
about building rock fatigue constitutive model by 
referring to the results of element combined creep model. 
Guo et al. proposed three basic fatigue elements, and built 
a constitutive model reflecting rock fatigue deformation 
behavior based on the Burgers creep model[20]. Peng   
et al.[21] proposed joint plastic and viscous fatigue 
elements based on the analysis of rock fatigue cha- 
racteristic curves, and constructed a constitutive model 
describing the viscoelastic-plastic fatigue deformation 
behavior of jointed rock in combination with the 
research of literature [20]. Li et al. replaced the 
viscosity element in Nishihara model with nonlinear 
element containing fatigue parameters, and constructed 
an improved Nishihara model describing three stages 
of rock fatigue deformation[22]. Tang et al. used the 
Murayama visco-elastomer with switch function to 
replace the Kelvin element in Nishihara model, and used 
the nonlinear viscous element with fatigue parameters 
to replace the linear element in the viscoplastic element, 
so as to build a constitutive model characterizing the 
rock deformation under cyclic loading[23]. Liu et al. 
proposed three-dimensional viscous, elastic and plastic 
fatigue elements and rock fatigue yield criteria under 
cyclic loading, and then constructed a three-dimensional 
viscoelastic-plastic fatigue model[24]. However, when 

U
nb

al
an

ce
d 

fo
rc

e 
of

 s
ur

ro
un

di
ng

 r
oc

k 

In
te

rn
al

 p
re

ss
ur

e 
of

 g
as

 s
to

ra
ge
 

Internal pressure of 
gas storage 

Unbalanced force of
surrounding rock 

Operating time 

Low-pressure operation 

High-pressure 
operation 

Gas injection  
and pressurization  Gas recovery and 

depressurization 

2

Rock and Soil Mechanics, Vol. 43 [2022], Iss. 4, Art. 6

https://rocksoilmech.researchcommons.org/journal/vol43/iss4/6
DOI: 10.16285/j.rsm.2021.6356



ZHANG Qiang et al./ Rock and Soil Mechanics, 2022, 43(4): 9951008                 997   

the element combined model is applied to describe the 
rock fatigue deformation, the original continuous 
fatigue deformation needs to be artificially divided into 
three stages (initial stage, constant stage and acceleration 
stage), and different functions are required to describe 
the fatigue deformation behavior at an individual stage. 
Meanwhile, it is inconvenient to apply these rock 
fatigue constitutive models since most of them evolve 
complex forms and many parameters[25]. 

In this study, the uniaxial fatigue tests of salt rock 
under different maximum cycling stress (constant 
minimum cycling stress and loading frequency) are 
carried out in the laboratory. Meanwhile, the microstructure 
of salt rock before and after the tests is systematically 
observed by scanning electron microscopy (SEM) and 
nuclear magnetic resonance (NMR) system. Based on 
the test results, the variation law of micropore structure 
of salt rock with maximum cycling stress and cycle 
numbers is analyzed. On this basis, an empirical 
fatigue model is provided by solving the inverse 
function of S-shaped function, and the rationality of 
the model is verified by using the fatigue test results. 

2  Uniaxial fatigue test 

2.1 Specimen preparation 
The rock specimens in this test were taken from a 

salt mine in Pakistan at a depth of about 600 m. The 
specimens are light red or white, mainly composed of 
NaCl (≥98%), and a small amount of K2SO4、Na2SO4 
and argillaceous insoluble matter. As salt rock is easy 
to dissolve in water, the specimens were processed 
into standard cylinders with diameter ratio of 1:2 (50 
mm in diameter and 100 mm in height) by using dry 
grinding method in the dry environment. In addition, 
in order to prevent deliquescence of salt rock due to 
moisture absorption in the air during storage, the 
processed specimens were wrapped with plastic wraps, 
as shown in Fig. 2. 

 

 

Fig. 2  Salt rock specimens 

 
2.2 Test equipment 

This research aims at studying the effects of 
maximum cycling stress on fatigue characteristics and 
microstructure of salt rock. Uniaxial fatigue tests of 

salt rock under different maximum cycling stresses 
were carried out in the laboratory, and the microstructure 
of salt rock before and after fatigue was observed by 
SEM and NMR. The main devices used in this test are: 

(1) Electro-hydraulic servo fatigue testing machine: 
the maximum axial load and the maximum axial 
displacement that can be applied by the equipment are 
250 kN and 75 mm, the measurement accuracy of 
which are within ±0.5%, and the displacement resolution 
is 0.001 mm. The loading waveform includes triangle 
wave, square wave and sine wave. 

(2) Quanta 200 SEM: The device has a maximum 
resolution of 3.5 nm and a maximum effective mag- 
nification of 1 000 000. 

(3) MacroMR 12-150H-I NMR system: The magnetic 
field intensity is 0.3±0.05 T, the magnetic field 
uniformity is 35×10−6, the peak output is more than 
300 W, the linear distortion is less than 0.5%, and the 
effective sample detection range is 150 mm×H100 mm. 
2.3 Test scheme 

Before the fatigue test, the basic physical and 
mechanical properties of salt rock were tested, as 
listed in Table 1. 

 
Table 1  Basic physical and mechanical parameters of salt  
rock 

Density 
/(g·cm−3)

UCS (Uniaxial compressive 
strength) /MPa 

Elastic modulus 
/GPa 

Poisson's 
ratio 

2.21 35.18 15.33 0.29 

Note: The data in Table 1 are the mean values. 
 
In the long-term operation of salt cavern gas storage 

and CAES station, the loading waveform acting on the 
surrounding rock around the cavern is trapezoidal 
wave, as shown in the dotted line in Fig. 1. Given that 
the strata unbalance force is basically unchanged in 
the high-pressure and low-pressure operation stages, 
the surrounding rock only produces creep deformation, 
rather fatigue deformation. Hence, triangle wave is 
used as stress loading waveform to perform salt rock 
fatigue test in this study, as illustrated in Fig. 3. 
 

 
Fig. 3  Sketch map of stress loading waveform 
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The buried depth of the specimens is about 600 m. 
According to the Hoek and Brown's statistical law[26], 
the corresponding vertical in-situ stress is 16.20 MPa. 
The maximum and minimum storage pressures of 
underground salt cavern storage are generally 70% 
and 20% of the overburden formation pressure[27]. For 
the buried depth of salt rock used in this paper, if the 
maximum storage pressure is 70% of the overburden 
formation pressure, the unbalance force is 30% of the 
overburden formation pressure, which is 4.86 MPa. 
Therefore, the minimum cycling stress selected is     
5 MPa, and the corresponding ratio of minimum stress 
RL (the ratio of minimum cycling stress to uniaxial 
compressive strength) is assumed as 0.14. In addition, 
the research objective is the influence of maximum 
cycling stress on fatigue characteristics and microstructure 
in this paper. For this purpose, uniaxial fatigue tests at 
8, 14, 20, 23, 26 and 30 MPa have been conducted on 
six salt rock specimens. The corresponding ratio of 
maximum stress RH (the ratio of maximum cycling 
stress to uniaxial compressive strength) is 0.23, 0.40, 
0.57, 0.65, 0.74 and 0.85. 

For salt cavern CAES station, it usually experiences 
one gas injection and recovery cycle in a day. According 
to the calculation, the number of load cycles experienced 
by the surrounding rock can reach 11 000 times in its 
designed service life (30 a). In order to ensure that the 
specimens experience enough the number of load 
cycles and minimize the influence of creep on fatigue 
test, the maximum load cycle was set as 12 000 times 
and the load frequency was 1 Hz. Under this setting, a 
fatigue test can be completed within 3.4 h. Zhao     
et al.[28], Guo et al.[7] also confirmed that under such 
test conditions, the creep deformation of salt rock is 
insignificant due to the short test period, and the 
influence of creep on fatigue test results can be ignored. 
2.4 Test procedure 

The test procedure includes the following steps: (1) 
Weigh the initial mass of the specimen m0, and then 
perform vacuum saturation in saturated brine. Weigh 
the mass of the specimen every 4 h until the mass 
difference between adjacent two times is less than 0.01 g. 
(2) NMR system is used to test the micro pores of 
saturated specimens. (3) Place the specimens in a 
constant temperature oven at 40 ℃ and weigh them 
every 2 h until the mass difference between adjacent 
two times is less than 0.01 g. (4) Install the specimens 
on the fatigue test machine. (5) Apply axial stress at a 
rate of 1 kN/s to the mean value of cyclic loading 
(point a0 in Fig. 2). (6) Take a0 point as the starting 
point, apply cyclic loading repeatedly until the failure 
of the specimens or the cycle number reaches 12 000 
times and then stop the test. (7) For the intact specimens, 

NMR test is carried out after resaturation treatment. 
The test process is the same as steps (1) and (2). (8) 
Detect the microstructure of the specimens using SEM. 
Meanwhile, another three specimens without cyclic 
loading are selected to test their initial microstructure 
using SEM. 

In addition, in order to study the variation of small 
pores structure of salt rock with cycle numbers, NMR 
is reapplied to observe another specimen (#7: RH and 
RL are 0.40 and 0.14, respectively, and the load 
frequency is 1 Hz) after 0, 500, 2 000, 5 000, 8 000 
and 12 000 cycles. The test steps are the same as steps 
(1) to (7). 

3  Fatigue test results analysis 

3.1 Axial stress−strain curve 
Figure 4 exhibits the axial stress−strain curves of 

specimens #1 to #6. It is found that: (1) When the 
maximum stress ratio is lower than 0.74, specimens #1 
to #4 do not fail even after 12 000 cycles, and the axial 
stress−strain curves only contain two stages of “sparse 
to dense”. At the end of the test, the maximum axial 
strains of the four specimens are 0.51%, 1.01%, 1.96% 
and 2.74%. (2) When the maximum stress ratio is 0.74 
and 0.85, the specimens #5 and #6 undergo 4 982 and 
1 613 cycles respectively, and the axial stress-strain 
curves contain three stages of “sparse-dense-sparse”. 
At the end of the test, the maximum axial strains of the 
two specimens are 4.98% and 6.10%. 
 

 
Fig. 4  Axial stress−strain curves of salt rock 

 
3.2 Irreversible deformation 

Under cyclic loading, the total deformation of rock 
in the loading stage is composed of elastic deformation 
and plastic deformation. The elastic deformation is 
completely recovered in the unloading stage, while the 
plastic deformation (irreversible deformation) will 
remain. Fig. 5 presents the variation of cumulative 
irreversible deformation of salt rock   with the cycle 
numbers N. It is found that: 

(1) When the maximum stress ratio is 0.74 and 
0.85, fatigue failure occurs in specimens #5 and #6. 
The change of cumulative irreversible deformation 
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includes three stages: initial stage (cumulative irreversible 
deformation rate decreases gradually), constant rate 
stage (cumulative irreversible deformation rate keeps 
steady) and acceleration stage (cumulative irreversible 
deformation rate increases gradually). 

(2) When the maximum stress ratio is lower than 
0.74, no fatigue failure occurs in specimens #1 to #4. 
The changes of cumulative irreversible deformation 
only include initial and constant rate stages. 

(3) The cumulative irreversible deformation of salt 
rock increases with the increase of maximum stress 
ratio when the cycle numbers remain the same. 

 

 
Fig. 5  Variation of cumulative irreversible deformation of 

salt rock with cycle numbers 
 

4  SEM results analysis 

The basic principle of scanning electron microscope 
(SEM) is that the electron beam emitted by high- 
voltage electron gun will produce various physical 
information after contacting with the surface of the 
observed material, and then collect, convert, adjust 
and reimage these information, and finally reflect the 
microstructure and morphology of the material in the 
form of image. The microstructure and cracks propagation 
mechanism of salt rock can be intuitively understood 
by analyzing SEM images of salt rock under cyclic 
loading. 
4.1 SEM images of salt rock in the initial state 

Figure 6 displays the SEM images of salt rock 
(2000×) in the initial state. The compact microstructure 
and close contact between grains are observed. No 
obvious pores and fissures are found even at a 
magnification of 2 000, suggesting the outstanding 
performance of salt rock such as low porosity, low 
permeability and good tightness. In addition, Fig. 6(d) 
highlights that grain size of salt rock vary greatly, and 
the contact surfaces between grains are extremely 
irregular. These irregular intergranular contact surfaces 
are likely to crack under the action of external loading, 
resulting in intergranular cracks.  

 

(a) Specimen #1                   (b) Specimen #2 

 

(c) Specimen #3                 (d) Specimen #4 

Fig. 6  SEM images of salt rock in initial state 
 

4.2 SEM images of salt rock after cyclic loading 
There are three modes of microcrack propagation 

in salt rock under external loading, namely the 
microcracks between the contact surfaces of salt rock 
grains (intergranular cracks), the microcracks cutting 
through salt rock grains (transgranular cracks) and the 
microcracks constrained within salt rock grains 
(intragranular cracks). Fig. 7 shows the salt rock SEM 
images (500×) after cyclic loading. 
 

  
(a) RH =0.23                  (b) RH =0.40 

  
(c) RH =0.57                 (d) RH =0.65 

  
(e) RH =0.74                (f) RH =0.85 

Fig. 7  SEM images of salt rock after cyclic loading 
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As illustrated in Fig. 7, the microstructure of salt 
rock changes significantly after cyclic loading compared 
with that in the initial state (Fig. 6). In general, the 
internal microstructure of salt rock is mainly chara- 
cterized by intergranular cracks, and the number of 
cracks increases with the increase of maximum stress 
ratio RH. In addition, when RH is 0.74 and 0.85, a small 
quantity of transgranular cracks and intragranular 
cracks appear (as shown in Fig.7 (e) and 7(f)). For 
pure salt rock, its internal structure is microscopically 
characterized as a random material polymer with 
grains as units, and there are cleavage planes between 
grains that are easy to split. These cleavage planes are 
likely to crack under external loading, which explains 
that intergranular cracks dominate the internal cracks 
in salt rock under cyclic loading[29]. 

5  NMR result analysis 

For saturated rock, pore radius r can be estimated 
from the transverse relaxation time T2 obtained by 
NMR test: 

0 s 2r F T                                 （1） 

where 0  is the surface relaxation strength (m/s); 
Fs is the pore shape coefficient (for cylindrical pores, 
Fs =2; for spherical pores, Fs =3). The transverse 
relaxation time T2 is proportional to the pore radius. 
The larger T2 is, the larger the pore radius is, and vice 
versa. According to the research of Tang et al.[30] and 
Yang et al.[31], pores corresponding to transverse 
relaxation time T2≤10 ms are identified as small 
pores in this paper, and those corresponding to T2>10 
ms are large pores. 
5.1 T2 spectrum distribution and area change  
under different maximum stress ratio 
5.1.1 T2 spectrum distribution 

Since the transverse relaxation time is directly 
proportional to the pore radius (Eq. (1)), the variation 
of pore size in salt rock under cyclic loading can be 
intuitively characterized by analyzing the T2 spectrum 
distribution before and after the test. Due to the fatigue 
failure of specimens #5 and #6, Fig. 8 only displays 
the T2 spectrum of #1 to #4. As can be seen: 

(1) Due to the discreteness among the specimens, 
the NMR parameters of the four specimens, such as 
the quantity of wave peaks, peak signal amplitude, and 
initial and final relaxation time, are different. 

(2) Before the fatigue test, for specimens #1 (RH = 
0.23) and #2 (RH =0.40), the minimum relaxation time 
corresponding to the first T2 peak is 0.020 0 and   
0.261 3 ms respectively. After the test, the minimum 
relaxation time corresponding to the first peak is 0.017 4 
and 0.018 7 ms respectively. The leftward shifting first 
peak indicates that the cyclic loading causes the formation 

 
(a) Specimen #1（RH =0.23） 

 
(b) Specimen #2（RH =0.40） 

 
(c) Specimen #3（RH =0.57） 

 
(d) Specimen #4（RH =0.65） 

Fig. 8  T2 spectrum distribution of salt rock before  
and after the test 
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peaks of the two specimens shift to the right after the 
test, indicating that the pores are continuously connected 
to form large pores. 

(3) Before the fatigue test, for specimens #3 (RH= 
0.57) and #4 (RH=0.65), the minimum T2 corresponding 
to the first peak of is 0.369 7 ms and 0.396 3 ms. After 
the test, the minimum T2 corresponding to the first 
peak is 2.409 4 ms and 0.911 6 ms, showing that the 
first T2 peaks of the two specimens move to the right. 
At this time, the change of pore size in salt rock is 
manifested in two ways: on the one hand, the cyclic 
loading causes the formation of new smaller pores in 
salt rock; on the other hand, under the cyclic loading 
of higher maximum stress ratio, these newly formed 
small pores and existing small pores with smaller size 
gradually coalesce to form small pores with larger size, 
which leads to the disappearance of original small 
pores. The maximum T2 corresponding to the last peak 
is 1 011.638 0 ms (#3) and 666.992 0 ms (#4) before 
the test, and 2 494.508 1 ms (#3) and 1 889.652 3 ms 
(#4) after the test, respectively. The T2 peaks of the 
two specimens shift to the right, indicating a tendency 
that small pores develop into large pores under cyclic 
loading. Simultaneously, the expansion of internal 
pores of specimens #3 and #4 is highly enhanced due 
to the larger maximum stress ratio, and thus #3 and #4 
have larger maximum pore size than those of 
specimens #1 and #2. 
5.1.2 T2 spectrum area change 

It has been proven that T2 spectrum area is 
proportional to the quantity of pores, that is, a larger 
T2 spectrum area represents more pores in the rock. 
Therefore, the influence of cyclic loading on the 
number of pores in salt rock can be quantitatively 
analyzed by comparing the T2 spectrum area before 
and after the test. Table 2 compares the T2 spectrum 
area distribution of specimens #1 to #4 before and 
after the test. It can be seen that: 

(1) Although there are some differences in the T2 
peak number and signal amplitude of specimens #1 to 
#4 before the test, the total areas of T2 spectrum are all 
within the range of 422.73 to 586.76, indicating that 
the difference of original pores in the four specimens 
is insignificant. In addition, except for specimen #3 
(the spectrum area of small pores makes up 72.02% of 
the total area), the number of original small pores is 
more than that of large pores (the spectrum area of 
small pores accounts for more than 52% of the total 
area). 

(2) After 12 000 loading cycles, the number of 
small pores in specimens #1 to #4 decreases to some 
extent. With the increase of maximum stress ratio, the 
number of small pores shows an upward trend. After 

the test, the corresponding areas of small pores 
decrease by 25.15, 62.38, 63.16 and 150.88. It shows 
that the newly formed small pores and existing small 
pores in salt rock are gradually connected into large 
pores under cyclic loading, and the larger the maximum 
stress ratio is, the more the number of small pores is 
connected. However, due to the discreteness of 
specimens and the dynamic and random changes in the 
amount of small pores, the reduction of small pores in 
specimens #2 and #3 is similar after the test. 

(3) After 12 000 cycles, both the total pores and 
large pores in specimens #1 to #4 increase. The larger 
the maximum stress ratio is, the more the number of 
the total pores and large pores increase. The total T2 
spectrum areas increase by 79.78, 194.78, 1 061.21 
and 1 606.01, and the corresponding large pores areas 
increase by 104.93, 261.16, 1 117.37 and 1 756.89. It 
is mainly reasons that the increase of maximum stress 
ratio leads to more newly formed pores in salt rock. 
Moreover, the number of large pores formed by the 
connection between new small pores and existing 
pores increases, and the total pores increase as well. 

 
Table 2  Area distribution of T2 spectrum for salt rock  
under different maximum stress ratios 

Specimen RH
Test 
stage Total area 

Small pores Large pores 

Area 
Ratio 
/ % Area Ratio

/ %

#1 0.23
Before 422.73 221.36 52.36 201.37 47.64

After 502.51 196.21 39.05 306.30 60.95

#2 0.40
Before 582.31 322.32 55.35 257.99 44.65

After 777.09 259.94 33.45 519.15 66.55

#3 0.57
Before 489.16 136.85 27.98 359.31 72.02

After 1 550.37  73.69  4.75 1 476.68 95.25

#4 0.65
Before  586.76 396.49 67.57 190.27 32.43

After 2 192.77 245.61 11.20 1 947.16 88.80

 

Figure 9 describes the variation of total area increment 
S of T2 spectrum with maximum stress ratio of 
specimens #1# to #4.  
 

 

Fig. 9  Variation of total area increment of T2 spectrum with 
maximum stress ratio 
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As illustrated in Fig. 9, when the maximum stress 
ratio is less than 0.40, the total area of T2 spectrum 
increases moderately with the increase of maximum 
stress ratio. When the maximum stress ratio exceeds 
0.40, the total area of T2 spectrum increases dramatically. 
Fitting analysis reveals that the change of total area 
increment of T2 spectrum with maximum stress ratio 
meets the exponential relation (Eq. (2)), and the 
correlation coefficient is 0.991 4. 

 H13.159exp 7.412S R                     （2） 

The comparison between the fitting curve and the 
test results is also given in Fig. 9. It can be also seen 
that equation (2) can better describe the relationship 
between the them. 
5.2 T2 spectrum distribution and area under  
different loading cycles 
5.2.1 T2 spectrum distribution 

Figure 10 shows the T2 spectrum distribution of #7 
(RH =0.40) when the number of cycles is 0, 500, 2 000, 
5 000, 8 000 and 12 000. As can be seen: 

(1) When the number of cycles is 0, 500 and 2 000, 
the minimum T2 corresponding to the first T2 peak of 
#7 is 0.740 2, 0.280 1 and 0.017 4 ms respectively. 
When N≤2 000, as the number of cycles increases, 
the first T2 peak gradually moves to the left, indicating 
that small pores with even smaller size gradually form 
inside the salt rock. The maximum T2 corresponding to 
the last T2 peak of #7 is 382.749 5, 1 431.458 9 and   
2 494.508 1 ms respectively. That is, when N≤2 000 
times, the last T2 peak moves to the right gradually 
with increasing number of cycles, indicating that the 
existing pores in salt rock are gradually connected to 
form larger pores. 

(2) When the number of cycles is 2 000, 5 000,    
8 000 and 12 000, the minimum T2 corresponding to 
the first T2 peak of #7 is 0.017 4, 0.024 7, 0.261 3 and 
0.369 7 ms respectively. When N >2 000, the first T2 
peak gradually moves to the right with increasing 
number of cycles, indicating that the newly generated 
small pores with smaller aperture in the salt rock 
gradually form small pores with larger aperture. However, 
even after 12 000 cycles, the minimum T2 corresponding 
to the first peak (0.369 7 ms) of #7 is still smaller than 
before (0.740 2 ms), implying that after 12 000 cycles, 
some newly generated pores with smaller aperture is 
still left in the specimen. The maximum T2 corresponding 
to the last peak of #7 is 2 494.508 1, 2 327.202 5,     
2 025.501 9 and 2 171.118 0 ms. That is, when N >   
2 000, the maximum T2 corresponding to the last peak 
basically keep unchanged, reflecting that the maximum 
aperture of the internal pores of salt rock has reached 

the maximum after 2 000 cycles under RH =0.40, and 
then remains nearly constant as the loading cycles 
increase. 

 

 
(a) N≤2 000 

 
(b) N >2 000 

Fig. 10  T2 spectrum distribution of #7 specimen under 
different cycle numbers 

 
5.2.2 T2 spectral area variation 

Table 3 lists the T2 spectral area of specimen #7 
subjected to different loading cycles. Fig. 11 illustrates 
the variation of total T2 spectral area of #7 and the 
corresponding areas of large pores and small pores 
under different cycle numbers. As can be seen from 
Table 3 and Fig. 11: 

(1) The initial pore distribution is dominated by 
large pores, and the areas of large pores and small 
pores account for 61.02% and 38.98% of the total T2 
spectral area. 

 

Table 3  Area distribution of T2 spectrum for specimen #7  
under different number of cycles 

Cycles Total area
Small pores Large pores 

Area 
Proportion 

/% Area 
Proportion 

/%

0 203.00  79.13 38.98 123.87 61.02 

500 447.12 238.87 53.42 208.25 46.58 

2 000 827.08 474.80 57.41 352.28 42.59 

5 000 879.77 364.36 41.41 515.42 58.59 

8 000 923.82 319.44 39.76 604.38 75.24 

12 000 993.55 228.52 23.00 765.03 77.00 
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Fig. 11  Variation of total T2 spectrum area, and the 

corresponding areas of large pores and small pores for 
specimen #7 with number of cycles 

 
(2) When the number of cycles N≤2 000, total 

pores, large pores and small pores all increase with the 
increase of N, and the growth rate of small pores is 
greater than that of large pores. After analysis, when N 
increases from 0 to 2 000, T2 spectral areas of total 
pores, large pores and small pores increase by 624.08, 
228.41 and 395.67. After 2 000 cycles, the T2 areas of 
large pores and small pores in #7 account for 42.59% 
and 57.41% of the total area. Compared with the 
proportions of T2 area of large pores and small pores 
to the total area in the initial state (61.02% and 
38.98%), when N increases from 0 to 2 000, the 
proportion of T2 area of large pores to the total area 
gradually declines, while that of small pores increases. 
Therefore, when N≤ 2 000, the change of pore 
structure in salt rock is characterized by the initiation 
of small pores. 

(3) When the number of cycles N >2 000, with the 
increase of N, total pores and large pores increase 
continuously, while small pores gradually decrease. 
From the analysis result, when N increases from 2 000 
to 12 000, the total area of T2 spectrum and corresponding 
area of large pores increase by 166.47 and 412.75, 
while the spectral area of small pores decreases by 
246.28. Compared with the proportion of the corresponding 
area of large pores and small pores in the total area in 
specimen #7 when N=2 000, after N increases from   
2 000 to 12 000, the proportion of T2 area of large 
pores gradually increases to 77.00%, while that of 
small pores gradually decreases to 23.00%. Therefore, 
when N >2 000, the pore structure change in salt rock 
is dominated by the small pores coalescing to formation 
of large pores. 

Figure 12 plots the variation of T2 spectrum total 
area increment of #7 with number of cycles. When N
≤2 000, the total area increment of T2 spectrum 
increases rapidly. When N >2 000, the total area 
increment still increases at a lower increase rate. 

 
Fig. 12  Variation of total area increment of T2 spectrum for 

salt rock with number of cycles 
 

By fitting analysis, the variation of T2 spectrum 
total area increment of #7 with number of cycles can 
be well expressed using Eq. (3), and the correlation 
coefficient R=0.972 8. It can be seen in Fig.3 that 
Eq.(3) fits the test data well. 

0.2765.01S N                             （3） 

6  Empirical fatigue model 

6.1 Modeling 
According to the existing rock fatigue constitutive 

models, although the damage models are able to describe 
the fatigue deformation of rock under cyclic loading, it 
is difficult to choose appropriate damage variables to 
represent the damage evolution. The fatigue constitutive 
models based on element combined model theory 
possess the disadvantages of complex form and many 
undetermined parameters. Meanwhile, the application 
of this method to describe the irreversible deformation 
of rock needs to artificially divide the original fatigue 
deformation into three stages, and different functions 
are required to describe the deformation law  in all 
stages, which cannot be expressed by a unified function. 

As can be seen from Fig. 5, when the maximum 
stress ratio RH is 0.74 and 0.85, specimen #5 and #6 
are damaged during the test. The change of cumulative 
irreversible deformation can be divided into initial, 
constant rate and accelerated stages, as represented in 
curve 1 in Fig. 13. If a symmetric curve of curve 1 is 
drawn along the line  =N, curve 2 is obtained. Since 
the equations of the two curves are inverse functions 
of each other, as long as the equation of curve 2 is 
determined, the equation of curve 1, namely the fatigue 
constitutive equation of salt rock, can be obtained. 

Curve 2 belongs to S-shaped growth curve, and its 
equation can be expressed by MMF function, Logistic 
function, Gompertz function and Weibull function. 
Among them, MMF function is widely used, and 
expressed as [32] 
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where x and y are independent variable and dependent 
variable; a, b and m are material constants (b˃1), and 
a represents the maximum value of the dependent 
variable. 
 

 
Fig. 13  Sketch map for the inverse function of the 

cumulative irreversible deformation curve 

 
The inverse function of Eq. (4) is calculated as 

1

bym
x

a y

 
   

                             （5） 

In the cumulative irreversible deformation curve, 
independent variable x and dependent variable y are 
loading cycle numbers N and cumulative irreversible 
deformation   respectively. Replace x and y in Eq. 
(5) with   and N, then 

1

bNm

a N
     

                             （6） 

In Eq. (4), a denotes the maximum value of 
dependent variable y, and thus a in Eq. (6) represents 
the maximum of number cycles N, namely, the rock 
fatigue life NF. In addition, for simplifying expression, 
let 1/b=n in Eq. (6), then Eq. (6) is transformed into 

F

F

1

n
N

m
N
N
N



 
 
 
  
 

                            （7） 

It should be noted that b˃1 in Eq. (4), so in Eq. (7), 
n<1. 

Pan et al. pointed out that the relationship between 
material fatigue life and maximum/minimum cycling 
stress of cyclic loading is as follows [33]: 

 max min
F max max a

1 1

2

q
q

N
p p

 
  


      

  
  （8） 

where p and q are underdetermined parameters. 
Substitute Eq. (8) into Eq. (7) yields 
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                    （9） 

Eq. (9) is the final expression of rock fatigue 
model obtained by solving the inverse of S-shaped 
function. 
6.2 Parameters determination 

According to Eq. (9), there are four undetermined 
parameters (p, q, m and n). 

Among them, p and q can be determined according 
to the fatigue life under two-stage loads. Assuming 
that when the maximum cycling stress is c  and d , 
and the minimum cycling stress is c1  and d1 , the 
corresponding fatigue life is NFc and NFd. Substituting 
( c , c1 , NFc) and（ d , d1 , NFd） into Eq. (8), a 
binary linear system of equations is established, and 
then the values of c and d can be obtained. 

Parameters m and n can be determined by fitting 
the fatigue test results. The operation procedure is as 
follows: 

(1) Consider parameters m and n as the design 
variables P: 

 ,P m n                                （10） 

(2) Establish objective function Y: 

 
2

j j j
1

,
J

j

Y P t 


                         （11） 

where J is the number of test groups;  j j,P t  and 

j  are the calculated value and measured value of 

deformation at time jt . 

(3) Set the control precision of the objective function, 
and then solve it iteratively. After the objective function 
meets the accuracy requirements, the iteration is stopped 
and the results are output. 
6.3 Model validation 

The fatigue test results of salt rock are used to 
verify the rationality of the proposed model. The 
model parameters are determined according to the 
method introduced in Section 6.2, as listed in Table 4. 

 
Table 4  Determination results of model parameters 

Specimen 

Maximum
cycling 
stress 
/MPa

Minimum 
cycling 
stress 
/MPa

Parameters 

p q m n 

#1  8 5 

4.449×10−13 3.552 

1.367×10−48 0.045

#2 14 5 4.554×10−31 0.064

#3 20 5 7.593×10−23 0.079

#4 23 5 8.870×10−20 0.087

#5 26 5 3.869×10−17 0.091

#6 30 5 4.157×10−14 0.108

 
Table 4 suggests that parameters m and n are 

constantly changing with the maximum cycling stress. 
Meanwhile, as the stress amplitude of cyclic loading 

a =( max min  )/2, m and n are necessarily related to 
function ( )f  = max a   in Eqs. (8) and (9). Therefore, 
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if the quantitative relationship between m, n and 
( )f   can be established, it is of crucial value to 

predict the cumulative irreversible deformation of salt 
rock under arbitrary maximum/minimum cycling stress. 

The analysis reveals that the relationship between 
–lgm, n and ( )f   can be described by the function 
expressed by Eqs. (12) and (13), and the correlation 
coefficient R is 0.999 4 and 0.996 1. Fig. 14 compares 
the fitting curve with the parameters inversion results 
in Table 4. It is clear that Eqs. (12) and (13) reflect the 
changing law of –lgm, n with ( )f  very well. 

 

 
Fig. 14  Variation of parameters m and n with f() 

 

 lg 10.226ln ( ) 1 76.644m f              （12） 

48.206 10
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4 518.320 4 487.068 ( )
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       （13） 

By substituting p=4.449×10−13, q=3.552, Eqs. (12) 
and (13) into Eq. (9), the cumulative irreversible 
deformation prediction curves of salt rock under different 
RH can be obtained. The comparison between the 
prediction curves and test results are presented in Fig. 15. 
The proposed fatigue model can not only describe the 
initial and constant rate stages of cumulative irreversible 
deformation of salt rock under a lower RH (#1 to #4), 
but also describe the accelerated stage under a higher 
RH (5# and 6#). 

In terms of the degree of coincidence, there is 
certain error when RH is 0.74 and 0.85. For other RH, 
the test results are in good consistence with the predicted 
curves. In general, this model is able to describe the 
variation of cumulated irreversible deformation of salt 
rock with numbers of cycles under different RH. 
Meanwhile, it can be seen from Eq. (9) that the new 
model involves less parameters (only four parameters), 
and the expression is simple and convenient for 
application. 

 
(a) Specimen #1（RH =0.23）                   (b) Specimen #2（RH =0.40）                    (c) Specimen #3（RH =0.57） 

   
(d) Specimen #4（RH =0.65）                  (e) Specimen #5（RH =0.74）                   (f) Specimen #6（RH =0.85） 

Fig. 15  Comparison between predicted curves and test data 
 

7  Discussion 

7.1 Applicability of the fatigue model 
Numerous studies have proved that there is a 

fatigue failure threshold for rock under cyclic loading [34]. 
When the maximum cycling stress is lower than the 

threshold, cumulative irreversible deformation will 
reach the maximum cycling stress with increasing 
number of cycles, and remain stable after that. In this 
case, rock does not undergo fatigue failure. When the 
maximum cycling stress exceeds the threshold, cumulative 
irreversible deformation will continue to increase with 
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the increase of number of cycles until the fatigue 
failure occurs. For the proposed model, according to 
Eq. (9), even if the maximum cycling stress is low, the 
cumulative irreversible deformation will increase with 
number of cycles, and fatigue failure will eventually 
occur. As a consequence, the model proposed cannot 
describe the irreversible deformation of rock under the 
condition that the maximum cycling stress is lower 
than the fatigue failure threshold. 

Ma et al.[6], Guo et al.[7] stated that the ratio of 
fatigue failure threshold to uniaxial compressive strength 
of salt rock is about 0.8. However, for the salt rock 
specimens used in this study, even if the maximum 
stress ratio is only 0.23, after 12 000 cycles the 
cumulative irreversible deformation does not reach the 
maximum yet, but presents a slow upward trend with 
increasing number of cycles (Fig. 16), which is 
consistent with the case reflected by our model. 

In the meantime, salt cavern CAES station usually 
only experiences one gas injection and recovery cycle 
a day. Accordingly, the number of cycles experienced 
by the surrounding rock in its designed service life   
(30 a) is about 11 000. For fatigue model proposed, 
when the maximum and minimum stress ratios are 
0.23 and 0.14 respectively, although fatigue failure 
will occur, the fatigue life reaches 3.296×108 times 
(Eq. (8)), which is far greater than the number of 
cycles (11 000) experienced by the surrounding rock 
in the designed service life. Hence, when the maximum 
cycling stress is low, it can be considered that the 
fatigue life of salt rock is infinite, indicating the 
fatigue failure will not occur during the production of 
a salt cavern CAES station. 

In conclusion, it is feasible to use the model 
proposed to describe the irreversible deformation law 
of salt rock when the maximum cycling stress is lower 
than the fatigue failure threshold. 
 

 
Fig. 16  Variation of cumulative irreversible deformation of 

specimen #1 with number of cycles 

7.2 Shortcomings 
For salt cavern gas storage, it commonly only 

experiences 1−2 gas injection and recovery cycles a 
year, while salt cavern CAES station usually experiences 
one gas injection and recovery cycle a day. In engineering 
practice, it takes a long time for the internal pressure 
in the gas storage to increase from the minimum operating 
pressure to the maximum, or decrease from the maximum 
operating pressure to the minimum. The rate and 
frequency of cyclic loading and unloading on surrounding 
rock are relative lower. At such low frequencies, both 
fatigue deformation and creep deformation will happen 
in the surrounding rock. Predictably, the deformation 
process is extremely complicated by the coupling of 
creep and fatigue. 

In this paper, the cyclic loading frequency is set as 
1 Hz to study the fatigue properties of salt rock, 
meaning that the axial stress increasing from the 
minimum cycling stress to the maximum, or decreasing 
from the maximum cycling stress to the minimum 
only lasts for 0.5 s. Under this condition, the stress 
acting on salt rock changes significantly, and the 
maximum change rate can reach up to 50 MPa/s. Due 
to the high loading cycling frequency and short test 
period, the creep deformation of salt rock is very small 
and negligible. Therefore, the cyclic loading and 
unloading test with a frequency of 1 Hz can be regarded 
as a pure fatigue test. Due to the difference of loading 
frequency, there is a certain gap between our test 
results and engineering experiences, more comparisons 
are warranted to ascertain the specific discrepancy. 
Therefore, the mechanical properties of salt rock under 
low-frequency cyclic loading (considering the coupling 
effects of fatigue and creep) need to be further examined 
in the following research. 

8  Conclusions 

(1) Under cyclic loading, intergranular cracks are 
the main propagation mode of cracks in salt rock, and 
the number of cracks increases with the increase of 
maximum stress ratio. In addition, fatigue failure 
occurs in salt rock, and a handful of intragranular 
cracks and transgranular cracks also appear when the 
maximum stress ratio is 0.74 and 0.85. 

(2) When the maximum stress ratio is 0.23 and 
0.40, the minimum pore size decreases and the 
maximum pore size increases after 12 000 cycles. 
When the maximum stress ratio is 0.57 and 0.65, the 
minimum pore size and maximum pore size increase. 
After the fatigue test, the number of large pores and 
total pores in salt rock goes up, while the number of 
small pores declines. For large pores, small pores and 
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total pores, the increase of maximum stress ratio will 
aggravate their inherent trends. 

(3) When the maximum stress ratio is 0.40 and the 
number of cycles increases from 0 to 2 000, the 
minimum pore size of the inner pores decreases 
gradually, whereas the maximum pore size increases. 
Meanwhile, the quantities of small pores, large pores 
and total pores in salt rock all increase with number of 
cycles. However, the growth rate of small pores is 
more prominent than that of large pores, and the 
formation of small pores dominates the pore structure 
change in salt rock. 

(4) When the maximum stress ratio is 0.40 and the 
number of cycles increases from 2 000 to 12 000, the 
minimum pore size increases continuously, while the 
maximum pore size is basically unchanged, indicating 
that the maximum pore size has reached the peak after 
2 000 cycles. Moreover, the numbers of large pores 
and total pores increase with number of cycles, but the 
number of small pores decreases, proving that the 
formation of large pores is the main change of pore 
structure. 

(5) An empirical fatigue model with less parameters 
and simple form is established by solving the inverse 
function of S-shaped function, and the rationality is 
verified by our test results. The results show that the 
model can accurately characterize the variation of 
cumulative irreversible deformation of salt rock with 
number of cycles under different maximum cycling 
stresses. 

Although the variation of pore quantity and radius 
with number of cycles and maximum cycling stress 
during fatigue deformation has been obtained through 
experiments, it should be noted that conclusions (1)− 
(4) were drawn based on the site-specific specimens. 
Considering the diversity of rock categories and complexity 
of rock minerals composition and mechanical properties, 
whether these conclusions are universally applicable 
to other rocks or salt rocks from other regions remains 
to be verified experimentally. Finally, the empirical 
fatigue model proposed in this paper is established 
from the point of macroscopic phenomenology. The 
theoretical curve of the model conforms to the three- 
stage variation of rock fatigue deformation, so it can 
be applied to describe the irreversible deformation of 
other rocks or salt rocks from other regions. 
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