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ABSTRACT: The underground salt karst caverns are considered as an excellent oil and gas reserve site due to the
dense low permeability and excellent creep. The creep characteristics of salt rocks under frequent gas injection
and gas production activities are the focus of salt cavern gas storage. The 700h loading and unloading creep tests
were performed on salt samples taken from Jintan, Jiangsu Province, China, and the creep behaviors of rock salt
under different loading and unloading stress paths were compared and analyzed. The results showed that the
steady-state creep strain rate increases with the increase of deviatoric stress during multi-stage creep test, The
deviatoric stress has a great influence on the steady-state creep strain rate, and the steady-state creep strain rate
increases obviously with the increase of the deviator stress in the loading stage, but in the unloading stage, steady-
state creep strain rate increases with deviatoric stress increase, and the increase range is small. The Fractional
Derivative model, the Nishihara model and the Burgers model are used to fit the experimental data of the initial
creep stage and the steady-state creep stage during loading stage, the results show that the Fractional Derivative
model can better describe the creep curve. The creep deformation curve is almost straight and the creep curve is
fitted by a linear function in unloading stage, the results show that the fitting curve is consistent with the
experimental results.
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storage. The volume of the cavity is changing
constantly due to the cavity is constantly pressurized
and depressurized during the long-term operation of
salt rock storage. Controlling the volume of the cavity
is the key to ensure the stability of the reservoir,
therefore, it’s important to study the creep
characteristics of salt rock.

Many research results show that the deformation
characteristics and strength characteristics of salt rock
[16-20]. Several studies have shown that the creep
behavior of rock salt is dependent on factors such as
the loading stress [21], loading type [22,23], loading
rate [24], crystal size and contact between crystals [25],
time [26], temperature [27], loading history [20].
Frequent gas injection and gas recovery activities keep
the salt rock cavity under constant pressure and
pressure relief state in the operation of salt rock gas
storage, which is the research focus of creep
characteristics. The creep characteristics of salt rock
under different stress levels are that the creep
deformation and creep rate increase as the stress level
increases [28]. Many scholars have studied the salt
rock grading loading test, which show long-term
strength of salt rock [29], strain-hardening behavior of
salt rock [30] and the creep model of salt rock [22].
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1. INTRODUCTION

Salt rock, as an ideal medium for energy storage
and permanent disposal of high-radioactive nuclear
waste, has excellent creep properties, low permeability
and good self-healing features when damaged [1-6].
Underground cavities leached in salt rock have been
used proverbially for storing energy (Such as natural
gas [7], oil and compressed air/hydrogen [8]) in North
America and Asia [9,10]. Nuclear waste remains
radioactive over millions of years, so underground
cavities in salt rock have been used to store nuclear
waste in Germany HerfaNeurode and Morsleben
mines [11], and in the USA at the Waste Isolation Pilot
Plant [12]. The stability of the storage -cavity
construction period and long-term operation period is
extremely important when salt rock as a medium for
underground energy storage [13-15]. The volume loss
of the storage cavity is unavoidable in the long-term
operation of salt rock storage, and the creep of the salt
rock will deform the storage and reduce the volume
convergence. It is necessary to control the volume
shrinkage of the storage cavity within a certain range
in order to ensure the normal operation of the energy
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The continuous cyclic loading tests and discontinuous
cyclic loading tests of salt rock show that the fatigue
life is dependent on amplitude and stress [31],
frequency [32], loading rate [33], the number of cycles
[34], and interval time [35,36]. Several scholars
However, many tests are under monotonic increase in
stress or cyclic loading and unloading, which doesn’t
better describe the continuous loading and unloading
process of the gas storage during operation. Therefore,
it is of great significance to study the creep

characteristics of salt rocks under complex stress paths.

Despite a large number of studies show that the
creep characteristics of salt rock under different paths,
the creep characteristics of salt rocks under complex
stress paths is not well documented. In this paper,
multi-stage loading and unloading creep tests were
performed on salt samples taken from Jintan, Jiangsu
Province, China. The purpose of creep tests is to
analyze the creep deformation characteristics of salt
rock under constant confining and axial pressure
increase, and to analyze the creep deformation
characteristics and differences of salt rock under two
loading histories. The Fractional Derivative model,
Nishihara model and Burgers model are used to fit the
test data in the initial creep stage and steady-state
creep stage, and the linear equation is used to fit the
test data in the unloading stage. The creep test of salt
rock can provide theoretical reference for the long-
term stability study of salt cavern gas storage.

2. MATERIAL AND METHODS
2.1 Experiment Setup and Specimens

The creep test was performed by using RC-2000
rock servo triaxial rheological testing machine of

Wauhan Institute of Rock and Soil Mechanics, Chinese
Academy of Sciences.

Fig.1: Manufactured salt samples

The salt rock samples are taken from the Jintan
Salt Mine, Jiangsu Province, China, and were drilled
from a buried depth of 720 ~ 1035 m, mainly
containing sodium chloride, but also containing some
other uniform impurities, showing a gray black.
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According to rock mechanics test standards, all
samples are processed into standard 50 mm>100 mm
cylinders and the processed specimens are shown in
Fig.1.

Fig.2 shows an electron micrograph of pure salt
rock. As illustrated in this figure, the salt rock grain
crystals are colorless. Block crystals can be clearly
seen on the surface of some samples, and the block
crystal contains small grains with regular shape and
hexahedron. It can be seen from the microstructure
that the surface of pure salt rock is extremely flat,
smooth and dense, with no pores visible on the surface,
indicating good tightness.

Fig.2: Colorless transparent rock salt under Scanning
Electron Microscopy

2.2 Test Procedure

This paper carried out a creep test of constant
confining pressure and axial multi-stage loading and
unloading. The constant confining pressure is 5MPa,
and the axial pressure is 20MPa, 25MPa, 30MPa,
35MPa. Figure 3 shows that stress state of the multi-
stage loading and unloading creep test. Fig.3 shows the
test steps:
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Fig.3: Stress state of the multi-stage loading and
unloading creep test

(1)The confining pressure adding rate is
0.1MPa/s until to 5MPa;

(2) Keeping the confining pressure constant, the

axial pressure adding rate is 0.1MPa/s until to 20MPa
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and keep the axial pressure constant (the deviatoric
stress is 15MPa);

(3) After entering the steady-state creep stage in
(2), tests with axial pressures of 25MPa, 30MPa, and
35MPa will be performed respectively;

(4) Keeping the confining pressure constant and
reduce the axial pressure from 35MPa to 30MPa at a
rate of 0.1MPa/s (the deviatoric stress is 25MPa);

(5) After entering the steady-state creep stage in
(2), tests with axial pressures of 25MPa and 20MPa
will be performed respectively.

3. RESULTS AND ANALYSIS
3.1 Deformation Characteristics

The stress-strain curve with confining pressure of
5MPa as shown in Fig.4. The triaxial compressive

strength of salt rock is 64.6MPa, and a more obvious
plastic zone, showing a transition state from brittleness

to plastic transformation.
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Fig.4: Stress-strain curve of rock salt under the
confining pressures 5 MPa

Tablel: Detailed deformation characteristics of rock salt under multi-stage creep test

Parameter Deviatoric Time Steady-state creep strain
State stress(MPa) (hour) rate(s ™)
15 232 2.15%107
Loading 20 105 1.18x10°6
stage 25 105 2.42x10
30 21 1.12x10°
Unloading 25 73 2.95%107
stage 20 137 6.17>108

15 24 0

The multi-stage creep tests were performed under
constant confining pressure and axial pressure loading
and unloading, which contains four stages of loading
and four stages of unloading. Fig.5 shows the creep
curve of multi-stage loading and unloading creep test.
The detailed deformation characteristics of rock salt in
the multi-stage creep tests are shown in Table 1.
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Fig.5: Creep curve of multi-stage loading and
unloading creep test

Fig.6 shows the creep curve of multi-stage loading
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creep test when deviatoric stress is progressively
loaded from 15MPa to 30MPa with confining pressure
of 5MPa, and the deviatoric stress increases by 5MPa
per stage.
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Fig.6: Creep curve of multi-stage loading creep test

This steady-state creep strain rate is 2.157E-7/s,
11.773E-7/s. 24.186E-7/sand 111.773E-7/s under the
deviatoric stress of 15MPa, 20MPa, 25MPa and
30MPa, respectively. The specimen undergoes
instantaneous deformation with each increase in axial
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stress, after the instantaneous deformation, the
specimen passes through a short initial creep stage and
then enters the steady-state creep stage. This strain is
0.573% . 0.543%. 1.151% and 1.433% under the
deviatoric stress of 15MPa, 20MPa, 25MPa and
30MPa, respectively. It shows that the deviatoric stress
level has an enhancing effect on the amount of axial
creep strain of the salt during the initial creep stage and
steady-state creep stage.

Fig.7 shows the creep curve of multi-stage loading
creep test when deviatoric stress is progressively
unloaded from 30MPa to 15MPa with confining
pressure of 5SMPa, and the deviatoric stress decreases
by 5MPa per stage.
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Fig.7: Creep curve of unloading stage (a) c1=30MPa

and ¢3=5MPa, (b) c1=25MPa and c3=5MPa, (C)
61=20MPa and 63=5MPa.

As can be seen from Fig. 7, after each unloading,
the specimen has an instantaneous elastic strain
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recovery. The instantaneous elastic strain is 0.024%.
0.054% and 0.033% under the deviatoric stress of
25MPa, 20MPa and 15MPa, respectively. After each
unloading of the axial stress, the test directly enters the
steady-state creep stage when a period of static state is
finished, without the initial creep stage, which is
obviously different from the loading stage. This
steady-state creep strain rate is 2.951E-7/s, 6.17E-8/s
and 0 under the deviatoric stress of 25MPa, 20MPa
and 15MPa, respectively.

3.2 Characteristics of Steady-state Creep Strain
Rate

The relationship between deviatoric stress and
steady-state creep strain rate in the creep test as shown
in  Fig.8, which contains deviatoric  stress
progressively loaded from 15 MPa to 30 MPa and
deviatoric stress progressively unloaded from 30 MPa
to 15 MPa with confining pressure of 5 MPa. The
steady-state creep strain rate increases with the
increase of deviatoric stress in the whole test. However,
during the loading stage, deviatoric stress has a great
influence on the steady-state creep strain rate, and the
steady-state creep strain rate increases obviously when
deviatoric stress increases, and during the unloading
stage, although the steady-state creep strain rate
increases with the increase of deviatoric stress, the
increase range is small.
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Fig.8: Steady-state creep strain rate versus deviatoric
stress

4. ANALYSIS OF CREEP MODEL
4.1 Creep Model of Loading Stage

The deformation of the rock in the conventional
creep test shows three stages: the initial creep stage,
the steady-state creep stage, and the accelerating creep
stage, which are mainly related to the expansion and
evolution of fractures and pores in rocks. In general,
the rock is in a natural state without pressure before
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loading, and some of the pore fissures are in an open
state. During the loading process, in the initial creep
stage, the cracks in the rock are in an open state but do
not expand; in the steady-state creep stage, existing
cracks in the rock expand and are accompanied by the
generation and expansion of new cracks; in the
accelerated creep stage, the growth rate of cracks is
accelerated, and the unstable expansion of cracks leads
to rock failure [37].

The creep test of salt rock shows the normal initial
creep stage and steady-state creep stage. The
Fractional Derivative model, Nishihara model, and
Burgers model were used to fit and analyze the
experimental data in the initial creep stage and the
steady-state creep stage. Since only initial creep stage
and steady-state creep stage are considered, so 6<Gs.

When o<cs, the constitutive relationship of the
Fractional Derivative creep model is simulated by the
following equation [38].

When o<cs, the constitutive relationship of the
Nishihara model is simulated by the following
equation [39].

o o —E
e(t =—+—[1—ex —zt] 2
®) =5 +5 (520 @
When o<cs, the constitutive relationship of the

Burgers model is simulated by the following equation
[40].

() = Eil+%t +E12[1 - exp(_n—b;zt)] (3)

Where E1, E2 and 11, 12 are the elastic parameters
and viscous parameters of each model.

By wusing the Fractional Derivative model,
Nishihara model and Burgers model, the creep test
data were fitted and analyzed by the self-defined
function fitting tool of Origin numerical analysis
software. The fitting results are shown in Fig.9.
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Fig.9 Comparison fitting curves and test data at loading stage: (a) deviatoric stress of 15MPa, (b) deviatoric stress

of 20MPa, (c) deviatoric stress of 25MP

In Fig.9, the Fractional Derivative model of the
three creep models can better describe the creep curve
with deviatoric stress of 15 MPa, all three models can
describe the creep curve well with deviatoric stress of
20MPa and 25MPa, so the Fractional Derivative

model can better describe the creep curve during
loading than the other two models. The fitting
parameters obtained by Fractional Derivative model
fitting are shown in Table 2.
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Table2: Fractional Derivative creep model parameters

Deviatoric Deviatoric stress /MPa

15 20 25
Parameters
Ell GPa 3.7x10% 0.447 0.195
n,/GPa-h” 0.08 1.63 0.727
i 0.19 0.783 0.710

During the long-term operation of salt cavern gas
storage, the surrounding rocks are in a long-term
steady-state creep stage. It is of great significance to
study the relationship between steady-state creep
strain rate and deviatoric stress, the relationship
between deviatoric stress and steady-state creep strain
rate can be expressed by exponential function [41].
The exponential function is used to fit and analyze the
experimental data in the loading stage. The fitting
result is shown in Fig.10, the correlation coefficient
reaches 0.995, and the fitting function in the loading
stage is simulated by the following equation.
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Fig.10: Fitting curve of steady-state creep strain rate
and deviatoric stress at loading stage

4.2 Creep Model of Unloading Stage

During unloading stage, the deformation of the salt
rock has only the steady-state creep stage, without the
initial creep stage, which is due to the pore fissures in
the rock salt have been compacted. In practical
engineering, the change of surrounding rock stress
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Fig.11: Comparison fitting curves and test data at unloading stage: (a)deviatoric stress of 25MPa, (b) deviatoric

stress of 20MPa, (c) deviatoric stress of 15MPa

state is mostly a unloading process, which is one of the
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reasons why in most numerical analyses of salt cavern
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gas storage, only the deformation of rock salt in the
steady-state creep stage is considered, while the initial
creep is ignored. However, even under the same stress
conditions, the steady-state creep strain rates of the
loading and unloading stages show a large difference.
Therefore, studying the creep deformation rate at the
unloading stage is more significant for salt cavern gas
storage.

From Fig.7, it can be concluded that during the
unloading stage, rock salt of each stress level directly
enters the steady-state creep stage, without the initial
creep stage, and the deformation curve is almost
straight. Therefore, a univariate linear function is used
to fit the creep curve during the unloading stage. The
fitting function in the unloading stage is simulated by
the following equation.

e=At+b (5)

Where A is steady-state creep strain rate and b is a
time-dependent parameter.

Linear functions are used to fit the test data in
unloading stage, and the creep test data are fitted and
identified with the custom function fitting tool of
Origin numerical analysis software. The fitting results
are shown in Fig.11, and the fitting parameters are
shown in Table3.

Table3: Creep model parameters

Deviatoric Deviatoric stress /MPa

25 20 15
Parameters
Alst 2.80x107 6.02x10% 0
b 3.199 3.573 3.6845

In Fig.11, when deviatoric stress are 25MPa,
20MPa and 15MPa, the fitting curve and the creep
deformation curve have a high degree of coincidence,
and the fitting correlation coefficients have reached
0.99, therefore, the linear function can simulate the
creep curve during the unloading stage. Table 3 shows
that the steady-state creep strain rate is 2.80e-7/s,
6.02e-8/s and 0 under deviatoric stress of 25MPa,
20MPa and 15MPa, respectively, and the steady-state
creep strain rate decreases with the decrease of
deviatoric stress.

During the unloading stage, the relationship
between deviatoric stress and steady-state creep strain
rate can also be expressed by exponential function.
The exponential function is used to fit and analyze the
experimental data in the unloading stage. The fitting
result is shown in Fig.12, the correlation coefficient
reaches 0.997c, and the fitting function in the loading
stage is simulated by the following equation.

¢ = 8.16 X 10™* exp(0.3280) ®)
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The steady-state creep strain rate of the three-stage
creep test in the loading stage is higher than that in the
unloading stage under the same deviator stress in the
whole experiment. The creep deformation and steady-
state creep strain rate in the loading stage increases as
deviatoric  stress increases, while the creep
deformation in the unloading stage is very small, as
shown in Fig. 7(a), and the steady-state creep strain
rate decreases as deviatoric stress decreases, but the
decrease is less than the increase in the loading stage.
Creep of salt rock is mainly carried by dislocation
motion in the crystal lattice [42]. Dislocation is a
lattice defect with special structure carried by local
relative slip between molecules. It will promote the
occurrence and movement of dislocations when salt
rock is in compression state. Strain hardening behavior
of salt rock occur when the dislocation propagation is
hindered [43]. The plastic behavior of salt rock carried
by the continuous accumulation and sliding of
dislocations. During the loading process of salt rock,
the internal grain will produce the resistance stress and
the external force to reach the balance because of the
elastic stress of the crystal, the number of dislocations
that increase gradually with the increase of external
force, and the friction between crack walls of the new
crack and the old crack generated in the plastic
behavior of salt rock. In the unloading process, the
resistance stress in the crystal doesn’t disappear
immediately, the elastic force is released when the
dislocation moves in the opposite direction under its
own elastic force. Stress resistance and decreases
finally reach a steady-state with the increase of time,
the dislocation moves back to its original position or
beyond its original position as the loading continues,
the dislocation repeats this reciprocating movement
under cyclic loading.

The steady-state creep strain rate of the three-stage
creep test in the loading stage is higher than that in the
unloading stage under the same deviator stress, the
reason is that the internal structure of the specimen
will change to adapt to the corresponding stress state,
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the number of dislocations in the specimen will
increase, and the density will increase, so the internal
movement of the specimen such as dislocation in place
will produce a resistance to prevent further
deformation when the specimen undergoes high
deviatoric stress, so the specimen will produce a
resistance to prevent further deformation during
internal movements such as dislocations. Therefore,
after the specimen undergoes high deviatoric stress in
the loading stage, the resistance force will be
generated inside the specimen to prevent the
deformation during the unloading process, which leads
to the steady-state creep strain rate decrease.

5. CONCLUSIONS

The creep characteristics of salt rock under loading
and unloading conditions are studied. By using RC-
2000 rock servo triaxial rheological testing machine of
Wuhan Institute of Rock and Soil Mechanics, Chinese
Academy of Sciences, the multi-stage loading and
unloading creep tests of salt rock samples in Jintan,
Jiangsu Province are carried out with constant
confining pressure and the axial pressure increase. The
conclusions are as follows:

(1) The results of SEM show that the crystal of
pure salt rock is colorless. It can be seen from the
microstructure that the surface of pure salt rock is
extremely flat, smooth and dense, with no pores visible
on the surface, indicating good tightness.

(2) The steady-state creep strain rate increases as
the deviator stress increases in the whole test. During
the loading stage, deviatoric stress has a great
influence on the steady state creep strain rate, and the
steady-state creep strain rate increases obviously when
deviatoric stress increases, but during the unloading
stage, although the steady-state creep strain rate
decreases as the deviatoric stress decreases, the
decrease range is small. The reason is that when the
specimen undergoes high deviatoric stress, the
resistance force will be generated inside the specimen
to prevent the deformation.

(3) The Fractional Derivative model, Nishihara
model, and Burgers model were used to fit and analyze
the experimental data in the initial creep stage and the
steady-state creep stage in the loading stage, the result
is that the Fractional Derivative model is better. In the
unloading stage, the deformation curve is almost a
straight line, so the linear function is used to fit the
creep curve, which shows that the unloading creep
curve can be simulated by the linear function.
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