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Abstract: Due to the extremely low permeability and the excellent creep behavior, rock salt is the
optimal surrounding rock of underground energy storage. The long-term safe operation of the
rock salt energy storage is closely related to the creep behavior and long-term strength of rock salt,
but few researches focus on the long-term strength of rock salt. In order to more accurately predict
the long-term strength of rock salt, the isochronous stress–strain curve method and the volume
expansion method for determining the long-term strength were analyzed and discussed based on
axial compression tests and axial creep tests. The results show that the isochronous stress–strain
curve method is intuitive but will greatly increase the test cost and test time to obtain a satisfactory
result. The volume expansion method is simple, but the long-term strength obtained according to the
inflection point of volumetric strain is much greater than the actual long-term strength of rock salt.
Therefore, a new method applicable to rock salt was proposed based on the evolution of damage in
rock salt in this paper, which takes the corresponding stress value at the damage initiation point as
the long-term strength. The long-term strength determined by this method is consistent with that by
the isochronous stress–strain curve method. The method is more economical and convenient and
aims to provide a reference for the long-term stability study of underground salt caverns.

Keywords: rock salt; long-term strength; Isochronous Stress-Strain Curve Method; volumetric strain;
damage initiation

1. Introduction

Underground storage of energy is an economical and safe way for storage of huge energy, like oil,
natural gas, hydrogen, pressured air etc. Rock salt has extremely low permeability (permeability
coefficient is less than 10–20 m2) [1–4] and excellent creep behavior, which can ensure the tightness
of underground energy storage. Due to the stable mechanical properties and the ability to recover
from damage of rock salt, it is able to adapt to pressure changes during the operation of the reservoir,
which makes rock salt become an internationally recognized ideal place for underground energy
storage [5]. The long-term safe operation of rock salt underground storage must inevitably involve the
time-dependent properties of rock salt. The study of rock rheological mechanics is to explore the law of
rock stress, strain and failure with time [6–9]. The rheology of rock salt includes the long-term strength,
creep, relaxation, elastic aftereffect, etc. The most important of these properties are long-term strength
and creep, meaning that the two key issues in the long-term safe operation of rock salt underground
storage are the long-term strength and creep characteristics of rock salt.
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Since the world’s first salt cavern gas storage was built in 1959, many research have been done on the
mechanical behavior, creep characteristics and underground storage technology of rock salt, and many
useful results have been obtained [10–14]. Rock salt is a kind of soft rock with large deformation and
low strength [15–20]. It exhibits the property of strain softening under low confining pressure and
exhibits the property of strain hardening under high confining pressure. The creep properties of rock
salt are strongly related to temperature [21,22], stress levels [23–26], loading method [10,11,27,28] and
loading paths [23,29,30]. When the temperature and stress levels are constant, the creep rate of the
stable creep phase remains almost constant, but during the accelerated creep phase, the creep rate
continues to increase, causing the failure of the rock salt. In addition, the creep deformation and
creep rate of rock salt are greatly affected by confining pressures [25,26], but as the confining pressure
increases, the effect of confining pressure on the steady creep rate gradually decreases.

At present, the research on the mechanics and creep characteristics of rock salt is mainly focused
on the short-term strength and creep characteristics; there are few reports on the long-term strength of
rock salt. The ability of rock materials to resist damage under long-term loading and short-term loading
is different and the strength of rock will decrease with the increase of loading time [31–33]. Therefore,
when designing some structures with a long service life, such as rock salt energy underground gas
storage, it is necessary to consider the long-term strength rather than the short-term strength as its
design index. The research on the long-term strength of rock salt is not only of great significance to the
construction of rock salt underground gas storage and long-term operational safety, but also has a
positive effect on the development of the creep theory of rock salt.

In general, there are two major methods for determining the long-term strength of rocks [34]:
(1) The direct method obtains the long-term strength through long-term constant-load creep tests
under various stress levels. The long-term strength obtained by this method is relatively realistic,
but it requires multiple specimens to be loaded at different stress levels and the test duration is long
with great expense. (2) The indirect method determines the long-term strength of rock according to
some mechanical properties during the deformation and failure process, such as the volume expansion
method which determines the long-term strength by the volume expansion point. This method is
simple to operate, but usually the stress at which the damage generates is lower than the stress at the
volume expansion point, resulting in a higher long-term strength. Therefore, in this paper, based on
uniaxial compression tests and uniaxial creep tests of rock salt, the long-term strength of rock salt
determined by the isochronous stress–strain curve method and the volume expansion method were
compared and discussed. Furthermore, an economical and convenient method based on damage
mechanics for determining long-term strength of salt rock is proposed, which can provide a reference
for the long-term stability study of the underground salt cavern storage.

2. Experimental Method

2.1. Equipment and Specimen

The uniaxial compression tests were conducted in Rock Mechanics Laboratory of Sichuan
University, using the MTS815 Flex Test GT rock mechanics test system (Figure 1a). The maximum
axial loading is 4600 KN. The measuring range of the axial deformation is from −4 to 4 mm and the
measuring range of the lateral deformation is from −2.5 to 8 mm, both with the measurement and
control precision of 0.5% RO.

The uniaxial creep tests were carried out on the program-controlled rheometers in Sichuan
University (Figure 1b). This equipment can perform both uniaxial and triaxial creep tests with a
maximum axial loading capacity of 60 t and a maximum confining pressure of 30 MPa. During the
test, the external environment (laboratory temperature 20 ± 2 ◦C) can be kept basically unchanged.
Both the displacement sensors and the dial indicator with the precision of 1% were used to collect and
record the test data.
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Figure 1. Test equipment: (a) MTS815 Flex Test GT rock mechanics test system; and
(b) program-controlled rheometers.

The rock salt samples used in the laboratory tests were taken from a proposed salt cavern for
gas storage in China at depth of 2000 m. The rock salt was mainly composed of approximately
1 ~ 8% CaSO4, 0.82 ~ 5.38% Na2SO4, 82.87 ~ 95% NaCl and 1.7 ~ 5.63% muddy insoluble matter.
Specimens were prepared following the Standard for Test Method of Engineering Rock Mass in China
(GB/T50266-2013) [35], with the dimension of Φ80 mm × H160 mm.

2.2. Test Procedure

In order to discuss the method for determining the long-term strength of rock salt, the uniaxial
compressive tests and the uniaxial creep tests were carried out on rock salt specimens.

The uniaxial compression tests were performed on the MTS815 Flex Test GT rock mechanics test
system. During the test, the compaction stage and the elastic deformation stage were controlled by
axial loads with the loading rate of 30 kN/min. Then it was switched to the axial displacement control
with the loading rate of 0.1 mm/min. The uniaxial loading test device is shown in Figure 2a. The axial
deformation was measured by the axial extensometer with a measuring range from −4 to 4 mm and
the lateral deformation was measured by the circumferential extensometer with a measuring range
from −2.5 to 8 mm. The volumetric strain was obtained by the axial strain ε1 and the lateral strain ε3

using the following formula:
εv = ε1 + 2ε3, (1)

where, ε1 is the axial strain, ε3 is the lateral strain, and εv is the volumetric strain.Energies 2020, 13, x FOR PEER REVIEW 4 of 12 
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Figure 2. Uniaxial compression tests: (a) uniaxial loading test device; and (b) stress–stain curves of
rock salt.
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Through the uniaxial compression test, the stress–strain curves (Figure 2b) of rock salt were
obtained, and the average uniaxial compressive strength of the rock salt specimens was about 25 MPa.

The uniaxial creep tests were carried out by using the program-controlled rheometers (Figure 3a).
The graded loading method (Figure 3b) was adopted so that the different stress levels were sequentially
applied to the same rock specimen. This method can overcome the error caused by the discreteness
of specimens; this method shortened the test time. According to the uniaxial compressive strength
and the stress–strain curves of the rock salt obtained from the uniaxial compression tests, the stress
corresponding to the starting point of volume expansion usually did not exceed 70% of the short-term
strength. Therefore, a graded loading scheme recorded as Scheme I was designed with four loading
stages and a duration of 7 h for each stage, which is shown in Table 1. Compared with Scheme I,
another loading scheme recorded as Scheme II was designed. Scheme II increased the number of test
loading stages, reduced the stress difference at each stage, and extended the duration of each stage to
compare and explore the impact of loading schemes on the long-term strength.
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Table 1. Uniaxial creep test loading schemes.

Scheme Specimen Loading Stage Stress Percentage/% Axial Stress/MPa Duration/d

I RS-1
RS-2

1 25 6.25 7
2 45 11.25 7
3 65 16.25 7
4 85 21.25 7

II RS-3
RS-4

1 16 4 14
2 24 6 14
3 32 8 14
4 40 10 14
5 48 12 14
6 56 14 14
7 64 16 14
8 72 18 14
9 80 20 14

The creep duration curves of rock salt under two loading schemes were obtained through creep
tests (Figure 4). Scheme I was subjected to the predetermined loading stress to the last stage where
creep failure occurred, but Scheme II was subjected to the loading stress to the eighth stage where
creep failure occurred. The creep curves of the two rock salt specimens under the same scheme have
high consistency. The creep curves at the first three stress levels under the Scheme I were characterized
by initial creep and steady-state creep, and began to exhibit accelerated creep at the fourth stress level
where creep failure occurred. The failure stress is 21.25 MPa, which is 85% of the axial compression
strength. Under Scheme II, the creep curves at the first five stages were characterized by initial creep
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and steady-state creep. The accelerated creep did not appear until the sixth loading stage. At the last
loading stage, there was a significant nonlinear accelerated creep phase, where creep failure occurred.
The failure stress is 18 MPa, which is the 72% of the axial compression strength and less than the failure
stress under the scheme. It indicates that with the duration of the loading stress applied to rock salt
increasing, the creep failure stress of rock salt gradually decreases.
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Figure 4. Creep curves under the scheme I and scheme II: (a) Scheme I; and (b) Scheme II.

3. Discussion of Method for Determining Long-Term Strength

3.1. Isochronous Stress–Strain Curve Method

The isochronous stress–strain curve method is currently the most commonly used method to
determine the long-term strength of rocks, which has been introduced into the relevant rock mechanics
test specifications [36]. This method is based on a set of creep curves at different stress levels, and takes
the inflection points corresponding to the curve clusters of the relationship between the creep strain and
stress at the same time to determine the long-term strength. The inflection points of the isochronous
curves mark the transformation of the rock deformation from the viscoelastic phase to the viscoplastic
phase. At this time, the internal structure of the rock undergoes important changes, and internal damage
occurs. The stress corresponding to the asymptote of the curve formed by these inflection points is the
long-term strength, which is marked as σ∞. The method using the isochronous stress–strain curves for
determining the long-term strength is shown in Figure 5.
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Figure 5. Isochronous stress–strain curve method: (a) creep curves at different stress levels; and (b)
isochronous stress–strain curves.

According to the creep curves obtained from the axial creep tests, the creep strain and the axial
stress at the same time t in the creep curves under different stress levels were taken to obtain the
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isochronous stress–strain curves. Figure 6 shows the isochronous stress–strain curves of rock salt
under Scheme I and Scheme II. As shown in Figure 6, with the development of time and the increase of
stress, the non-linear characteristics of isochronous curves are gradually obvious, showing that the
curves begin to bend and the curve clusters change from dense to sparse. However, due to the large
stress difference between the two stress levels in Scheme I, the inflection point is not obvious and is not
clear enough to accurately determine the stress corresponding to the inflection point. The stress range
corresponding to the inflection point (Figure 6a,b) is 14–15 MPa, which makes the determination of the
long-term strength relatively arbitrary. Moreover, it can be seen from the isochronous stress–strain
curves that the curves after the turning point still has a certain slope, and no curves parallel to or nearly
parallel to the x-axis have been obtained. Therefore, the long-term strength obtained from the creep
laboratory test is still higher than the actual long-term strength of rock salt. Based on the curves in
Figure 6a,b, if the long-term strength of rock salt is determined as 14.5 MPa, it is 58% of the uniaxial
compressive strength. In Scheme II, due to the decrease of the stress difference between the two stress
levels and the increase of the loading duration, there are obvious inflection points on the isochronous
curve clusters of the two specimens (Figure 6c,d). The stress values corresponding to the inflection
points are both 12 MPa. It can be determined that the measured long-term strength is 12 MPa, which is
48% of the uniaxial compressive strength. The above results show that obvious inflection points and
satisfactory results can be obtained by increasing the number of loading stages and extending the
loading time.
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By carrying out creep tests on rock salt with increasing loading stages and extending loading time,
the results closer to the actual long-term strength values can be obtained. It is foreseeable that when
the loading time of each stage is infinitely long, the damage stress will approach the long-term strength.
Therefore, in the laboratory test, reasonably increasing the number of loading stages and extending the
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loading time not only can make the inflection point on the isochronous curves more obvious, but also
can obtain results closer to the actual value of long-term strength.

3.2. Volume Expansion Method

Based on the previous section results, it can be known that the deviation in determining the
long-term strength is large if creep tests are carried out according to the stress ratio loading with less
loading stages and shorter loading duration. When the long-term strength of rock salt cannot be
determined by the isochronous stress–strain curve method, there is another more commonly used
method to determine the long-term strength of rocks, which is the volume expansion method.

The creep is primarily driven by slow microcrack growth, which leads to the expansion of the
volume. Based on the time-dependent cracking characteristics, the volume strain of rock materials
during the deformation and failure process can be divided into the following four stages [37–41]:
(1) the crack closing phase, during which the rock volume decreases, and the volumetric strain rate is
positive; (2) the elastic compression phase, during which the rock volume decreases linearly, and the
volumetric strain rate is positive and constant; (3) the crack stable growth phase, during which the
volumetric strain rate is positive but gradually decreases; and (4) the crack unstable growth phase,
during which the volumetric strain rate is negative and the volume expansion occurs, causing the rock
failure (Figure 7). Martin [37] defined the stress level corresponding to the starting point of the fourth
stage as the crack damage stress. The volume strain was reversed at this point, which indicated that
the rock volume expanded. He pointed out that the crack damage stress was an indicator that could
reflect the long-term strength of rocks.
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Based on the axial compression tests, Figure 8 shows the stress-volumetric strain curves of rock
salt. As shown in Figure 8, under the axial compression, the volumetric strain curve of rock salt
has undergone the phase of compaction, elasticity, and crack stable growth; and then appears an
expansion starting point (inflection point of volumetric strain), where the volumetric strain is about
0.2%. According to the volume expansion method, the stress corresponding to the inflection point
of volumetric strain can be determined as the long-term strength, which is 17.7 MPa and is 70% of
the short-term compressive strength (the axial compression strength). It is noticed that the long-term
strength of rock salt determined by the volume expansion method is significantly higher than that
determined by the isochronous stress–strain curve method in Scheme I, indicating that the long-term
strength of rock salt determined according to the inflection point of volumetric strain has a greater
deviation from the actual long-term strength of rock salt.



Energies 2020, 13, 2460 8 of 12

Energies 2020, 13, x FOR PEER REVIEW 8 of 12 

0.2%. According to the volume expansion method, the stress corresponding to the inflection point of 
volumetric strain can be determined as the long-term strength, which is 17.7 MPa and is 70% of the 
short-term compressive strength (the axial compression strength). It is noticed that the long-term 
strength of rock salt determined by the volume expansion method is significantly higher than that 
determined by the isochronous stress–strain curve method in Scheme I, indicating that the long-term 
strength of rock salt determined according to the inflection point of volumetric strain has a greater 
deviation from the actual long-term strength of rock salt. 

 

Figure 8. Stress-volumetric strain curves of rock salt. 

3.3. Discussion 

According to rock damage mechanics, there is generally a damage stress threshold for rock 
damage. When the stress level is lower than this value, no damage occurs. Otherwise, when the 
stress level exceeds this limit, damage starts to accumulate and develop. The generation and 
evolution of damage is manifested as the emergence and growth of cracks in rock, so the damage 
initiation point corresponds to the crack growth start point. Based on elastic mechanics, the tangent 
bulk modulus K is proportional to the average stress σm at the elastic deformation stage, and then the 
damage initiation point can be determined by the following formulas: 

1 2 3

3m
σ σ σσ + +=  (2) 

( )3 1 2
EK

μ
=

−
                                      (3) 

m
v K

σε =                                          (4) 

where, σm, σ1, σ2 and σ3 are the average stress, maximum principal stress, intermediate principal 
stress, and minimum principal stress respectively. In this paper, the values of σ2 and σ3 are both 0 
under the uniaxial stress conditions; K and E are the tangent bulk modulus and elastic modulus; μ is 
Poisson's ratio; and εv is volumetric strain. 

The average and tangent are the two methods that ISRM (International Society for Rock 
Mechanics and Rock Engineering) recommends to determine the Young’s modulus from the UCS 
(Uniaxial Compressive Strength) test, and there is good consistency of average and tangent modulus 
[42]. Therefore, according to the stress and strain values on the straight section of the stress–strain 
curve obtained by the previous short-term uniaxial compression test (Figure 2b), the elastic modulus 
E and the Poisson's ratio μ of the rock salt specimen were calculated following the Standard for Test 
Method of Engineering Rock Mass in China (GB/T50266–2013) [35]. The elastic modulus E is 6.21 
GPa and Poisson's ratio μ is 0.12. Then the linear elastic volume strain curves can be obtained by 
using Equations (2–4), and the tangent point of the linear elastic volume strain curve and the volume 
strain curve is the damage initiation point. The location of the damage initiation point is shown in 

Figure 8. Stress-volumetric strain curves of rock salt.

3.3. Discussion

According to rock damage mechanics, there is generally a damage stress threshold for rock
damage. When the stress level is lower than this value, no damage occurs. Otherwise, when the stress
level exceeds this limit, damage starts to accumulate and develop. The generation and evolution of
damage is manifested as the emergence and growth of cracks in rock, so the damage initiation point
corresponds to the crack growth start point. Based on elastic mechanics, the tangent bulk modulus K is
proportional to the average stress σm at the elastic deformation stage, and then the damage initiation
point can be determined by the following formulas:

σm =
σ1 + σ2 + σ3

3
(2)

K =
E

3(1− 2µ)
(3)

εv =
σm

K
(4)

where, σm, σ1, σ2 and σ3 are the average stress, maximum principal stress, intermediate principal stress,
and minimum principal stress respectively. In this paper, the values of σ2 and σ3 are both 0 under the
uniaxial stress conditions; K and E are the tangent bulk modulus and elastic modulus; µ is Poisson’s
ratio; and εv is volumetric strain.

The average and tangent are the two methods that ISRM (International Society for Rock Mechanics
and Rock Engineering) recommends to determine the Young’s modulus from the UCS (Uniaxial
Compressive Strength) test, and there is good consistency of average and tangent modulus [42].
Therefore, according to the stress and strain values on the straight section of the stress–strain curve
obtained by the previous short-term uniaxial compression test (Figure 2b), the elastic modulus E
and the Poisson’s ratio µ of the rock salt specimen were calculated following the Standard for Test
Method of Engineering Rock Mass in China (GB/T50266–2013) [35]. The elastic modulus E is 6.21 GPa
and Poisson’s ratio µ is 0.12. Then the linear elastic volume strain curves can be obtained by using
Equations (2–4), and the tangent point of the linear elastic volume strain curve and the volume
strain curve is the damage initiation point. The location of the damage initiation point is shown in
Figure 8. It is found that the stress corresponding to the damage initiation point is 12.17 MPa, which is
the same as the long-term strength obtained by the isochronous stress–strain curve method in the
creep test Scheme II. Based on this interesting phenomenon, the long-term strengths obtained by the
isochronous stress–strain curve method in the two schemes, the stress corresponding to the damage
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initiation point and the stress corresponding to the inflection point of volumetric strain are listed in
Table 2. The long-term strengths of rock salt determined by the volume expansion method and the
isochronous stress-strain curve method in Scheme I are both significantly higher than that determined
by the isochronous stress-strain curve method in Scheme II. As analyzed in Section 3.1, the long-term
strength determined by the isochronous stress–strain curve method in Scheme II is more reasonable
and appropriate, which means the long-term strength determined by the damage initiation point
method is also acceptable. Therefore, it can be considered that when using the stress-volumetric strain
curves to predict the long-term strength of rock salt, the corresponding stress at the damage initiation
point can be taken as the long-term strength.

Table 2. Long-term strength determined by different methods.

Method Long-Term Strength/MPa

Isochronous stress-strain curve method
Scheme I 14.5
Scheme II 12

Volume expansion method 17.7
Damage initiation point method 12.17

According to the research literature on the long-term strength of rocks, the long-term strength
of most rocks is between 60% and 80% of the short-term compressive strength [43–45]. But the ratio
of the long-term strength of the rock salt to the short-term compressive strength is lower than the
ratios of most rocks, which are less than 50% [46,47]. The long-term strength determined by the
damage initiation point method proposed in this paper is 48% of the short-term compressive strength,
which proves the applicability of this method to salt rock.

By comparing the above three methods, the isochronous stress–strain curve method is simple and
intuitive, but it is necessary to effectively increase the number of loading stages and extend the loading
duration in order to obtain more accurate long-term strength, which will greatly increase the test
cost and test time. The volume expansion method requires simple test conditions, but the long-term
strength obtained according to inflection point of volumetric strain is much greater than the actual
long-term strength of rock salt. The damage initiation point method can not only get a theoretical
value close to the real value, but also saves much manpower and material resources.

4. Conclusions

Based on the axial compression tests and the axial creep tests, the isochronous stress–strain curve
method and volume expansion method for determining the long-term strength of rock salt were
analyzed and discussed. Some conclusions are obtained as follows:

(1) The long-term strength determined by the volume expansion method is higher than the actual
value of rock salt, which is not applicable to rock salt.

(2) The isochronous stress–strain curve method is reasonable and applicable to rock salt for the
determination of the long-term strength. However, to get more accurate long-term strength
values, more loading stages and a longer test time are necessary.

(3) A method which take the corresponding stress value at the damage initiation point as the
long-term strength was proposed based on the evolution of damage in rock salt. The long-term
strength determined by this method is consistent with that by the isochronous stress–strain curve
method, indicating that this method is also applicable to rock salt.

The new method proposed in this paper can provide some reference for the study on the long-term
strength of rock salt. However, it should be noted that due to the complexity of the fabric of rock
salt and the influence of impurities, this method still requires much experimental data for further
verification and in-depth research.
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