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Abstract: Salt cavern gas storage has become the key project of current and future underground
gas storage (UGS) facilities construction due to their efficient peak-shaving and supply assurance
capacities. The Sanshui Basin in Guangdong Province, China, is rich in salt resources and has
high-purity salt rock, which is a potential area for the construction of salt cavern underground
gas storage. To speed up the large-scale construction of underground gas storage in China and
promote the sustainable development of the natural gas market, it is very necessary to analyze the
geomechanics of the target salt layer and study the feasibility of gas storage construction. Based
on comprehensive experiments of rock mechanics and thermodynamics, the strength, creep and
temperature-sensitive mechanical properties of the target rock in Sanshui Basin were studied. Then,
according to the geological conditions of Sanshui salt formation, a three-dimensional geological model
was established to analyze the stability of salt cavern gas storage under the injection-production
operation. The results show that the average tensile strength and uniaxial compressive strength
of salt rock are 1.51 MPa and 26.04 MPa, respectively, showing lower strength. However, under
triaxial compression, the compressive strength of salt rock increases significantly, and there is no
obvious shear failure phenomenon observed. Moreover, after the peak strength, the salt rock still
has a large bearing capacity. In addition, under the confining pressure of 30 MPa, the strength of
salt rock decreases by 8.3% at a temperature of 60 °C compared with that at room temperature,
indicating that the temperature has a low, modest effect on the mechanical properties of salt rock.
The stability analysis shows that, under an injection-production operating pressure of 10-23 MPa,
the displacement, plastic zone range and volume convergence rate of single cavity and cavity group
are small, and the cavity shows good stability. Overall, the target salt formation in Sanshui Basin,
Guangdong Province, presents a good geomechanical condition suitable for the construction of
underground salt cavern gas storage. This study can provide a reference for the development and
design of salt cavern UGS.

Keywords: Sanshui Basin; salt rock; mechanical property test; temperature; gas storage

1. Introduction

Salt rock is recognized as a good medium for underground energy storage [1,2]. The
unique properties of salt rock were discovered abroad early, and is utilized for the storage
of 0il, gas and various industrial wastes. In the early 1940s, Canada first used salt caverns
to store liquefied petroleum gas. In the 1950s, North America and Europe began to use salt
cavities to store light hydrocarbons. After the 1960s, the use of salt caverns for compressed
air energy storage and hydrogen energy storage has been developed in the United States,
Germany and other countries [3,4]. In 1978, Germany took the lead in building the first
commercial salt cavern compressed air energy storage (CAES) power station (Huntorf) in
the world, with a transmission power of 321 MW. The second commercial salt cavern CAES
power station (Mclntosh in Alabama) was constructed in the United States in 1991, forming
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a 110 MW transmission power scale [5]. With continuous exploration and practice, there are
more and more types of salt cavern storage, which are also used to store hydrogen, helium,
etc. An example is the Helenburg salt cavern helium storage in Russia [6]. Among many
storage media, natural gas is the energy medium with the largest storage capacity in salt
cavern storage [7]. Up to now, more than 108 underground salt cavern gas storages have
been built and operated in the world, including more than sixty in Europe, forty-seven in
North America and one in China, most of which exist in the United States and Germany [8].
During more than 60 years of development of salt cavern gas storage in salt dome formation,
mature theories and technologies have been formed abroad in terms of water solution cavity
construction, large wellbore cavity building, stability evaluation and injection-production
operation [9,10].

China’s rich salt mineral resources are distributed throughout 15 provinces. Making
full use of salt mineral resources to build underground gas storage will greatly promote
the sustainable development of China’s natural gas market, which is also one of the key
contents of China’s “Fourteenth Five Year Plan” [11] on energy development planning.
With the successful development and utilization of Jintan Salt Mine’s salt cavern gas storage,
in order to ensure the stable supply of natural gas in China’s market and relieve the pressure
of transportation and storage brought by the rapid growth of gas demand, China is stepping
up efforts to develop existing salt mineral resources around the main cities, accelerating the
construction of salt cavern gas storage, and forming a series of infrastructure supporting the
supply and marketing of natural gas in large- and medium-sized cities. At present, Hubei
Yunying Salt Mine, Jiangsu Huai’an Salt Mine, Henan Pingdingshan Salt Mine and other
salt cavern gas storage areas have been built or are planned to be built, and the feasibility
studies of gas storage construction, such as site selection and rock mechanical properties,
have been carried out successively. In the geomechanical analysis of the construction of
salt cavern gas storage, the mechanical parameters of the target salt layer are the key and
foundation for the construction of gas storage [12-15]. Scholars have carried out a lot of
research on the mechanical properties of salt rock. Ma [16], Liu [17] and Alkan [18] et al.
studied the yield characteristics and failure criteria of salt rock based on a large number of
core uniaxial-triaxial and tensile tests. Yang [19], Li [20] and Mansouri [21] et al. carried
out a large number of indoor creep tests and loading and unloading tests to study the creep
characteristics of salt rock and its deformation characteristics. Wanyan [22] et al. carried out
triaxial compression creep tests on salt rocks from salt mines in Yunying, Hubei province,
Huai’an, Jiangsu province and Pingdingshan, Henan province, and compared the creep
characteristics of salt rocks in different regions. Liu [23], Jiang [24] and Wang [25] et al.
studied the mechanical properties of layered salt rock and the influence of interlayer on
the mechanical properties of salt rock. Gao [26] and Li [27] et al. studied the influence of
temperature on the mechanical properties of salt rock by using core high temperature tests,
and obtained the understanding that the mechanical properties of salt rock deteriorate
due to temperature rise. At present, the research on mechanical properties of salt rock is
mainly based on a combination of experiment and theoretical analysis, taking into account
the influences of tensile and compressive strength, yield, creep and temperature on the
characteristics of the rock. This provides the necessary basic data for the construction of
gas storage cavity and the long-term stability of the cavity.

A salt mine in Sanshui Basin, Guangdong Province, is rich in salt rock resources with
high purity and medium buring depth of 1200-1300 m. It is a potential mining area for
building salt cavern UGS. At present, there is little research on the mechanical properties
of rock in this mining area. In order to fully evaluate the feasibility of the construction of
salt cavern gas storage in this area, it is necessary to carry out experimental research on the
mechanical properties of salt rock in the main salt layer, recognize the deformation law and
rheological properties of salt rock and evaluate the stability of salt cavern under operation
pressure, so as to provide a theoretical basis for the construction of salt cavern gas storage
in Sanshui Basin, Guangdong Province.
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2. Experiment Analysis and Discussion
2.1. Experiment Method

The experimental salt rock core used in this study is taken from the main salt layer
in Sanshui Basin, Guangdong Province, with a buried depth of about 1200 m. Some core
columns collected by the coring barrel are shown in Figure 1a. A core from the core column
was drilled and processed into standard rock sample for experiments (J50 * H100 mm), as
shown in Figure 1b. As the salt rock is easily dissolved in water, in order to avoid large
damage to the core caused by the conventional coring method, the wire cutting process was
adopted for this coring. During processing, the wire cutting fluid did not contain water or
react with the core, which ensured the core is not damaged and polluted.

@) (b)

Figure 1. Core pillar and standard rock sample for experiment (a) for core pillar, (b) for standard core.

The experimental salt rock core was grayish black due to impurities, and some salt
rock cores contained an obvious mudstone interlayer. This research mainly studies the
mechanical behavior and deformation law of salt layer in the target area through direct
tension, Brazilian splitting, uniaxial, triaxial and creep tests, as well as strength and creep
tests at high temperatures. The self-designed direct tensile apparatus, high-temperature
and high-pressure triaxial apparatus and servo-controlled testing machine of the Rock
Mechanics Laboratory of China University of Petroleum (Beijing) were used to conduct the
salt rock mechanics test. See Table 1 for basic physical parameters and the experimental
scheme of salt rock core. From the perspective of physical parameters, the salt rock of the
target salt bed in Sanshui Basin contains impurities, with a density range of 2.15-2.43 g/cm?
and a large distribution range, with an average density of 2.24 g/cm?. Acoustic data show
that the longitudinal wave velocity is about twice that of the shear wave.

Table 1. Physical parameters and experimental scheme of salt rock.

Densit Diameter P-Wave S-Wave
No. 3y Slowness-Time Slowness-Time Temperature/°C Methods
/g/cm /mm
lus/ft lus/ft
1 2.24 50.09 / /
2 2.20 50.05 / / Indirect Tensi
3 295 50.06 / / ndirect Tension
4 2.23 50.12 / /
5 223 49.76 77.25 146.86 Direct Tensi
6 221 50.04 78.16 152.35 25 rrect fension
7 243 49.99 68.96 113.93
8 222 50.25 68.86 121.04 Uniaxial
9 241 50.17 78.23 142.16 maxia
Compression
10 2.21 49.68 69.09 122.06
11 2.23 50.15 70.04 127.80
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Densit Diameter P-Wave S-Wave
No 3y Slowness-Time Slowness-Time Temperature/°C Methods

/gl/cm /mm

lus/ft lus/ft
12 2.20 49.96 65.13 131.06
13 2.29 50.03 65.93 106.04
14 2.34 50.01 69.56 123.93 Triaxial Compression
15 217 49.98 75.56 135.67
16 2.21 49.89 71.000 125.24
17 2.33 50.09 76.88 147.35
18 2.36 50.09 77.79 152.84
19 2.15 50.30 70.44 129.59 25 Uniaxial Creep
20 2.23 50.15 72.86 130.47
21 217 50.15 68.46 132.35
22 2.16 50.03 70.20 118.21
23 2.15 50.05 69.15 125.08
24 217 50.06 70.22 118.79 Triaxial Creep
25 217 50.04 75.19 142.20
26 2.23 50.03 76.23 146.41
27 2.15 49.98 68.25 129.46
28 1.97 49.86 71.92 138.38 Hioh Temperatur
29 246 50.12 111.59 184.04 g1 emperatie
Triaxial Compression

30 2.20 49.80 67.6 124.82 60
31 227 50.07 69.83 135.27
32 2.19 20.16 69.47 128.66 High Temperature

Triaxial Creep

Note: The size of indirect tensile core is small, and no acoustic test was conducted. For simplicity and clarity, the
core numbering in the table is rearranged.

2.2. Analysis of Experimental Data
2.2.1. Tension Tests

The direct tensile test adopts the self-designed core direct tensile loading device, which
can directly conduct the direct tensile test on the press, as shown in Figure 2a. All the
cores were processed into an I-shape for the experiments. The Brazil splitting test method
was used for indirect tension. The tensile properties and parameters of salt rock were
determined by comparing the two methods. Figure 3 shows that, in the direct tension test,
the salt rock fracture occurs at the neck (as shown in Figure 3a, the red dotted line), and the
fracture surface is basically perpendicular to the axial direction. However, in the indirect
tension test, the core is split into nearly symmetrical halves. The results of both experiments
are shown in Table 2. The tensile test shows that there is little difference between the core
strength measured by the two methods, indicating that both methods can be used as the
core tensile strength measurement mode. The experimental results show that the tensile
strength of salt rock in Sanshui Basin is not high, ranging from 1-2 MPa with an average of
1.51 MPa. For salt cavern gas storage, the tightness of the cavity is one of the key parameters
for its safety assessment. In the process of construction and operation, it is necessary to
control the pressure in the cavity to avoid tensile damage in key parts, which may lead to
the risk of cavity instability or sealing failure.
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Figure 2. Schematic diagram of tensile test (a) for direct tensile, (b) for indirect tensile.

@) (b)

Figure 3. Tensile test photos of salt rock. (a) #5 direct tension (b) #1 indirect tension (left Before
experiment, right after experiment).

Table 2. Tensile test data.

No Density Maximum Load Uniaxial Tensile Average Strength
(g/cm?3) N) Strength (MPa) (MPa)
1 2.24 2505 127
2 2.20 2690 1.36
3 2.25 4000 2.02
4 2.23 N/A N/A 151
5 2.23 2130 1.54
6 2.21 1940 1.38

Note: N/A indicates that the core is damaged at the beginning of test.

2.2.2. Uniaxial/Triaxial Test at Room Temperature

The core length used in the uniaxial and triaxial compression tests of salt rock in
Sanshui Basin was about 100 mm. It can be seen from some core photos after the experiment
that, under uniaxial compression, tensile cracks along the axial direction were produced in
the salt rock (as shown in the red dotted line at the lower part of Figure 4a), while under
triaxial compression, no obvious cracks or damage were produced in the salt rock samples,
and the salt rock samples were in a radial expansion state. Core photos show that the
crystal grains of salt in the salt rock fabric of Sanshui Basin are large (as shown in the red
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dotted line circle in Figure 4b above), visible to the naked eye, and the size is inlaid with an
irregular distribution. There are also randomly distributed impurity grains of different sizes
inside. The experimental results show that under the action of stress, there is dislocation,
sliding and fragmentation between the salt rock crystal particles. Large salt rock crystal
particles are broken into many small crystal particles, and the boundaries between the
particles are denser and clear (as shown in the red dotted circle below Figure 4a,b). Uniaxial
compression test results in Table 3 show that the average peak compressive strength of
salt rock is 26.04 MPa, which is about 17.2 times of its uniaxial tensile strength, and the
average elastic modulus and Poisson’s ratio are 6.16 GPa and 0.296, respectively. Under
uniaxial compression, the stress—strain curve of the salt rock in the salt mine has obvious
elastic—plastic behavior. The elastic stage is short. It then goes through a long plastic flow
stage. Before the peak failure, the axial strain and radial strain both increase significantly,
and the volumetric strain also shows that the dilatancy of salt rock core under uniaxial
compression test is obvious.

(a) #11 (b) #15

Figure 4. Photos of some rock cores before and after uniaxial and triaxial compression test. The upper
part is before the test, and the corresponding lower part is after the test.

Under the triaxial compression test, the peak strength of the rock generally increases
with the increasing of confining pressure. Compared with the uniaxial compressive strength,
the strength of the core under triaxial compression has been greatly improved, and the
elastic modulus also significantly increased, as shown in Table 4. The stress—strain curves
(Figure 5) show that the strain of salt rock increases significantly when it reaches failure
under triaxial compression test. The axial strain of the core is larger than the radial strain
under the confining pressure, indicating that the confining pressure has a greater impact
on the radial deformation of the core salt rock. Volume strain shows that at the initial
stage of the experiment, the core is mainly compacted, which is obvious from the triaxial
compression experiment. Then, the damage occurs in the rock when microcracks are
generated and expand, and volume expansion happens at the beginning of the experiment.
The core compaction is significant, and under the influence of confining pressure, the
volume expansion is significantly weakened compared with the uniaxial compression
condition. In Figure 6, axial stress and strain under different confining pressures show that,
with increasing of confining pressure, the peak strength of salt rock does not increase by
the same factor, but rather increases slightly. After reaching peak strength, the salt rock still
has a high bearing capacity.
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Table 3. Resultant for the uniaxial compression test.

Density Elastic Modulus . , .
No (g/cm®) Peak Strength (MPa) (GPa) Poisson’s Ratio
7 2.43 25.74 8.89 0.33
8 2.22 28.55 7.63 0.3
9 2.41 28.18 6.48 0.23
10 2.21 22.87 6.23 0.3
11 2.23 24.86 1.56 0.32
Average / 26.04 6.16 0.296
Table 4. Resultant data for the triaxial compression test.
No Density Confining Pressure Peak Strength Elastic Modulus
(g/cm?3) (MPa) (MPa) (GPa)
12 2.20 30 72.87 10.93
13 2.29 10 55.91 8.46
14 2.34 15 66.94 8.04
15 2.17 30 76.27 8.67
16 2.21 15 65.65 7.37
25+ 801

— Axial strain
Radial strain

Volume strain

Stress/MPa

20

—— Axial strain
Radial strain
Volume strain

Stress/MPa

-2

Strain/%

(a) #10 Uniaxial compression test

Strain/%

(b) #15 Triaxial compression test

Figure 5. Uniaxial and triaxial stress-strain curves of salt rock in Sanshui Basin.

80
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Figure 6. Relationship between stress and axial strain under different confining pressures in triaxial

compression test.
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2.2.3. High Temperature Triaxial Test

Liang et al. [28] discussed the influence of temperature on the mechanical properties
of salt rock and concluded that the uniaxial compressive strength and axial strain of salt
rock increase with increasing temperature, while the elastic modulus decreases. According
to the temperature distribution characteristics of Sanshui Basin, this section studies the
mechanical deformation behavior of salt rock at 60 °C. The comparison of the experimental
data in Tables 4 and 5 shows that the peak strength decreases slightly with the increase
of temperature under 30 MPa confining pressure, and the average decrease is about 8.3%
compared with that under normal temperature, indicating that temperature has a certain
influence on the mechanical parameters of salt rock. With the increase of temperature, the
mechanical parameters of salt rock show a tendency to weaken. Gao et al. [26] believed
the thermal stress caused by temperature makes it easy to produce stress concentrations at
the boundary of mineral particles which exceed the strength limit of rock, thus causing the
connection to fracture between mineral particles at the boundary surface. Thus, microcracks
are generated and extend to form a network, finally leading to macroscopic deterioration
of rock mechanical properties. Chen [29] believed that the thermal damage of salt rock was
mainly caused by intergranular cracks caused by uneven grain expansion. Figure 7 shows
the triaxial test curve of some cores under high temperature, and that the stress—strain
changing characteristics of cores under different confining pressures are basically the same.
Under the action of thermal stress, the higher the confining pressure, the greater the peak
load required for the same deformation. Figure 8 shows that the axial deformation required
by the salt rock core under the high-temperature environment is smaller when entering
the volume expansion stage under the confining pressure of 30 MPa, which also shows
that temperature has an impact on the deformation of the salt rock. From the microscopic
point of view, with the increase of temperature, the thermal movement of molecules inside
the salt rock is enhanced, the cohesion between molecules is weakened, and the indirect
contact surfaces of grains are more prone to slippage. In addition, the different thermal
expansion coefficients between grains lead to more damage cracks, deteriorated mechanical
properties of the salt rock. It is easier to achieve damage under load compared with the
normal temperature state. As a whole, the salt rock in Sanshui Basin, Guangdong Province
is not significantly affected by temperature.

Table 5. Experimental data of salt rock under triaxial compression at high temperatures.

No Density Confining Pressure Peak Strength Elastic Modulus
(g/cm®) (MPa) (Mpa) (Gpa)

27 2.15 30 69.28 7.21

28 1.97 30 67.45 9.98

29 2.46 10 53.81 5.23

30 2.20 15 61.37 7.63

31 227 15 63.02 8.12

2.2.4. Creep Test

The rheological properties of salt rock are of great significance to the long-term opera-
tional safety of underground projects. Figure 9 shows the pre and post creep test photos
of some salt rock cores in Sanshui Basin under uniaxial and triaxial conditions. The creep
test did not cause large apparent damage to the salt rock core. After the test, the rock core
appears to be complete, and there were no fractures or fragmentation. The only difference
was in the boundary between particles, which appeared clearer and more obvious (as
shown in the red dotted ellipse in Figure 9a below). Under the uniaxial creep test, the creep
rate increases with the increase of axial pressure, as shown in Figure 10a. Table 6 shows
that the accelerated creep stage occurs in uniaxial creep of individual cores, such as core
#18 under an axial pressure of 24 MPa and core #20 (as shown in Figure 10b) under an axial
pressure of 20 MPa, while individual cores (such as #17) still do not enter the accelerated
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creep stage under an axial pressure of 25 MPa, reflecting the heterogeneity of the stratum,
indicating that there are differences in properties of salt rocks even in the same mining area.

©
o
=
@
4 . _
5 30 Axial strain Axial strain
@ Radial strain Radial strain
204 Volume strain Volume strain
10
r T T T T 0 T T T T T T T 7 T T T 1
-0 -8 6 -4 -2 &) 2 4 6 8 -6 -4 -2 &J 2 4 6 8
Strain/% Strain/%
(a) #27, confining pressure of 30 MPa (b) #30, confining pressure of 15 MPa

Figure 7. Triaxial compression experimental data of salt rock at high temperature.
of
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Figure 8. Comparison of axial strain and volumetric strain of salt rock at room temperature and high
temperatures under confining pressure of 30 MPa.

The confining pressure of the triaxial creep test was set according to the stress state of
the coring formation depth. Under the triaxial creep test, the deviatoric stress is in direct
proportion to the creep rate. The greater the deviatoric stress, the greater the creep rate (as
shown in Table 6). When the confining pressure is fixed, the salt rock does not enter the
accelerated creep stage with the increase of deviatoric stress. Even if the deviatoric stress
reaches 35 MPa, there is no accelerated creep phenomenon, indicating that the confining
pressure has a significant limiting effect on the salt rock creep. According to Figure 11, the
fitting results of creep rate show that the creep rate is exponential with the deviatoric stress.
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(a) #19 (b) #24

Figure 9. Photos of some salt rocks before and after creep tests under uniaxial and triaxial conditions.

Table 6. Creep test results of salt rock in Sanshui Basin.

No Density Confining Pressure Stress Difference Creep Rate
(g/cm?3) (MPa) (MPa) (h™1h
10 0.000186
17 2.33 18 0.000418
25 0.000696
12 0.000315
18 2.36 18 0.000664
24 /
8 0.00023
19 2.15 0 13 0.000676
18 0.000978
15 0.000954
20 2.23 20 /
10 0.00036
21 2.17 15 0.000962
20 0.001523
15 0.000539
22 2.16 25 0.001419
35 0.00279
12 0.00026
23 2.15 20 0.000921
28 0.001782
10 0.000187
24 2.17 30 20 0.000606
30 0.001672
15 0.000518
25 217 25 0.000857
35 0.001533
10 0.000424
26 2.23 20 0.000579

30 0.000846
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Figure 11. Fitting of creep rate dependence on stress difference under confining pressure of 30 MPa.

Seen from the comparison of triaxial test results at room temperature and high tem-
perature, the target formation temperature of 60 °C in Sanshui Basin has a slight impact on
the strength properties of the salt rock. In order to explore the influence of the temperature
on the creep property of salt rock, a creep test (core No. #32) was conducted at 60 °C and
compared with triaxial creep data under the same confining pressure and deviatoric stress
at the room temperature, as shown in Figure 12. The compared results of creep rate show
that, under the same deviatoric stress and confining pressure, the effect of temperature on
creep rate is not significant. The creep rate of salt rock, under the confining pressure of
30 MPa, deviatoric stress of 25 MPa and environmental temperature of 60 °C in the target
salt layer of Sanshui Basin, has little difference from the rate under the same conditions at

room temperature. Therefore, the influence of temperature can be ignored when analyzing
the creep problem.
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Figure 12. Experimental curve of triaxial creep of salt rock samples at high temperature, and the
comparison of its creep rate with that at normal temperature.

2.3. Result Analysis and Dicussion
2.3.1. Strength Model Parameters of Salt Rock

The results of uniaxial and triaxial compression tests of salt rock in Sanshui Basin
show that the failure mode of salt rock under uniaxial compression is tensile failure, while
the failure mode is radial expansion failure without obvious shear fracture under triaxial
compression. A lot of research [30,31] shows that the strength of salt rock can be expressed
by the Mohr-Coulomb strength criterion:

—_

1
(07 —03) = Ccos ¢ — = (07 + 03) sin ¢ (1)

2 2

where 0, 03 are maximum and minimum principal stresses, respectively; C is cohesive
force; ¢ is internal friction angle.
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Based on the uniaxial and triaxial compression test results in Sanshui Basin, the
cohesion and internal friction angle of salt rock at room temperature are 8.32 MPa and 28.1°,
respectively. By comparing Yingcheng Salt Mine and Jintan Salt Mine [32], as shown in
Table 7, the cohesion of salt rock in Sanshui Basin is slightly greater than those of Yingcheng
Salt Mine and Jintan Salt Mine, while the internal friction angle is slightly lower than those
of the latter two. Cohesion reflects the strength of material. Here, the smaller the cohesion,
the lower the rock strength. The influence of internal friction angle on rock strength is
greater than that of cohesion [33]. From the comparison results of strength parameters, the
strength of salt rock in Sanshui basin is between that of the Yingcheng and the Jintan salt
mines in Hubei.

Table 7. Comparison of strength parameters of salt rock from Sanshui, Yingcheng and Jintan salt mines.

Internal Friction Angle

Core from Cohesion (MPa) ©)
Sanshui 8.32 28.1
Yunying 4.36 39.9
Jintan 6.29 28.6

The high temperature compression test of salt rock shows that the temperature has
a slight deterioration effect on the mechanical properties of salt rock. In the design and
application of engineering parameters, the temperature factor can be ignored.

2.3.2. Creep Model Parameters of Salt Rock

Yang et al. [34], based on a large number of studies on the creep properties of salt rock,
have come to the conclusion that the steady creep rate of salt rock is closely related to the
deviatoric stress and confining pressure. Without considering the influence of temperature,
steady state creep model of salt rock conforms to the Norton exponential function:

écr = A(O’1 - 0'3)” (2)

where ¢ is the creep strain rate; A, n are the material characteristic parameters of salt rock.

By fitting the steady-state creep rate of salt rock samples under 30 MPa confining
pressure in Sanshui Basin with the Norton steady-state creep model (as shown in Figure 11),
the creep model parameters A and n were calculated to be 3.61 x 10~° and 1.78, respectively.
The creep parameters of the salt rock of Jintan Salt Mine in Jiangsu Province and Yunying
Salt Mine in Hubei Province [35] are compared (both fitted with the Norton creep model)
and shown in Table 8. The results show that the higher the value of n, the higher the
sensitivity of steady creep rate to the variation of deviatoric stress. The smaller the A value,
the lower the sensitivity of steady creep rate to the change of confining pressure. The creep
model parameter A of Sanshui basin salt rock is much higher than that of Yunying and
Jintan salt rock, while n is lower. Figure 13 shows the comparison of creep strain rates
under different deviatoric stresses. When the deviatoric stress is lower than 20 MPa, the
creep rate of salt rock in Sanshui Basin, Guangdong Province is the highest under the same
confining pressure. When the deviatoric stress exceeds 20 MPa, it is between the creep rates
of Yunying in Hubei Province and Jintan in Jiangsu Province.

Table 8. Comparison of creep model parameters of salt rock from Sanshui, Yingcheng and Jintan salt mines.

Core from A (MPa—"/h) n
Sanshui 3.61 x 10 1.78
Yunying 3.56 x 10710 3.68

Jintan 1.98 x 108 3.50
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Figure 13. Comparison of creep strain rates under different stress difference.

3. Mechanical Stability Evaluation

The rock strata in the salt cavern area of the reservoir rock and its overburden and
floor rock strata can be considered as an approximately horizontal distribution, so its
tectonic stress is weak. The vertical component of the original geostress of the stratum
in this area is calculated according to the average density of the overlying strata and the
relationship between the average density and the burial depth of the rocks in each layer
of the calculation area, and according to the calculation method of self-weight stress. It is
thought that after a long period of tectonic evolution, the three components of the stresses
are equal in the salt formation. According to the above rock mechanics analysis, the stability
evaluation and analysis are carried out for the salt cavern gas storage to be built in the salt
layer in this area. The finite difference software Flac®P [36] (Flac®P vs. 6.0, Itasca Consulting
Group Inc., Minneapolis, MN, USA) was used to establish the geomechanical model and
perform the simulation, which is widely used to handle rock and soil engineering problems
for its outstanding ability and advantage to solve large displacement problems. The
Cpower model was introduced into the simulation to describe the mechanical behavior of
salt cavern gas storage during injection-production operation, which is composed of the
Mohr—-Coulomb criterion and the Norton Power creep model and widely used in creep
engineering of underground excavation.

3.1. Geomodel of Salt Cavern Gas Storage

Based on the geological conditions of target strata and previous research results [37-39],
a pear-shaped cavity was used to construct the salt cavern gas storage in Sanshui Basin.
The morphological structure of the salt cavity had a height of 30 m at the top, a diameter
of 60 m in the upper hemisphere and 70 m in the lower hemisphere. The whole height
of the cavern was 95 m. There were 10 mudstone interlayers distributed in the target salt
formation. The corresponding geological model is shown in Figure 14. The hexahedral
mesh was used in the model and the sensitivity analysis of its mesh density was done. The
model was meshed with a total number of 244,044 elements and 52,112 nodes.
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Figure 14. Geomechanical model of salt cavern gas storage (half model).

The upper surface of the model (1242 m) was the stress boundary condition and
the average density of the overlying strata was 2.5 x 103 kg/m?3. Thus, the vertical load
component of the upper boundary (z = 1242 m) of the model was 31.05 MPa. The bottom
surface of the model (1597 m) was constrained in the Z-direction, and the four sides
in the horizontal direction of the model were constrained by the simple support in the
corresponding normal direction. That is, the front, back, left, right and bottom surfaces of
the model were considered to have normal constraints, and movement in normal direction
was not allowed, and the influence of the cavity mining process on them could be ignored.

3.2. Injection and Production Pressure Scheme

According to the depth of the last casing and domestic and foreign experience, the up-
per limit pressure of the designed and constructed salt cavern gas storage was 23 MPa, and
the minimum internal pressure is 10 MPa. The injection-production operation simulation is
carried out with a service life of 30 years. One cycle consists of four stages of gas injection,
well shut in, gas production and well shut in, as shown in Figure 15.

3.3. Stability Analysis

Based on the above rock mechanical parameters and the constitutive model, combined
with the injection-production operation scheme, a mechanical stability analysis of single
cavity and cavity group was carried out to determine the feasibility of the construction of
salt cavern gas storage. The parameters of rock mass layers are listed in Table 9.

Table 9. The parameters of rock mass layers.

Litholo Elastic Modulus Poisson’s Cohesion Friction Tensile Strength A n
8y (GPa) Ratio (MPa) Angle (°) (MPa) (MPa—1/h)
Rock salt 6.16 0.3 8.32 28.1 1.51 3.61 x 107° 1.78

Mudstone 16 0.27 5 26.4 3.23 25x%x 1077 15
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Figure 15. Pressure scheme of injection and production operation (one cycle).

3.3.1. Stability Evaluation Criterion

An index system composed of displacement, plastic zone, volume shrinkage and
vertical stress was summarized to evaluate the safety of salt cavern UGS during the stability
analysis. The displacement of cavity surrounding rock increases with the operation time
caused by the rock salt creep. The allowed displacement was not over 5% of the maximum
cavern diameter [40]. The Mohr—Coulomb criterion, one of the most extensively used
criteria in geotechnical engineering, was used to judge whether the cavity surrounding rock
enters the plastic failure state. The expression is shown in Equation (1). Volume shrinkage
was used to characterize the reduction ratio of cavity volume loss to its original volume.
The allowed ratio is 30% after operating 30 years according to much research on salt cavern
gas storage and the geological data of Sanshui Salt Mine.

3.3.2. Single Cavity Stability Analysis

Figures 16 and 17 show the deformation and plastic zone of surrounding rock in the
first year and the 30th year of salt cavity creep after gas production in that year. The roof
displacement in the first year is relatively large, about 0.32 m. The deformation of the lower
sphere of the cavity is small. The plastic zone is mainly concentrated on the positions of
each interlayer and the cavity top and bottom, and the depth of the plastic zone of the
interlayer and bottom area in the middle of the cavity is large. In the 30th year, the top and
bottom parts both deform towards the interior of the cavity and the large displacement
is concentrated near the top and bottom position, with maximum displacement of about
1.57 m. The plastic zone is essentially the same as the first year, and the volume of the
plastic zone changes slightly.
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Figure 16. Displacement distribution of salt cavern under the different operation times.
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Figure 17. Plastic zone distribution of salt cavern under the different operation times.

According to Wang's research [40], the displacement of the cavity top should not
exceed 5% of the maximum diameter of the salt cavity. After 30 years of operation, the
cavity top settlement displacement is about 1.57 m (as shown in Figure 18), which is 2.2%
of the largest diameter (70 m) of the cavity, indicating that the stability of the cavity is good
under the operating pressure. Figure 19 shows the volume convergence of the chamber
under different operation times. After 30 years of operation, the volume convergence rate of
the cavity is 6.55%, which meets the stability requirement that the volume convergence rate
should not exceed 5% during 5 years of operation. Similarly, it reflects the good stability
characteristics of the cavity.
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Figure 19. Volume convergence rate of salt cavern over the 30 year operational time.

3.3.3. Stability Analysis of Two Caverns

For the construction of salt cavern storage cavern group, the minimum safety distance
of adjacent caverns should be considered. The layout of the multi cavern is recommended
to be in a positive triangle layout, and the pillar design of each adjacent cavern should be
equal [41]. Therefore, the problem can be simplified to only analyze two adjacent caverns.
Figure 20 shows the design width of adjacent storage pillars, where D is the maximum
diameter of any cavity. The designed well spacing of Sanshui Basin is 250 m, and the pillar
width is 2.14D, so the pillar width is considered as a 2D working condition. The maximum
operating pressure for the numerical simulation of injection-production operation of tunnel
group is 23 MPa, the minimum is 10 MPa, and the operating time is 30 years.
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Figure 20. Pillar width of two caverns.

Figures 21 and 22 show the vertical stress and plastic zone of surrounding rock in the
first year and the thirtieth year after gas production. The stress distribution is basically
symmetrical along the vertical centerline of the pillar. In the first year, the stress at the
top and bottom of the cavity is relatively small, while the stress at the minimum spacing
is relatively large. The plastic zone is distributed asymmetrically. The plastic zone of
the surrounding rock of the roof of the right cavity is significantly larger than that of
the surrounding rock of the left cavity. The plastic zone is mainly concentrated in each
interlayer, the cavity top and bottom. The failure mode is mainly shear failure, and the
plastic zone of the pillar is not connected. The extreme value of vertical stress decreases
in the thirtieth year. The distribution of plastic zone is similar to that of the first year, and
the volume of plastic zone changes slightly. During the overall operation, the convergence
rate of two cavities meets the requirement that the convergence rate is less than 10% in ten
years [42], shown in Figure 23, and the pillar design is reasonable.
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Figure 21. Vertical stress distribution under different operation time.
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Figure 23. Volume convergence rate of cavern group over the operational time of 30 years.

4. Conclusions

In this paper, the salt rock of a salt mine in Sanshui Basin of Guangdong Province
was taken as the subject of research. Direct and indirect tensile, uniaxial compression,
triaxial compression and creep tests were carried out. At the same time, the influence of
temperature was considered to study the mechanical properties of the salt rock of the salt
mine. A stability evaluation of salt cavern gas storage under injection-production operation
conditions was conducted based on actual formation conditions. The main conclusions are

as follows:

1. The salt rocks in Sanshui Basin generally contain impurities. Both tensile test methods

show that the tensile strength of the salt rock is low, less than 2 MPa.

2. Under uniaxial compression, the circumferential tensile stress of the core is greater
than its own tensile strength. The failure mode of salt rock presents as radial tensile
failure and axial splitting failures. However, under triaxial compression, the salt
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rock shows a radial expansion state without obvious shear splitting. The confining
pressure significantly improves the compressive strength of salt rock by limiting its
radial deformation.

3. The mechanical properties of salt rock are slightly influenced by temperature. With the
increase of temperature, the peak strength and elastic modulus of salt rock decrease,
and axial deformation at peak failure also reduce. Under the confining pressure
of 30 MPa, the strength of salt rock decreases by 4.5% at the temperature of 60 °C
compared with that at room temperature.

4. Whether under uniaxial or triaxial compression condition, the salt rock after creep
test has no obvious collapse failure. With the increase of axial load, the accelerated
creep of salt rock only occurs under uniaxial compression operation, indicating that
the confining pressure has a certain inhibition effect on the creep of salt rock. The
greater the deviatoric stress, the greater the creep rate of salt rock, which conforms to
the power exponent relationship. An operating temperature of 60 °C has no obvious
influence on the creep rate of the salt rock. On the whole, the salt rock of salt bearing
strata in Sanshui Basin, Guangdong Province, shows good mechanical properties.

5. Under the operating pressure of 10-23 MPa, the roof settlement displacement and
the volume convergence rate of the cavity are small. Moreover, the plastic area be-
tween two caverns is unconnected, and the overall stability of the salt cavity is good.
Combined with the results of mechanical experiments and a stability analysis, the salt
formation of Sanshui Basin in Guangdong Province has a good geomechanical condi-
tion, and it is suitable for the construction of underground salt cavern gas storage.
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