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The Sanshui salt mine is the sole location in the Guangdong province of South
China with the potential to construct a salt cavern gas storage (SCGS) facility.
Nevertheless, the gas storage construction of this mine faces significant
challenges due to the presence of low‒grade salt deposits and numerous
interlayers. To demonstrate the feasibility and calculate the gas storage
capacity in this specific mining area, two representative salt caverns within this
salt mine were simulated using a self-developed cavern-building simulation
program, enabling us to accurately determine their respective volumes and
shapes. Herein, the findings indicate that the combined caverns possess a total
mining space volume of 1,157,000m3, with the brine space accounting for merely
291,800 m3 (representing 25.22% of the overall mining space), and an extensive
sedimentary volume of 865,200 m3 is also observed (constituting approximately
74.78% of the total mining capacity). Fortunately, this study has revealed that the
sediments exhibit a porosity exceeding 40% and possess favorable permeability;
consequently, countermeasures have been proposed to enhance the gas storage
capacity within the pore space of these caverns, and we also utilized FLAC3D
software for numerical simulation calculations to compare the stability of the
cavern under different conditions of sediment pore utilization by calculating the
volume loss rate, cavern wall displacement deformation, and plastic zone
distribution. Moreover, the proposed method is anticipated to double the
caverns’ working gas volume, increasing it from 40 million m3 to nearly
80 million m3. On the other hand, the long-term stability of caverns is
numerically assessed under different pore space utilization rates of the
sediments. The results also indicate that the caverns’ volume shrinkage, plastic
zones, and surrounding rock displacement remain within allowable limits during
30 years of gas storage operation. The primary problem in the subsequent phase
lies in effectively achieving gas injection and brine removal from the pore space of
sediments while devising a methodology to extend this method to other salt
caverns within similar salt mine areas. Thus, this study provides theoretical and
technical guidance for the establishment of gas storage in existing salt caverns in
the Sanshui salt mine and in salt mines worldwide that share similar geological
conditions.
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1 Introduction

Natural gas has the characteristics of high calorific value, low
carbon emission, and virtually no dust, thus earning praise as a
high-quality clean energy resource. Increasing the proportion of
natural gas in the national energy structure is of great significance
for promoting carbon emission reduction and environmental
protection (Zárante and Sodré, 2009; Wu et al., 2021; Li et al.,
2023). The annual consumption of natural gas in China has been
steadily increasing. For example, in 2000, China’s annual
consumption of natural gas was only 23.8 billion m3, and in
2020, this consumption reached 328 billion m3 (Liu et al.,
2020), with a cumulative increase of 1,278.15% and an average
annual growth rate of 63.91%. Nevertheless, at present, the
proportion of natural gas in China’s primary energy is merely
8.4%, which is still far from the global average of 24%. Natural gas
is the most realistic and clean transition energy from fossil energy
to non-fossil energy, and its consumption will continue to increase
for a long time.

Conventional natural gas resources in China are limited, and the
external dependence of natural gas reached 45.1% in 2020. There are
still many difficulties and challenges to ensure sufficient supply of
natural gas in China. Because the country’s foreign dependence on
natural gas remains at a high level, the supply of natural gas in the
domestic market is blocked, which usually leads to large fluctuations
in natural gas prices (Jong, 2015). For instance, during the conflict
between Russia and Ukraine in 2022, the price of natural gas in
Europe soared to 240 euros/MW (approximately RMB 16.8 Yuan/
m3) (Zheng et al., 2023). To ensure a stable supply of natural gas and
maintain market equilibrium, two measures are commonly
implemented. First, the exploration and development of civil
natural gas is strengthened. For example, in recent years, China
has stepped up the exploration and development of unconventional
natural gas (Mcglade et al., 2013), such as shale, coalbed methane,
and tight sandstone gas, which has achieved initial success in field
production. However, it is still not enough to meet the country’s
increasing demand for natural gas. The second approach involves
expediting the construction of gas storage and enhancing
operational efficiency (Yang et al., 2022). This can be achieved by
using diverse underground reservoirs/structures (Evans and Brooks,
2021; Li et al., 2022a), which serves as a robust measure to directly
guarantee natural gas supply and stabilize the price.

A salt cavern is a widely used type of natural gas storage (Van
et al., 2014), and it is an underground space built in salt formations
by utilizing water solution mining technology. Currently, many
countries, such as Germany, France, Britain, the United States,
Canada, and China, have built salt cavern gas storage (SCGS)
facilities. Compared with the other two popular gas storage types,
depleted gas reservoir and aquifer gas storage, SCGS has the
advantages of high injection-production frequency, less cushion
gas volume, and clear gas storage boundary (Yang et al., 2009;
Liu et al., 2019), which has gained much attention in recent years. As
for the existing gas storage facilities in China, most of them are
located in the western and northern regions, while in the vast
southern regions (Yang et al., 2009; Liu et al., 2020), there are no
large underground gas storage sites. It is of great significance to build
gas storage sites in the vast southern regions of China to maintain
regional energy security.

At the beginning of this century, China began to build SCGS. In
2007, the first SCGS was completed and put into operation in the
Jintan salt mine, Jiangsu Province. By the end of 2022, Jintan SCGS
has produced more than 5 billion m3 of natural gas (Liu et al., 2021),
which plays an important role in maintaining gas supply in the
Yangtze River Delta region. Nevertheless, except for Jintan, the
construction of gas storage in salt caverns in China started late and
the progress was not smooth. The reason is that the geological
conditions of salt mines in China are complicated, with many
interlayers, thin salt layers, and low salt rock grades (Zhou et al.,
2011; Li et al., 2022b). In these salt formations, it is difficult to meet
the basic requirements of cavern construction by copying the theory
and technology of storage construction in formations of salt dome
strata in Europe and America. For instance, the cavern height in the
West Hackberry of the United States is as high as 600 m, but the
height of salt caverns in China is only 100 m. In addition, the
previous gas storage projects in salt caverns in China were mainly
newly planned and constructed, but the thousands of existing old
caverns were still rarely utilized (Liu et al., 2016).

Therefore, in view of the complex bedded salt rocks in China, it
is necessary to find a way to break through the bottleneck of cavern
construction, develop new methods for cavern construction and gas
storage (Ren et al., 2014; Fu et al., 2018; Wang et al., 2021), and
actively utilize the existing abandoned salt caverns to store natural
gas. It is not a new concept to use abandoned salt caverns for gas
storage. The first phase of the Jintan salt cavern gas storage project
utilized six old caverns to store natural gas (Yang et al., 2015).
Additionally, the first phase of the strategic petroleum reserve (SPR)
in the United States also used several old caverns to store crude oil
(Sobolik and Lord, 2015). As shown in Figure 1, an old salt cavern
with satisfactory injection-production conditions can also be used as

FIGURE 1
Schematic diagram of the old SCGS.
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a gas storage space. Using old caverns can not only save the time and
investment of cavern construction but also improve the safety of
these caverns, thereby reducing possible geological disasters, such as
roof damage, brine leakage, and excessive ground subsidence. Thus,
we propose to use old salt caverns in Sanshui to support natural gas
storage.

In this study, two existing old caverns in the Sanshui salt mine in
Guangdong province are taken as the research object. The formation
conditions of the salt mine are analyzed, and the water solution
mining process of the old caverns is simulated using self-developed
simulation software, and the shape and volume of the salt caverns
are obtained. Herein, FLAC3D software develops the VC program
“Layered Salt Horizontal Solution Leaching Simulation Program”

(HSLS) using the finite volume method (Yang et al., 2015). In HSLS,
the main calculation parameters include the dissolution rate of the

cavern boundary, the coordinates of the control points on the cavern
surface, the flow and concentration field of brine, the height and
mass of insoluble sediments, and the angle of the salt–brine
interface. To improve the gas storage capacity of these old
caverns, the proposition of utilizing sediment pore space for
natural gas storage is proposed, along with an analysis of viable
technologies to implement this concept. Accordingly, the relevant
research provides basic data and a theoretical basis for the cavern
stability evaluation and cavern reconstruction of the old SCGS in the
Sanshui salt mine.

2 Basic information

The Sanshui salt mine is located in the northern part of the Pearl
River Delta Economic Zone, 17 km away from Sanshui District,
Foshan City (Figure 2). The traffic in the mining area is very
convenient, connecting with Guangzhou, Foshan, Zhaoqing, and
other cities by highways and railways. This salt mine has been mined
for more than 20 years. Two salt companies are operating the
mining business of the salt mine, and approximately 20 wells
have been drilled to exploit the underground salt resources by
the water solution method.

2.1 Geological conditions of the salt mine

The Sanshui salt mine is located in the Sanshui Basin, which is
the secondary structure unit. The salt mining area spans
approximately 18 km2. There are 1–11 salt-bearing strata in the
Sanshui salt mine. In this paper, four brine production wells, S1, S2,
S3, and S4, are studied, which are all located in the Huanghua block
of the Sanshui salt mine. Well S1 exposed all the salt-bearing strata
in this block. Herein, the total thickness of the salt-bearing strata is
250 m, which consists of salt layers and mudstone interlayers. The
buried depth of the salt layers is more than 1,210 m, and the

FIGURE 2
Geographical distribution map of the Sanshui salt mine.

TABLE 1 Seam information about the Sanshui salt mine from No.1 to No.7.

Salt layer Characteristics of the salt layer

No. 1 This layer is composed of gray and colorless salt rock and intersected
argillaceous interlayers, in which the smoky gray halite contains
more organic matter and speckled anhydrite

No. 2 This layer is composed of salt rock, dolomitic mudstone, and
mortar-bearing interlayers

No. 3 This layer is composed of glauberite salt rock and argillaceous
interlayers

No. 4 This layer is composed of salt rock, scattered anhydrite, glauberite,
and calcareous mudstone, and glauberite shows small dissolution
holes after dissolution

No. 5 This layer is composed of salt rock and intersected argillaceous
interlayers

No. 6 This layer is composed of salt rock, mudstone, and dolomite-bearing
rock, and it locally contains anhydrite and glauberite

No. 7 This layer is composed of salt rock and intersected argillaceous
interlayers, and this layer generally contains massive anhydrite
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maximum cumulative thickness of the salt layers is 126 m. In
addition, according to the characteristics of each salt layer and
the mining conditions of the Huanghua block, the salt layers above
the No.8 salt layer were mined by S1‒S4 and S2‒S3, and the well
section below the No.7 salt layer (excluding the No.7 salt layer) was
sealed with cement (Table 1).

2.2 Salt mine exploitation

(1) Well group S1‒S4

Well S1 and well S4 were originally mined separately, and both
were vertical wells in the initial stage of mining. Because the distance
between the two wells is close (70 m), after a period of mining, these
two wells were connected by underground caverns. Subsequently,
one of the two wells was utilized to inject fresh water and the other
was used to extract brine.

Mining history of well S1: since 2000, this well has been
producing brine through the water solution method. From
2000 to 2005, brine was mined for 61 months, and the
cumulative salt production (NaCl) was 58,941.48 tons. From
March 2005 to December 2016, brine was extracted by water
injection for 153 months, and the caverns formed by the two
wells were connected in March 2005. Since then, well S4 has
been used for water injection, while well S1 was used for brine

extraction; solution mining was turned into the double vertical well
method, and the cumulative salt extraction amount was
498,848.62 tons.

Mining history of well S4: brine production was started in
January 2000 and lasted until February 2005 (approximately
61 months), and the cumulative salt production of this well was
99,900.5 tons. Because the salt layers in well S4 are thicker, the salt
production of well S4 within the same time was 40,959.02 tons more
than that in well S1. From March 2005 to December 2016, the two
wells were connected and well S4 was used as a water injection well,
so the salt production of well S4 was merged into that of well S1.

The mining process of well group S1‒S4 can be described as
follows: before the two wells were connected, they were all mined as
individual wells, which can be simulated as single-well mining. After
the two wells were connected by their underground caverns, the
mining mode was converted into a double-vertical well, with well
S4 used as the water injection well and well S1 used as the brine
extraction well. The salt layers corresponding to well S4 are thicker
and have a higher salt content than that of well S1, so it is reasonable to
choose well S4 for water injection. Moreover, due to the large distance
between the two wells, there is a large insoluble area between the
caverns of the two wells. In the future, we can consider switching
injection–extraction technology to realize the expansion of salt
caverns in well S1 and the dissolution of the inter-well area to
ensure the enlargement of the salt cavern. At the same time, due
to the large output of well S4, it is also necessary to protect the roof of
the cavern to ensure that a sufficient protective salt layer is reserved for
gas storage in the later stage. Figure 3 shows that the dip angle of the
salt layers between well S1 and well S4 is small, and thus, the salt layers
are considered horizontal in the later simulation process.

(2) Well group S2‒S3

During the production process of well group S2‒S3, well S3 was
mined first, and the vertical well method was used at the early stage
of mining. After a period of mining, a directional horizontal well,
which is well S2, was drilled to connect the cavern formed by well S3.

Mining history of well S3: the construction of well S3 began in
2001, aiming at finding out further information about salt layers in
the Huanghua block and improving salt production. The trial
production began in the second half of 2002. By the end of
December 2005, the cumulative salt production (NaCl) was
approximately 51,161.51 tons. Subsequently, well S3 was
connected with well S2.

Mining history of well S2: well S2 was drilled as a directional
horizontal directional well in 2005. The surface wellhead distance
between well S2 and well S3 was 180 m. From January 2006 to
December 2018, the salt production of well S2 was merged with well
S3, and the cumulative salt production (NaCl) was approximately
777,661.2 tons.

3 Mining simulation

3.1 Simulation scheme

The basic mining parameters of the four wells are shown in
Tables 2. These parameters are derived and set according to the

FIGURE 3
Geological histogram of salt layer distribution in the Sanshui salt
mine.
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field data. The solution mining of the four wells was simulated
using the self-developed cavern-building simulation program (Li
et al., 2019). This program is specially designed to simulate
cavern leaching in bedded salt rock, and it is capable of
dealing with the cavern boundary expansion in impure salt
formations, the collapse of interlayers, and the accumulation
of sediments in the cavern bottom. In this program, it is assumed
that the expansion of the salt cavern is mainly caused by the
dissolution of salt rock, and the dissolution rate of salt rock is
calculated by the following equation:

v �
vf × 1 − C/Cs( ) sin α( )0.25 0≤ α≤ π/2,
vf × 1 − C/Cs( ) α

π/2
π/2≤ α≤ π,

0 Insoluble sediments.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
(1)

Here, v is the dissolution rate of the salt cavern, mm/h; vf is the
dissolution rate of an ideal vertical salt surface, mm/h; C is the
concentration of the brine, g/L; Cs is the concentration of the
saturated brine, g/L; and α is the angle of the salt‒brine interface, °.

For the concentration of brine in the cavern, a simplified model
was established, and the brine in the cavern is divided into three
main zones: the circulation zone above the injection tubing, the dead
zone below the injection tubing, and the layer transition zone
between the two zones. The conservation equations of
concentration mass are shown as follows:

ρ
∂Vm

∂t
1−u( )+ −∂Vd

∂t
( )CsId − Q− ∂Vm

∂t
− ∂Vd

∂t
( )C� ∂ VmC( )

∂t
Circulation zone( ),

∂ Cq( )
∂y

dz+ρ∂V
∂t

1−u( ) � ∂ VC( )
∂t

Transition zone( ),

C�Cs Deadzone( ).

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
(2)

Here, ρ is the density of salt rock, kg/m3; Vm is the volume of the
circulation zone, m3; t is time, h; u is the content of the insoluble
substances of the salt, %; Vd is the volume of the dead zone, m3; Id

is a factor, which is 1 in the direct leaching mode and 0 in the
reverse leaching mode; Q is the injection flow rate, m3/s; V is the
volume of a micro-element in the transition zone, m3; and q is the
flow rate of the micro-element in the z-direction in the transition
zone, m3/s.

The maximum tensile strength criterion is utilized to judge the
collapse of the overhanging interlayer, and the tensile stress of the
interlayer is calculated based on the cantilever beam theory. The
judgment equation is as follows:

σ � 6M
bh2

< σt. (3)

Here, σ is the tensile stress of the overhanging interlayer, MPa; σt is
the tensile strength of the overhanging interlayer, MPa, which can be
obtained by laboratory experiments and feedback corrections; M is
the bending moment, KN/m; b is the thickness, and h is the
height, m.

This program can also handle boundary expansion with or
without the oil blanket. Therefore, in this study, we used this
program to simulate the solution process of these four wells.
Considering that the sediments are porous material, the
expansion coefficient of sediment is set in advance, and a model
for calculating the sediments’ volume is added to the program
(Schwab et al., 2023).

3.2 Simulation results

(1) Well group S1‒S4

Well S1 and well S4 are combinations of exploration and
production, and they are naturally connected to form a connected
well group with a horizontal distance of 70 m. According to the
aforementioned mining parameters (Table 2), the cavern leaching
simulation of well group S1‒S4 was carried out. In the original
stage, wells S1 and S4 were used to individually extract brine,
respectively, and two separate corresponding caverns were formed
underground. After a period of brine leaching, the two caverns
were connected to form a big one, and the two wells formed a
connecting well group. At the last stage of production, the
simulated cavern shape of well group S1‒S4 was obtained, as
shown in Figure 4.

(2) Well group S2‒S3

The salt mining in the well group S2‒S3 adopts the two-butted-
well method. Well S3 is a vertical well, extending downward from
the surface of the ground to a depth of 1,344 m, and well S2 is a
directional horizontal well. Moreover, the horizontal distance
between these two wells is 180 m from the ground and
approximately 50 m underground. The simulation result of
cavern leaching is shown in Figure 5. As can be seen, an
irregular horizontal cavern was formed, and most of the cavern
space has been occupied by sediments. Compared with the cavern in
well group S1‒S4, the cavern in the well group S2‒S3 has a much
larger volume for brine, while the sediments have a non-planar
surface under the brine space.

TABLE 2 Basic mining parameters of the four wells in the Sanshui salt mine.

Well
number

S1 S4 S2-S3

Depth range (‒1,350.0 m,
−1,250.0 m)

(‒1,350.0 m,
−1,250.0 m)

(‒1,325.0 m,
−1,200.0 m)

Repose angle 30.0° 30.0° 30.0°

ECS 1.8 1.6 1.6

LDR 13.0 mm/h 13.0 mm/h 13.0 mm/h

UDR 22.5 mm/h 22.5 mm/h 18.5 mm/h

Halite density 2,200.0 kg/m3 2,200.0 kg/m3 2,200.0 kg/m3

BSC 320.0 g/L 320.0 g/L 300.0 g/L

IDIT 114.3 mm 114.3 mm 114.3 mm

IDOT 177.8 mm 177.8 mm 177.8 mm

BTC 50.0° 50.0° 50.0°

Notes: ECS, expansion coefficient of sediments; LDR, lateral dissolution rate; UDR, upper

dissolution rate; BSC, brine saturation concentration; IDIT, inner diameter of internal

tubing; IDOT, inner diameter of outer tubing; BTC, brine temperature in the cavern.
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4 Cavern volume and gas storage
capacity

In Section 3, based on the salt mining data on the salt mine site,
the final shape of the underground salt cavern is inversed using the
self-developed simulation program according to the on-site data on
salt mining. Subsequently, in this part, the cavern volume of the
underground salt caverns is further studied, and their gas storage
capacity is analyzed.

4.1 Cavern volume

(1) Well group S1‒S4

Simulation results of well S1: the total mining volume VTotal is
15.97 × 104 m3, the sediment volume VSedi is 15.81 × 104 m3, and the
brine volume VBrine is 0.16 × 104 m3. The sediment accounts for 99%
of the total volume, and the brine space only accounts for 1% of the
total mining volume.

Simulation results of well S4: the total mining volume VTotal is
24.85 × 104 m3, the sediment volume VSedi is 21.87 × 104 m3, and the
brine volume VBrine is 2.98 × 104 m3. The sediment space accounts

for 88% of the total volume, and the net brine space only accounts
for 12% of the total volume.

After conducting the aforementioned analysis, it is evident that
the cumulative volume of the well group S1‒S4 cavern amounts to
40.82 × 104 m3, with a sedimentary volume totaling 37.68 × 104 m3;
however, the net volume stands at a mere 3.14 × 104 m3. Considering
that well S4 was used for water injection and well S1 was used for
brine extraction in the later period, the cavern of well S1 changed
much less than the cavern of well S4. Although most of the cavern
space is filled with sediments, the process of water injection and
brine extraction was always smooth, both in the field and in our
simulation process, which indicates that the sediments have good
porosity and excellent permeability.

The coefficient of debris expansion of the sediments usually
reaches 1.6–1.8 (Wu et al., 2021), followed by the porosity of the
sediments, which can be calculated by the following equation:

∅ � η−1
η

. (4)

Here, ϕ is the porosity of sediments, and η is the expansion
coefficient of the sediments.

Using Eq. 4, the porosity of the sediment is calculated, and the
porosity is as high as 37.5%–44.4%, indicating that there is a lot of

FIGURE 4
Mining simulation results of the well group S1‒S4.
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pore space in the sediments. The simulation results presented in
Figure 5 indicate a negligible thickness of the residual salt layer
above the cavern roof of well S4. If the expansion of the cavern
boundary would like to be reformed in the future, it is recommended
to inject water from well S1 and to extract brine from well S4. If
feasible, it is recommended to use roof protection measures such as
an oil or gas blanket (Wan et al., 2020; Li et al., 2022e).

(2) Well group S2‒S3

Simulation results of well group S2‒S3: the total mining volume
VTotal is 78.45 × 104 m3, the sediment volume VSedi is 52.68 × 104 m3,
and the brine volume VBrine is 25.77 × 104 m3. The sediments
account for 67.15% of the total volume, and the volume of brine
space accounts for 32.85% of the total volume. The cavern mainly
appears on the side of the inclined well S2, where the salt rock has a
higher grade and smaller proportion of interlayer, so the sediment
volume is greatly reduced, and the brine space is improved.
Nevertheless, considering that the volume of sediments occupies
as high as 67.15% of the total mining volume, it remains imperative
to fully utilize the pore space within these sediments for gas storage.
Considering the small thickness of the residual salt layer on the roof
of well S2, if this cavern is reconstructed in the future, it is suggested
to inject water from well S3 and extract brine from well S2 to
maximize the volume of the cavern and horizontal area at the side of
well S2. Furthermore, effective roof protection measures, such as a
cushion of oil or gas blankets, should also be implemented at the
same time (Liu et al., 2023a).

4.2 Gas storage capacity

(1) Working gas volume

When natural gas is stored in a salt cavern, the gas pressure in
the cavern (commonly known as internal pressure) in the salt cavern
will fluctuate frequently in the process of gas injection and

production. In general, the variation range of the internal
pressure in the salt cavern is 0.33–0.85 times the vertical stress at
the salt cavern casing shoe. Therefore, the volume of working gas is
utilized to measure the gas storage capacity of the salt cavern.
Defined as the difference between the maximum and minimum
internal gas pressure, the gas storage capacity can be calculated by
the following Eq. 5 (Liu et al., 2020):

VNG � MNG × VC

rNG × R

Pmax

Z1 × T1
− Pmin

Z2 × T2
( ). (5)

Here, MNG is the molar mass of natural gas. Vc is the volume of
storable space, m3 (if the pore space of sediments can be used, this
item is added with the volume of the part of the used pore space of
sediments). R is a constant. Z is the compressibility of natural gas at
the corresponding pressure and temperature. T is the gas
temperature in the cavern, °C. P is the corresponding gas
pressure, MPa.

As can be seen from Eq. 5, once the working pressure of the
cavern is determined, the volume of the storable space of the cavern
is the key factor in determining its gas storage capacity.
Unfortunately, based on the research in Section 3, the pure brine
space of the salt cavern of the Sanshui salt mine is relatively small,
accounting for merely 7.69% of the total mining volume of the well
group S1‒S4 and 32.85% of the well group S2‒S3.

It is found that the brine space of the salt cavern in the Sanshui
salt mine is small, only accounting for 7.69% of the total mining
space in the well group S1‒S4 and 32.85% in the well group S2‒S3. It
is very important to find a method to improve the gas storage
capacity of these caverns.

(2) Gas storage in the pore space of the sediments

After several investigations, it is found that the two well
groups in the Sanshui salt mine have been under mining
smoothly for a long time. We have investigated many depleted
reservoirs of gas storage in China, such as the Banqiao depleted

FIGURE 5
Mining simulation results of the well group S2‒S3.
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gas reservoir storage, the formation of which has a permeability
of 67.00–346.50 mD and a porosity of 22% (You et al., 2021). On
the contrary, the porosity of the sediments in the salt cavern is as
high as 40%–50%, which is much larger than that of the depleted
reservoir gas storage. At the same time, the Sanshui salt mine is a
holding subsidiary of Sinopec. The author’s research team has a
better understanding of the mining situation of the Sanshui salt
mine. From the field situation, the water and brine outlets of the
connecting well group are buried in the sediment, and the brine
must also seep through the sediments, but the on-site brine
mining work has been relatively smooth, which shows that the
permeability of the sediment in the salt cavern is good. In other
words, it should be feasible to discharge a portion of the brine
inside the sediments to increase the gas storage space by means of
gas injection and brine discharge.

The gas storage in the pore space of the sediments has been
recognized by many scholars in China, and related research has
been carried out (Li et al., 2021a; Li et al., 2021b; Chuvilin et al.,
2021; Li et al., 2022c; Alms et al., 2023). Referential studies
indicated that most of the brine in the pore space of
sediments can be discharged but not all of it (Pons et al.,
2021; Yuan et al., 2023). Currently, it is deemed feasible to
establish a brine discharge channel by incorporating a
directional well to connect the cavern’s bottom with the
surface of the ground (Marbun et al., 2021). Thus, we set up
three situations with different utilization rates of the sediment
space; in other words, the brine in the pore space of sediments can
be discharged by 0%, 60%, or 80%, and the volume of gas storage
in the pore space of sediments was also calculated, respectively.
The results are shown in Tables 3, 4.

For the cavern of well group S1‒S4, if only the brine volume is
used for gas storage, the gas storage capacity is only 444.76 ×
104 m3. However, if 60% or 80% of the pore space of the sediments
can be used for gas storage, the gas storage capacity can be
increased to 1,739.38 × 104 m3 and 2,169.97 × 104 m3,

respectively. In other words, if only the brine space is used to
store natural gas, the gas storage capacity will be very small, and it
is impractical for gas storage. Therefore, once a certain
proportion of the pore space in the sediments can be used, the
gas storage capacity will be greatly increased.

Taking the working gas volume as an example, when the gas is
only stored in brine space, the total working gas volume is only
4,094.91 × 104 m3. If 60% pore space of the sediments is used for
gas storage, the total working gas volume can reach 7,512.76 ×
104 m3. If 80% of the pore space in the sediments is used for gas
storage, the total working gas capacity can reach 8,058.08 ×
104 m3. Utilizing the pore space in the sediments can improve
the gas storage capacity of the cavern by 0.75–1.0 times, resulting
in very obvious economic benefits. Thus, the next step is to
overcome the theory, tools, and technology of gas injection and
brine removal in the sediments and provide theoretical guidance
for the on-site implementation of gas storage in the pore space in
the sediments. For example, a directional well can be drilled to
connect the cavern bottom of well group S1‒S4 to the ground
surface, which can be used as the brine extraction channel during
gas injection. Well S2 can be repaired and used for brine
extraction, while well S3 is used as the gas injection channel.
In addition, the Sanshui salt mine faces many challenges in
cavern construction because of the low ore grade of the salt
rock and many non-salt interlayers. Therefore, using the existing
caverns is a reasonable way to finish the gas storage task as soon
as possible.

5 Stability simulation

5.1 Simulation model

The long-term stability of gas storage is the key factor affecting
the operation safety and working life of gas storage. Thus, in this
paper, the stability of salt cavern gas storage in the Sanshui salt
mine during 30 years of operation is simulated. According to the
regional geological data on the Sanshui salt mine, a three-
dimensional (3D) geological model, as shown in Figure 6 is
established. Due to the symmetry of the simulation, only a half
cavern in the model is established. This geological model is 710 m
long, 300 m wide, and 750 m high. In order to simplify the
calculation, the overlying depth of the 900-m rock stratum is
simplified as a surface load, which is approximately 21.4 MPa.
A horizontal salt cavern is more feasible for gas storage; thus, this
paper mainly studies the stability of horizontal cavern gas storage
in this area. In our study, the maximum diameter of the horizontal
cavern is 250 m, the height is 85 m, the width is 42 m, and the
buried depth at the top of the cavern is approximately 1,240 m.
During the gas storage period, the gas pressure in the cavern ranges
from 9.11 to 23.46 MPa, while the injection-production frequency
is twice a year. The gas pressure fluctuation curve of 30 years is
shown in Figure 7.

FLAC3D software is used to simulate the stability of the
horizontal cavern when different portion rates of the sediments
are used for gas storage (Walsh et al., 2018; Zabolotnii et al., 2022).
Moreover, the main indexes to characterize the long-term stability of
the gas storage salt cavern are the volume shrinkage rate of the

TABLE 3 Estimation of the gas storage capacity in well group S1‒S4 (double-
vertical well).

Parameter Using 0%
volume of
sediment
space

Using 60%
volume of
sediment
space

Using 80%
volume of
sediment
space

Storage volume/
×104 m3

3.14 12.28 15.32

In situ
stress/MPa

27.60 27.60 27.60

Pmin/MPa 9.11 9.11 9.11

Pmax/MPa 23.46 23.46 23.46

ΔP/MPa 14.35 14.35 14.35

Cushion gas/
×104 m³

282.25 1,103.84 1,377.10

Max. Gas/
×104 m³

727.01 2,843.22 3,547.07

Working gas/
×104 m³

444.76 1,739.38 2,169.97
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cavern, the volume and distribution range of plastic zones in
surrounding rocks, and the displacement of key positions, such
as the cavern roof or cavern waist (Liu et al., 2023b; Liu et al., 2024).

5.2 Results and analysis

(1) Volume shrinkage of the cavern

The volume shrinkage of the salt cavern is the percentage of
the salt cavern volume reduction to the original salt cavern
volume during operation, which is one of the main indexes to
evaluate the stability of salt cavern gas storage. The smaller the
volume shrinkage rate of the salt cavern, the higher the stability of
gas storage. In general, when the volume shrinkage of the gas
storage cavern is less than 30% after 30 years of operation, it is
considered that the gas storage cavern has good stability (Zhang
et al., 2022). It is worth noting that when using the pore space of
sediments for gas storage, the sediments utilized for gas storage
should also be regarded as a part of the cavern when calculating
the volume shrinkage. After the numerical simulation, the
different volume shrinkage curves within 30 years of operation
are shown in Figure 8. It can be seen that with the periodic
injection-production of gas, the volume shrinkage of the cavern
also fluctuates periodically. With the production of gas, the
internal gas pressure decreased and the volume shrinkage of
the salt cavern was much larger at this time. Conversely, when the
internal gas pressure increases, the volume shrinkage decreases
(Katiyar and Saha, 2022).

During operation, with the increase of time, the volume
shrinkage of the cavern increases. Because the surrounding rock
is continuously being compacted under a cyclic load, its deformation
ability gradually decreases until it reaches the failure condition,
which leads to the gradual slowdown of the growth rate of salt cavern

TABLE 4 Estimation of gas storage capacity in the well group S2‒S3 (two-
butted well).

Parameter Using 0%
volume of
sediment
space

Using 60%
volume of
sediment
space

Using 80%
volume of
sediment
space

Storage volume/
×104 m3

25.77 40.76 41.57

In situ
stress/MPa

27.60 27.60 27.60

Pmin/MPa 9.11 9.11 9.11

Pmax/MPa 23.46 23.46 23.46

ΔP/MPa 14.35 14.35 14.35

Cushion gas/
×104 m³

2,316.44 3,663.87 3,736.68

Max. Gas/
×104 m³

5,966.58 9,437.25 9,624.79

Working gas/
×104 m³

3,650.15 5,773.38 5,888.11

Total volume/
×104 m³

4,094.91 7,512.76 8,058.08

Tables 3, 4 show the gas storage capacity of the two salt caverns when 0%, 60%, or 80% of the

pore space of sediments is used for gas storage.

FIGURE 6
3D geological model of the Sanshui salt mine gas storage.
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volume shrinkage (Tistel et al., 2017). For caverns with different
utilization rates of sediment space, with the increase of the
utilization rate, the volume shrinkage shows a decreasing trend.
After 30 years of operation, the volume shrinkage of the cavern
without gas storage in the pore space of sediments is 7.85%, while the
volume shrinkage of the cavern with 60% and 80% pore space of the
sediments for gas storage is 5.03% and 4.31%, respectively. The
volume shrinkage of the three storage situations is all far below the
standard line of 30% within 30 years, which indicates that the
horizontal salt cavern with gas storage in the pore space of
sediments can meet the long-term stability requirements of gas
storage.

(2) Plastic zone of the surrounding rock

As shown in Figure 9, the distribution of the plastic zone around
the cavern can visually show the damage state of the surrounding
rocks (Ardeshiri et al., 2015). It is found that the main type of
surrounding rock failure is shear failure and the plastic zones are
mainly distributed at the top and the waist of the cavern. Moreover,
with the increasing utilization rate of pore space in the sediments,
the distribution of plastic zones in the surrounding rocks also
increases (Li et al., 2022d). Meanwhile, the increased plastic
zones are mainly concentrated in the sediment area that is
utilized for gas storage. The higher compressibility of gas
compared to brine may account for this phenomenon as the
utilization of the sediment pore space for gas storage significantly
diminishes the supportive effect on the surrounding rock, thereby
exacerbating rock damage.

Additionally, the volume changes of the plastic zones of the
surrounding rock are recorded. As shown in Figure 10A, when the
gas pressure is low, the volume of the plastic zone is larger, which is
about 1.1–1.5 times that of the peak gas pressure, indicating that it is
more dangerous to operate the gas storage at a low gas pressure.
Simultaneously, as the utilization rate of pore space in the sediments
increases, there is a substantial augmentation in the volume of

plastic zones within the surrounding rock. In addition, the plastic
zones have a volume of 2.47 × 104 m3 when no gas is stored in the
sediments, 4.38 × 104 m3 when the pore space utilization rate of
sediments reaches 60%, and 4.72 × 104 m3 when the pore space
utilization rate of sediments reaches 80%. It is worth noting that with
the increase in the pore space utilization rate of sediments, the
storage volume of the cavern available for gas storage also increases.
Furthermore, the change in the volume ratio of the plastic zones to
the initial cavern volume under different pore space utilization rates
of sediments is also analyzed, as shown in Figure 10B. It can be
found that with the increase in pore space utilization of sediments,
the volume ratio of the plastic zones decreases. This result shows that
although the volume of the plastic zone of the surrounding rock
increases, the volume ratio of the plastic zones decreases after the
pore space of sediments is used for gas storage. Accordingly, when
injecting and producing the same amount of gas, the plastic damage
of the cavern will be smaller and the cavern stability will be better.

(3) Displacement of the surrounding rock

Displacement of the surrounding rock can directly show the
deformation of the surrounding rock and indirectly display the
stability of the surrounding rock (Zareifard, 2020). The
displacements of key points of a cavern within 30 years of
operation, such as the central point of the cavern roof and the
waist point of the cavern at the largest horizontal diameter, are
recorded. Where the displacement direction of the cavern roof is
vertically downward and the waist of the cavern is horizontally
inward, both of them move to the cavern, indicating that the cavern
is shrinking inward. As shown in Figure 11, when the pore space
utilization rates of sediments increase from 0% to 80%, the
displacement of the surrounding rock exhibits an increasing
trend. At different positions of the cavern, the displacement of
the roof of the cavern increased from 0.48 to 0.58 m, while the
displacement of the cavern waist increased from 0.11 to 0.56 m. The
displacement of the cavern waist point increased more than 4 times

FIGURE 7
Working gas pressure in the salt cavern within 30 years.

FIGURE 8
Volume shrinkage with different utilization ratios of the sediment
space.
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after the sediment pore space was used for gas storage. This result
demonstrates that when the pore space of sediments is used for gas
storage, the supporting effect of sediments on the surrounding rock

is greatly reduced. Fortunately, on the whole, the displacement of the
surrounding rock of the gas storage is very small, and the
displacement of the roof of the cavern and waist of the cavern

FIGURE 9
Distribution of the plastic zone around the cavern.

FIGURE 10
Volume change curve of the plastic zone.
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does not exceed 0.6 m, which is approximately 1.5% of theminimum
diameter of the cavern. Therefore, the storage cavern is still
considered to be stable.

In summary, comprehensive evaluation and comparison were
conducted on the stability of sediments under different pore
utilization rates. Herein, the numerical results indicate that
utilizing the porosity of sediments can not only increase the gas
storage capacity but also improve the stability of salt caverns.
Moreover, as the utilization rate of sediment pores increases, the
volume loss rate of the salt cavern and the plastic zone decreases.
Although the displacement of key points has increased, the overall
displacement of the cavern is small and can still be considered stable.

6 Conclusion

In this paper, the feasibility of solution mining and gas storage in
the caverns of the Sanshui salt mine is evaluated. Based on the field
production data, the construction process of salt caverns is
numerically simulated, revealing characteristics such as the shape
and size of the existing salt caverns in this mining area. The analysis
includes the gas storage capacity of the salt caverns in this area, as
well as an evaluation of their long-term stability. The conclusions are
as follows:

(1) Based on the analysis of the basic information, such as the
structure, composition, and solubility of the salt layer in the
Huanghua block of the Sanshui salt mine in Guangdong
province, it is considered that the exploitable salt layers in
this block are the No.1‒No.7 salt layers. There are many
interlayers, and the thickness of the salt layers is small; thus,
the cavern construction faces great challenges. The most
prominent problem is that the brine space formed in cavern

construction is very small, and most of the cavern space is
occupied by sediments.

(2) The solution mining processes of the well group S1‒S4 and well
group S2‒S3 in the Sanshui salt mine are simulated and analyzed
using the self-developed cavern-building simulation program.
Details of the shape, volume, effective gas storage volume, and
sediments volume of the salt cavern are obtained. For these twowell
groups, one vertical cavern and one horizontal cavern are
simulated, and their brine space volumes are 3.41 × 104 m3 and
25.77 × 104 m3, respectively. Both caverns are occupied by a lot of
sediments, and the sediment volumes are 33.85 × 104 m3 and
52.67 × 104 m3, respectively, among which the volumes of the pore
space of the sediments in each cavern are 15.23 × 104 m3 and
19.75 × 104 m3, respectively.

(3) It is estimated that, if only the clean brine space is used, the total
working gas volume is only 4,094.91 × 104 m3. If 60–80% pore
space volume of the sediments is used for gas storage, the total
working gas volume will reach 7,512.76 × 104–8,058.08 × 104 m3.
It is estimated that the gas storage volume can increase by
0.75–1 times by making full use of the pore space of the
sediments, and the economic benefits will be obvious.
Accordingly, in the future plans, we should strengthen the
research on gas storage in the pore space of the sediments.
First, we will conduct progressive conventional rock (sediment)
mechanical experiments. Subsequently, we will extensively
examine the impact of the sediment content, formation
depth, and temperature on cavern stability. Lastly, we aim to
systematically investigate the feasibility and economic viability
of utilizing sediment space in salt caverns for natural gas/
compressed air/hydrogen/carbon dioxide storage.

(4) The long-term stability of the gas storage salt cavern under
different utilization rates of pore space of the sediments is
simulated. The simulation results show that with the increase

FIGURE 11
Displacement of key points of the surrounding rock.
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in the sediment utilization rate from 0% to 80%, the volume
shrinkage of the cavern decreases from 7.85% to 4.31%, and the
distribution range and volume of the plastic zone in the
surrounding rock and the displacement of cavern key points
increase. Further research found that these stability evaluation
indexes are all within the safe range allowed by gas storage. In
addition, it is proved that the salt cavern involving gas storage in
the pore space of sediments still has good stability, high
economy, and huge development potential.
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Nomenclature

SCGS Salt cavern gas storage

SPR Strategic petroleum reserve

HSLS Layered salt horizontal solution leaching simulation program

NaCl Sodium chloride

SL Salt layer

SG Salt group

v Dissolution rate of the salt cavern (unit: mm/h)

vf Dissolution rate of an ideal vertical salt surface (unit: mm/h)

C Concentration of the brine (unit: g/L)

Cs Concentration of the saturated brine (unit: g/L)

α Angle of the salt‒brine interface (unit: °)

ECS Expansion coefficient of sediments

LDR Lateral dissolution rate

UDR Upper dissolution rate

BSC Brine saturation concentration

IDIT Inner diameter of internal tubing

IDOT Inner diameter of outer tubing

BTC Brine temperature in a cavern

η Expansion coefficient of sediments

Vc Volume of storable space (unit: m3)

Z Compressibility of natural gas at the corresponding pressure and
temperature

P Corresponding gas pressure (unit: MPa)

Pmax Maximum gas pressure (unit: MPa)

ρ Density of salt rock (unit: kg/m3)

Vm Volume of the circulation zone (unit: m3)

t Time (unit: h)

u Content of the insoluble substances of the salt (unit: %)

Vd Volume of the dead zone (unit: m3)

Id A factor, which is 1 in the direct leaching mode and 0 in the reverse leaching
mode

Q Injection flow rate (unit: m3/s)

V Volume of a micro-element in the transition zone (unit: m3)

q Flow rate of the micro-element in the z‒direction in the transition zone
(unit: m3/s)

σ Tensile stress of the overhanging interlayer (unit: MPa)

σt Tensile strength of the overhanging interlayer (unit: MPa)

M Bending moment (unit: KN/m)

b Thickness (unit: m)

h Height (unit: m)

VTotal Total mining volume (unit: m3)

VSedi Sediment volume (unit: m3)

VBrine Brine volume (unit: m3)

ϕ Porosity of sediments

MNG Molar mass of natural gas

R Constant

T Gas temperature in the cavern (unit: °C)

Pmin Minimum gas pressure (unit: MPa)

ΔP Difference between the maximum and minimum gas pressures (unit: MPa)
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