‘-».{: processes

Article

Experimental Study on Plugging of Micro-Leakage Interlayer
(MLI) in Underground Salt Cavern Gas Storage (Jintan, China)

Hongwu Yin /2

check for

updates
Academic Editors: Chun Zhu,
Shibin Tang and Shengyuan Song

Received: 14 March 2025
Revised: 10 April 2025
Accepted: 12 April 2025
Published: 14 April 2025

Citation: Yin, H,; Ge, X. Experimental
Study on Plugging of Micro-Leakage
Interlayer (MLI) in Underground Salt
Cavern Gas Storage (Jintan, China).
Processes 2025, 13, 1188. https://
doi.org/10.3390/pr13041188

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Xinbo Ge 3*

Guangzhou Expressway Co., Ltd., Guangzhou 510555, China; hong5yin@163.com

State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics,
Chinese Academy of Sciences, Wuhan 430071, China

College of Energy and Mining Engineering, Shandong University of Science and Technology,

Qingdao 266590, China

*  Correspondence: gexinbo@163.com

Abstract: The permeability of a certain mudstone interlayer in underground salt cavern
gas storage (Jintan, China) is slightly high, as indicated by pressure tests (leakage rate of
approximately 1~2 L/d). This layer is referred to as the “Micro-Leakage Interlayer (MLI)”.
The MLI significantly impacts the tightness of gas storage, potentially leading to substantial
losses. To address this problem, an experimental study was conducted. Initially, a method
utilizing brine crystallization to plug the micro-leakage interlayer (MLI) was proposed.
After crystallization, the porosity of the MLI cores exhibited a notable increase, and the
permeability of the MLI cores increased significantly, further exacerbating the risk of gas
leakage. These results indicate that the plugging solution requires further exploration. Fi-
nally, a combined plugging solution utilizing brine crystallization and ultrafine cement was
proposed. Using saturated brine and waterproof coatings, an ultrafine cement slurry was
prepared, and specimens were created for testing. The results indicate that the specimens
exhibited a porosity of approximately 3%, a permeability below 10~ m?, and a uniaxial
compressive strength of about 40 MPa. The ultrafine cement particles had an average
particle size of 3 pm, and the ultrafine cement slurry exhibited extremely low porosity
and permeability, as well as high strength. The results indicate that this solution is highly
feasible and can be applied to field engineering.

Keywords: micro-leakage interlayer; underground salt cavern gas storage tightness; brine
crystallization; cement-based sealing; rock salt permeability

1. Introduction

It is well known that the permeability of rock salt is very low (less than 10~2° m?) [1-3].
Additionally, rock salt exhibits characteristics such as self-healing, high ductility, and
suitability for water-soluble mining [4-7]. Therefore, underground salt caverns have
been widely used for the long-term storage of energy resources (such as oil and gas) and
radioactive waste [8-12]. Since the 1950s, numerous underground gas storage salt caverns
have been constructed in countries such as the United States, France, Canada, and Germany
for commercial short-term or seasonal storage, as well as for national strategic energy
reserves [13]. By the end of 2012, 74 salt cavern gas storage facilities were established
worldwide [14,15]. In 2010, gas was injected into the first newly constructed salt cavern
gas storage facility in China, marking the beginning of large-scale energy storage system
development in the country [16].
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The study of rock salt has been pursued for many decades and has achieved consider-
able progress. In 1957, Gerhard proposed a method for forming and surveying caverns in
salt formations [17]. The feasibility of constructing spherical cavities in underground salt
domes in the United States was explored through a series of tests [18]. Durie investigated
the mechanism of rock salt dissolution in underground salt cavities. He found that the
dissolution rate was influenced by the rate at which fresh water was injected into the
cavity [19]. Based on in situ and laboratory data, the geology and cavern stability of the
Bayou Choctaw Salt Dome in the United States were studied in 1978 [20]. By conducting
experiments that consider the influence of trace amounts of brine, the recrystallized mi-
crostructure of naturally deformed rock salt was reproduced. Urai et al. [21] proposed that
most natural rock salt deformation occurs in the transition zone between the dislocation-
creep and solution-transfer fields. Dusseault investigated the time-dependent behaviors
of rock salt and developed a semi-empirical model to predict its in situ behavior [22]. He
suggested that the Lotsberg Salt of central Alberta, Canada, is suitable for use in salt cav-
erns for permanent CO, sequestration [23]. Stormont argued that in situ gas permeability
could serve as an effective method for detecting and delineating the disturbed rock zone
(DRZ) around salt caverns [24]. Alkan introduced a new percolation model to predict the
dilatancy-induced permeability increase in the DRZ of rock salt [25].

Unlike the thick, homogeneous, and clean rock salt deposits in countries such as
the United States, Canada, and Germany, the rock salt in China exhibits several distinct
characteristics, including shallow depth, limited salt thickness, and high impurity content
(e.g., anhydrite, salty mudstone, sandy mudstone, and carbonates) [26,27]. Consequently,
the design and operation of bedded salt storage facilities in China face significant challenges
that must be addressed. Efforts are currently underway to address these potential issues.
Over the past 20 years, Yang and his research team have been actively engaged in studying
salt caverns in China [28-33]. Gas seepage has a significant impact on the safety of salt
cavern gas storage, particularly in layered salt strata. In 1980, a gas leakage accident
occurred in the Barber’s Hill salt dome (Mont Belvieu, TX, USA), which ultimately led to
an explosion in a residence near Mont Belvieu [34]. Evans summarized over 200 reported
incidents related to underground energy storage facilities, many of which resulted in
substantial losses [35]. Leaky wellbores or faults are considered the primary causes of
such leakage accidents [36]. To prevent gas leakage incidents, extensive research has been
conducted in China [37-39].

Leakage sealing in underground storage engineering is a critical research topic that
requires further investigation. During the storage of oil and natural gas, formation leakage
can lead to significant engineering losses, severe environmental damage, and even casual-
ties in extreme cases. To enhance leakage prevention and sealing efficiency in formations,
Zeng et al. [40] investigated the mechanical mechanisms of fracture plugging in fractured
formations using theoretical analyses and numerical simulations. Alberty and McLean [41]
described a mechanism for increasing the fracture strength above the conventional mini-
mum horizontal stress through the addition of mud additives and introduced the concept
of a “stress cage”. Through mechanical analysis and simulated experiments, Wu et al. [42]
proposed the use of fine-grained high-strength skeletons combined with high-temperature-
resistant soft suspensions as drilling fluid-plugging agents. Their study systematically
validated the sealing efficacy of this approach under downhole conditions. Li et al. [43]
pointed out that the integrity of cement-salt rock interfaces (CSI) in salt cavern gas storage
wells may be damaged during circulating gas injection, production, and long-term gas
pressure maintenance. They indicated that extending the holding time and increasing the
number of cycles can effectively improve the pore structure of CSI and enhance cement
sheath integrity.



Processes 2025, 13, 1188

30f16

The permeability of a certain mudstone interlayer in Jintan, China, is slightly high, as
indicated by recent pressure tests (with a leakage rate of approximately 1~2 L/d). This
layer is referred to as the “Micro-Leakage Interlayer” (MLI). A schematic diagram of a gas
storage cavern with MLI is shown in Figure 1. Based on the types of materials employed,
there are several methods to plug fractured formations [44,45], such as Bridge Plugging, Gel
Plugging, Cement Plugging, Composite Materials, Mechanical Methods et.al. The particle
sizes of the aforementioned plugging materials are relatively large, making it difficult
for them to penetrate into the MLI. As a result, they fail to achieve effective plugging
performance and cannot meet the long-term operational requirements of gas storage. The
presence of MLI poses a significant challenge that must be urgently addressed. To address
this issue, an experimental study was conducted.

=

*MLI

(Mlcro Leakage Interlayer)

Figure 1. Schematic diagram of gas storage with MLI (micro-leakage interlayer).

The construction of underground salt cavern gas storage relies on solution mining
technology, during which salt crystals precipitate from brine when it reaches supersatura-
tion. This study proposes a novel approach to leakage sealing using brine crystallization.
The MLI samples exhibited high porosity and well-connected pore networks, enabling
ultrafine cement particles to penetrate the pores. By preparing an ultrafine cement slurry
with saturated brine and injecting it into the MLI under pressure, the permeability and
porosity of the interlayer can be significantly reduced. This research provides practical
guidance for sealing leakage interlayers in underground salt cavern gas storage, enhancing
long-term operational integrity.

2. The First Solution

When brine becomes supersaturated, NaCl precipitates in the form of a crystal. The
NaCl crystal structure is dense, with extremely low permeability, which led to the proposal
of utilizing brine crystallization to plug the MLI. Experimental research was conducted on
this solution, with the expectation of achieving the results illustrated in Figure 2.
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Brine crystallization

Brine crystallization

Figure 2. The process and effect of ideal plugging with brine crystallization.

2.1. Specimen Preparation

The experimental interlayer rock (MLI) was mudstone with a low salt content (ranging
from 2.58% to 16.25%, as determined by XRD tests) collected from a bedded salt formation
in Jintan, China. The depth of the MLI ranges from 876.60 m to 884.60 m, and its thickness
is approximately 0.87 m. This interlayer is brittle and prone to breaking; therefore, we were
only able to obtain six cores with a diameter of 25 mm (Figure 3). To prepare layered rock
specimens, epoxy resin was used to wrap the MLI cores [46]. The specimen preparation
process is illustrated in Figure 4. The specimens with a diameter of 38 mm are shown in
Figure 5. Permeability tests were conducted to confirm that the permeability of the epoxy
resin was extremely low (comparable to that of rock salt). The test results indicate that the
permeability of the specimens (Figure 5) was the same as that of the original cores (without
epoxy resin, Figure 3).

Step3
MLI core

Epoxy resin

L ./ ...'.\ /.

S— - e —

Step4 StepS Step6

Figure 4. The process of preparing specimens.
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Figure 5. The MLI specimens wrapped by epoxy resin.

2.2. Test Results and Analysis

To evaluate the effectiveness of brine crystallization plugging, porosity and permeabil-
ity tests were conducted before and after the crystallization process. The crystallization
process for the specimens was as follows: first, the specimens were soaked in saturated brine
(at a temperature of 50 °C and a pressure of 12 MPa) for 7 days; then, brine crystallization
was induced within the specimens through evaporation.

2.2.1. SEM Tests

Scanning electron microscopy (SEM) was used to determine the microstructure of the
MLI cores. Some of the resulting images are shown in Figure 6.

a. 100 times

d. 5000 times c. 2000 times
Figure 6. SEM pictures of MLI (micro-leakage interlayer) core.

From Figure 6, it can be observed that the MLI core is heterogeneous. The core
contained cracks with widths of approximately 5 pm and pores. Under stratum conditions,
these pores serve as potential channels for the migration of brine. The core also contained
clay minerals, including illite (about 22.24%), montmorillonite (about 3.71%), and kaolinite
(about 3.19%). When brine migrates through the cores, water may be absorbed by clay
minerals, leading to supersaturation. As a result, crystallization may gradually occur
within the pores and cracks.
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2.2.2. Porosity Tests

A helium porosity measuring instrument (Figure 7) was used to determine the porosity
of the specimens. Helium molecules have the advantages of small size, stable properties,
and minimal adsorption on the surface of clay minerals. As a result, it is easy to obtain
accurate measurements without damaging the specimens. The results of the porosity tests
are presented in Table 1.
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Figure 7. Schematic diagram of the helium porosity measurement. ®38 represents a core with a
diameter of 38 mm, and ®25 represents a core with a diameter of 25 mm.

Table 1. The results of porosity tests.

NO Diameter  Height Porosity Porosity
) (mm) (mm)  Before Crystallization (%) After Crystallization (%)

M1 3791 47.49 16.92 18.46

M2 37.87 48.37 15.84 17.63

B2 37.93 51.25 5.83 12.36

B3 38.05 28.89 6.03 8.64

R1 38.03 30.60 5.20 7.48

R3 38.01 27.21 4.88 8.57

Table 1 shows that the porosities of the specimens increase significantly after crys-
tallization, particularly for B2. In saturated brine, the clay minerals in the MLI core may
absorb water, leading to expansion, which simultaneously promotes crack propagation.
The dissolution and crystallization of salt occur in a dynamically balanced manner. The
dissolution of salt in the MLI cores may further facilitate the formation and propagation
of cracks. Under actual stratum conditions, the porosity of the interlayer is unlikely to
change significantly due to the high formation pressure. Additionally, crystallization
should partially block the pore pathways. However, the laboratory test appears to have
certain limitations.

2.2.3. Permeability Tests

The permeability of the specimens was tested under steady nitrogen (N3) gas flow
using a low-permeability measurement instrument. The flowchart of this instrument
(Figure 8) was designed in accordance with the standards of the American Petroleum
Institute [47].

During the test, the gas flow is vertical. The confining pressure is 1.38 MPa. The
outlet pressure is 0.10 MPa, and the temperature is 25 °C. Table 2 presents the permeability
results. The permeability of the MLI cores is on the order of 1071 m2, which is far
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greater than that of rock salt (less than 1072° m?). This high permeability contributes
to gas leakage through the MLI. The results demonstrate that the permeability of the
specimens increases substantially after crystallization, particularly for sample B2. During
the test, the clay minerals within the MLI core may absorb water, leading to expansion
and simultaneous crack propagation. The dissolution and crystallization of salt occur
in a dynamic equilibrium. The dissolution of salt within the MLI cores likely facilitates
the formation and propagation of cracks, as illustrated in Figure 9. Consequently, the
permeability increases significantly.

Metering Valve
-~ - m
- P«

Higher

Core holder flowmeter
Pressure Low

Pressure differential gauge S

regulating valve flowmeter

Figure 8. The flow chart of the Low permeability measurement instrument.

Table 2. The results of permeability tests.

Diameter Height Permeability Before = Permeability After

NO. Crystallization Crystallization
(mm) (mm) 1'(3110*15 m?) r(},10*15 m?)

M1 3791 47.22 0.120 0.239

M2 37.87 48.16 0.154 0.497

B2 37.93 51.09 0.384 1.524

B3 38.05 28.89 0.126 0.747

R1 38.03 30.72 0.111 0.200

R3 38.01 27.31 0.155 0.599

a. Before test b. After test

Figure 9. The surface characteristics of the specimen (e.g., B2) before and after the test.
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2.2.4. CT Tests

To investigate the internal structural changes in the specimens before and after crys-
tallization, CT scanning was performed using a Zeiss Xradia 410 Versa instrument (Carl
Zeiss AG, Aalen, Germany), which offers a spatial resolution of 0.7 um. Due to the high
cost associated with the process, only three specimens (B2, M1, and R1) were selected
for scanning. A total of 1014 CT images were acquired for each specimen. Among these,
specimen B2 was selected for a detailed analysis. B2 is an MLI core with minimal salt
content, measuring 37.93 mm in diameter and 51.09 mm in height.

Due to the lack of clarity in the images of the upper and lower sections, we selected
and analyzed images numbered 200 to 900 for further examination (Figure 10). Using the
AVIZO (version 2020.1) software, we performed 3D reconstruction of specimen B2 both
before and after crystallization. During this process, the epoxy resin components were
excluded from visualization (Figure 11).

400
500
600
700
800
900

a. Before crystallization b. After crystallization

Figure 11. 3D reconstruction of specimen B2 before and after crystallization.

The CT images were processed using MATLAB (R2020a) software, and eight represen-
tative images were selected for a detailed analysis. As shown in Figure 12, the initial cracks
in the MLI specimens exhibited significant propagation after crystallization, particularly
by scans 200, 300, 400, and 500. In a saturated brine environment, the dissolution and
crystallization of salt occur in a dynamic equilibrium. The partial dissolution of salt in
specimen B2 likely facilitated the formation and propagation of cracks, as evidenced by
scans 700, 800, and 900 (Figure 12).
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Number 200 Number 300

Number 400 Number 500

Number 600 Number 700

Number 800 Number 900

Figure 12. CT images of specimen B2 before (left) and after (right) crystallization.

The ratio of the area of the holes and cracks to the total cross-sectional area was
calculated for each of the eight analyzed images. As illustrated in Figure 13, this ratio
exhibits a significant increase after crystallization, particularly in scans 700, 800, and
900. These results demonstrate that crystallization plays a critical role in promoting the
formation and propagation of cracks within the MLI core, ultimately leading to an increase
in the porosity.
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Figure 13. Ratio of the holes and cracks area to the cross-section before and after crystallization.

2.3. Result Analysis

After crystallization, it was observed that the initial cracks in the MLI specimens
propagated, and both porosity and permeability increased. These results indicate that the
plugging solution requires further exploration.

3. The Second Solution

From the results of the first solution, it can be observed that the porosity and perme-
ability of the MLI specimens increased after crystallization, and the internal pores of the
specimens became more developed. This is because the MLI specimens inherently have
a high salt content, coupled with a high clay mineral content. When brine infiltrates the
specimens, the internal salts dissolve, and the clay minerals expand upon contact with
water, leading to the development and extension of the internal fractures. This results in an
increase in both porosity and permeability.

In drilling engineering, the cement slurry is commonly used to plug fractured forma-
tions. However, MLI exhibits better gas tightness compared to typical fractured formations,
and ordinary cement slurry, with its larger particle size, struggles to penetrate the fine
pores of the micro-permeable layers. As a result, using ordinary cement slurry may lead to
incomplete plugging and fail to achieve the desired effect.

Ultrafine cement particles are significantly smaller than those of ordinary cement,
which makes ultrafine cement particularly suitable for plugging the MLL In the preparation
of ultrafine cement grout, it is essential to use saturated brine instead of fresh water. This is
because unsaturated saline solutions can dissolve salts present in the mudstone of the MLI
and cause the swelling of clay minerals. During the curing process of the ultrafine cement
grout, saturated brine inevitably forms salt crystals, which further densify the grout and
enhance its sealing effectiveness. The ultrafine cement slurry to be prepared must meet the
following requirements:

(1) Exhibit fine particle size for microcrack penetration: The cement particles must be
ultrafine to ensure that the slurry can effectively penetrate the MLL

(2) Exhibit excellent filling performance. The slurry should exhibit low porosity and low
permeability after hardening, ensuring that it can completely fill the voids and create
a dense, impermeable barrier.

(8) Exhibit high-pressure resistance and strength. The hardened slurry must pos-
sess sufficient strength to withstand high pressures to ensure long-term stability
and effectiveness.
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This method is referred to as Brine Crystallization Combined with Ultrafine Cement
Grouting Solution. The expected effect of this solution is illustrated in Figure 14.

Casing

Casing shoe

Ultra-fine cement slurry

Open hole Micro-Leakage Interlayer (MLI)

The bottom of

cement squeeze
Figure 14. The solution of Brine Crystallization Combined with Ultrafine Cement Grouting and the
expected effect.

3.1. Specimen Preparation

The ultrafine cement particles used in this study have an average particle size of 3 um,
with a distribution range of 0.2-18 um. Notably, 80% of the particles are smaller than
5 um, which ensures their ability to flow effectively into the pores and fractures of the
MLI. Water can lead to the formation and expansion of fractures in the MLI. This results
in increased permeability and reduced strength of the geological formation. To mitigate
this issue, saturated brine and waterproof coatings were employed as substitutes for water
during the preparation of ultrafine cement grout. The optimal ratio for the grout mixture
is 0.44:1.00:0.02 (Saturated Brine: Ultrafine Cement: Waterproof Coating). The ultrafine
cement grout has an initial viscosity of 70 mPa-s and an initial setting time of 300 min.
The ultrafine cement grout was subjected to conditions simulating actual field operations:
(1) Temperature: 50 °C; (2) Pressure: 25 MPa. After curing, cylindrical specimens with a
diameter of 25 mm and a height of 50 mm were prepared for further testing. The specimens
are shown in Figure 15.

Figure 15. The produced standard specimens.
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3.2. Test Results and Analysis
3.2.1. Porosity and Permeability Tests

The porosity and permeability of the ultrafine cement slurry after solidification are
critical parameters for plugging. To obtain this information, porosity and permeability
tests were conducted on the specimens. Due to the dense nature of the specimens, the
pulse decay method was employed to measure the permeability. Figure 16 illustrates the
pressure-time curve obtained from the permeability test, while Table 3 presents the results
of the porosity and permeability measurements.
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Figure 16. The pressure-time curves during the tests.

Table 3. The porosity and permeability test results.

. . . Permeability
o,
NO. Diameter (mm) Height (mm) Porosity (%) (10-20 m?)
CX-1 25.02 49.98 2.67 3.561
CX-2 24.97 50.31 3.04 20.233
CX-3 25.03 49.94 2.79 5.122
Average 38.05 28.89 0.126 0.747

As shown in Figure 16, the permeability test for specimen CX-1 lasted 379,200 s (ap-
proximately 105 h), for specimen CX-2, 104,400 s (approximately 29 h), and for specimen
CX-3, 219,600 s (approximately 61 h). The extended duration of the tests indicates that the
permeability of the specimens is extremely low, with poor internal pore connectivity. From
Table 3, it can be observed that the porosity of the specimens is approximately 3%, and the
permeability is below 1071 m2. After solidification, the porosity and permeability of the
ultrafine cement are significantly lower than those of the MLI and other mudstone interlay-
ers, and are comparable to those of salt rock. This demonstrates that the ultrafine cement
slurry exhibits excellent filling properties and that the Brine Crystallization Combined with
Ultrafine Cement Grouting Solution is highly feasible.

3.2.2. Strength Tests

Based on the experience gained from the construction and operation of underground
salt cavern gas storage in Jintan, the maximum operating pressure for an underground
salt cavern gas storage at a depth of approximately 1000 m should be 18 MPa. Taking into
account the formation pressure, the ultrafine cement slurry must possess sufficient strength
to ensure that it does not fail under stress after plugging. To determine the strength of
the specimens, uniaxial compression tests were conducted, and the stress-strain curve is
shown in Figure 17. According to previous studies, the uniaxial compressive strength of
salt rock in Jintan is approximately 19 MPa, while that of mudstone is about 34 MPa. The
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elastic modulus of salt rock is around 3.90 GPa, and that of mudstone is approximately
4.72 GPa. As shown in Figure 17, the uniaxial compressive strength of the cured ultrafine
cement specimen is about 40 MPa, with an average elastic modulus of around 6.49 GPa.
This indicates that the ultrafine cement slurry meets the strength requirements, demonstrat-
ing that the Brine Crystallization Combined with Ultrafine Cement Grouting Solution is
highly feasible.

40 [ l—o—CX-5
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Figure 17. The stress-strain curve of ultrafine cement sample under uniaxial compression.

3.3. Result Analysis

The test results have demonstrated that the ultrafine cement slurry exhibits extremely
low porosity and permeability, along with high strength, making it capable of meeting
plugging requirements. The ultrafine cement particles are characterized by their small
size, large specific surface area, and rapid hydration rate, which accelerate the gelation
and thickening processes, significantly influencing the performance of the ultrafine cement
slurry. The relatively dense salt crystals formed by brine can further enhance the plugging
effectiveness of the ultrafine cement slurry. The Brine Crystallization Combined with an
Ultrafine Cement Grouting Solution is highly feasible.

4. Summary and Conclusions

The MLI significantly impacts the tightness of gas storage systems, potentially leading
to substantial and immeasurable losses. This presents a critical challenge that must be
urgently addressed. To address this issue, an experimental study was conducted. Two
plugging solutions were proposed, and experimental tests and feasibility analyses were
conducted, yielding the following key conclusions:

(1) The permeability of the MLI cores is on the order of 10~'® m?, which is significantly
higher than that of rock salt (less than 1072 m?). This elevated permeability is the
primary factor contributing to gas leakage through the MLI.

(2) For the solution of brine crystallization. After crystallization, the porosity of the MLI
cores exhibits a notable increase, indicating structural changes within the material.
Similarly, the permeability of the MLI cores increases significantly post-crystallization,
further exacerbating the risk of gas leakage. These results indicate that the plugging
solution requires further exploration.

(3) For the Brine Crystallization Combined with Ultrafine Cement Grouting Solution.
The ultrafine cement particles have an average particle size of 3 um, and the ul-
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trafine cement slurry exhibits extremely low porosity and permeability, along with
high strength. The salt crystals formed by brine can further enhance the plugging
effectiveness of the slurry. The results indicate that this solution is highly feasible.

The second solution can be attempted for on-site application in gas storage projects. After
implementation, a gas-tightness test should be conducted to verify the sealing effectiveness.
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