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Abstract

Impure rock salt is increasingly used as a host medium for underground hydrogen and
compressed air energy storage in China; however, its permeability evolution under stress
remains insufficiently constrained. This study presents a systematic experimental and
modeling investigation of the permeability behavior of impure rock salt from the Ping-
dingshan (Henan) and Yunying (Hubei) salt mines. Nineteen cylindrical specimens were
subjected to full-process triaxial permeability testing, including initial measurements, hy-
drostatic damage recovery, and staged deviatoric loading. A hydrostatic recovery stage
(15 h at 40 MPa) was applied to reduce coring- and machining-induced micro-damage,
resulting in a permeability reduction in one to three orders of magnitude. After recovery,
the initial permeability decreases nonlinearly with increasing effective stress and con-
verges to approximately 102! m? at stress levels corresponding to in situ burial depths.
During deviatoric loading, permeability exhibits a two-stage response: a rapid increase
associated with early damage and microcrack initiation, followed by saturation once the
dilatant volumetric strain exceeds approximately 1-2%. Impurity content influences both
the magnitude and evolution of permeability by modifying the initial pore structure and
damage development; however, the response is non-monotonic and region-dependent
due to differences in dominant impurity mineralogy. Based on the experimental results, a
semi-theoretical permeability model incorporating effective stress, dilatant strain, and im-
purity content was developed. The model reproduces the observed permeability evolu-
tion under different confining pressures with good agreement, providing a practical
framework for evaluating the hydraulic integrity of impure rock salt in underground en-
ergy storage applications.

Keywords: impure rock salt; permeability evolution; hydrogen storage; underground
energy storage; permeability modeling

1. Introduction

In recent years, China has witnessed rapid growth in renewable energy, ranking
among the world leaders in installed capacity and significantly accelerating the
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decarbonization of its energy infrastructure. This expansion, however, has introduced sub-
stantial costs associated with peak regulation and grid integration. Underground salt cavern
storage has emerged as a critical solution to these challenges, providing large-scale capacity to
store and dispatch energy, thereby mitigating the intermittency and variability of wind and
solar power. Furthermore, the integration of green energy carriers, such as green ammonia
and methanol, provides a comprehensive pathway for the decarbonization of the entire in-
dustrial chain, encompassing production, transportation, and utilization [1].

As the host medium for such storage facilities, rock salt has been the subject of extensive
research regarding its physical and mechanical properties [2—4]. Compared with the salt dome
formations common in Western countries, Chinese salt formations are typically characterized
by high impurity contents, multiple interlayers, and thin strata. These impurities primarily
comprise argillaceous materials, gypsum, and glauberite. With the large-scale construction of
salt cavern storage in China, significant progress has been made in understanding the me-
chanical behavior of this impure rock salt [5,6]. To facilitate the engineering implementation
of these facilities, preliminary site selection systems for salt cavern hydrogen storage have
been developed specifically for Chinese geological conditions [7]. Additionally, new frame-
works have been established to assess the technology maturity of underground compressed
air and hydrogen storage power generation based on global patent and literature trends [8].

The permeability of rock salt is a decisive parameter for the long-term integrity and gas-
tightness of underground storage caverns. This is particularly critical for hydrogen storage, as
gas loss and leakage are primary concerns that directly affect the economic viability and safety
of the system [9]. Understanding these mechanisms is essential to addressing the broader ad-
vantages and technical challenges currently facing the industry [10].

In its pristine, undisturbed state, pure rock salt exhibits extremely low permeability,
with numerous experimental studies [11,12] reporting values below 10-2 m2. This near-
impermeability is fundamentally determined by its unique pore structure and crystalline
fabric. Chinese scholars have conducted multiple investigations into the permeability of
impure rock salt. Wu et al. [13] studied the effect of different seepage pressures on the
permeability of rock salt. Results indicated that when the seepage pressure was below 5
MPa, permeability decreased with increasing pressure; however, when the pressure ex-
ceeded 5 MPa, permeability increased substantially, ascribed to damage initiation and
propagation. Muhammad et al. [14] conducted a comprehensive experimental study on
the permeability of bedded rock salt from Hubei, China. Specimens were categorized into
three groups based on the angle (0° 90°, and 30°) between the bedding plane and the
maximum principal stress. Analysis revealed that permeability in specimens with a 0°
angle increased continuously with increasing effective stress, from 4.5 x 100 m? to 6.1 x
101 m2. For specimens with a 90° angle, permeability initially decreased, then increased,
and eventually stabilized at approximately twice the initial value (from 6.13 x 10-8 m? to
-1.26 x 107 m?). Despite localized dilation observed along the interfaces in specimens
with a 30° angle, their permeability decreased significantly with increasing effective stress
(from 6.09 x 1076 m?2 to 7.06 x 10717 m?). Concurrent X-ray diffraction (XRD) analysis on one
specimen identified its primary components as glauberite, halite, dolomite, and minor
quartz. A thin argillaceous interlayer was observed between impurity and salt zones.
Chemical analysis after water dissolution indicated its composition as NaCl (17.50-
23.62%), Na2504 (11.19-19.43%), and CaSOs (23.86-26.35%), with the remainder being wa-
ter-insoluble minerals such as dolomite, feldspar, and clay minerals. While the study an-
alyzed the relationship between bedding plane angle and permeability, and quantified
impurity content, it did not explore the correlation between impurity content and perme-
ability. In reality, the occurrence and distribution of interlayers in rock salt are highly
complex, and the study’s conclusions based on only three specimens lack robust general-
izability. Liu Wei et al. [15] performed permeability tests on rock salt from Jintan, Jiangsu,
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finding initial permeability in the range of 10 m? to 10-»! m?. However, due to sampling
and machining-induced damage, permeability could be as high as 107> m? to 10716 m2.
Peng Huihua [16] conducted a comprehensive flow experiment on bedded rock salt from
Zhaoji. The research concluded that the permeability of bedded rock salt is generally 1-4
orders of magnitude higher than that of pure rock salt. In bedded formations, interlayers
often act as “reinforcing layers,” and the presence of impurities affects the dissolution and
self-healing properties of rock salt. However, the influence of impurities on permeability
is highly complex, varying with differences in content, composition, and especially the
highly heterogeneous spatial distribution of impurities across different regions. Conse-
quently, systematically studying the impact of impurities on the permeability of rock salt
presents significant challenges. Zhou Hongwei et al. [17] measured the permeability of
rock salt from Yunying, Hubei, under different hydrostatic pressures, reporting values
between 10-1¢ m? and 10-'8 m2. Since the specimens did not undergo a pre-experiment in
situ stress recovery process, the potential influence of sampling and machining damage
could not be neglected, suggesting these permeability values might be overestimated.

Building on existing research, this study investigates rock salt specimens from the
Pingdingshan (Henan) and Yunying (Hubei) mines in China. Systematic experiments
were performed using the THMC Triaxial Rock Mechanics Comprehensive Testing Sys-
tem at Sichuan University to analyze the permeability evolution of impure rock salt under
triaxial stress. Before testing, all specimens were subjected to 15 h of hydrostatic stress to
recover from sampling and machining damage. During loading, we identified the dila-
tancy point via the volumetric oil-drainage method and measured permeability using the
steady-state method. Finally, the study examines how dilatant failure impacts permeabil-
ity and establishes fitting models to quantify the relationships between permeability, im-
purity content, and effective stress for both mining areas.

2. Materials and Methods
2.1. Rock Samples

Impure rock salt specimens were collected from Well 2 of the Pingdingshan Salt Mine
(Henan, China) and Well 1 of the Yunying Salt Mine (Hubei, China), hereafter designated
as “PZ2” and “YZ,” respectively. The PZ2 cores originated from 14 salt layers at burial
depths of 1400-1700 m, while the YZ: cores were obtained from 21 layers at 700-1100 m.
Given the scarcity of these core samples, two specimen sizes were prepared to maximize
data yield: $ 50 x 100 mm and ¢ 90 x 180 mm. To mitigate end effects, a 3 mm diameter
hole was drilled axially at both ends of each specimen. For the 100 mm high specimens, a
hole depth of 35 mm at each end resulted in an effective gas flow path of 30 mm. Similarly,
for the 180 mm high specimens, 60 mm deep holes provided a 60 mm flow path. Figure 1
illustrates the specimen end morphology following perforation.

Figure 1. Surface morphology at the drilled specimen end.
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A total of 19 specimens were tested and divided into four groups according to con-
fining pressure: 2.5, 5, 7.5, and 10 MPa. Each group contained 4-6 specimens, with their
physical parameters and test conditions are summarized in Table 1.

Given the scarcity of deep core material, two specimen sizes were prepared to max-
imize experimental data yield: $50 x 100 mm and $90 x 180 mm. Both maintain a consistent
2:1 height-to-diameter ratio in accordance with ISRM standards, ensuring geometric sim-
ilarity and comparable macroscopic stress distributions.

Table 1. Description, physical properties and impurity content of the rock samples, together with

the stress conditions used in this study.

. . . Density Impurity Content, Confining Pres-
Sample Number Location Height (mm)  Diameter (mm) (g/cm?) (%) sure, s (MPa)
1 16-45-19 YZ1 99.84 49.93 2.12 4.07 25
2 31-32-5 YZi 179.36 89.22 222 17.32 2.5
3 38-39-18 YZi 180.69 89.80 2.33 48.33 2.5
4 22-35-25-2 YZi 179.92 88.72 2.44 73.56 2.5
5 46-29-11 PZ> 170.11 88.99 2.17 3.33 5.0
6 49-30-18 Pz 180.11 90.53 217 5.08 5.0
7 36-40-5-1 YZi 99.69 49.96 2.36 46.20 5.0
8 21-28-8 YZi 181.46 89.81 2.56 88.12 5.0
9 46-29-21-2 PZ> 180.51 89.26 2.15 0.58 7.5
10 33-39-37 YZi 180.59 88.21 2.18 5.81 7.5
11 36-40-26 YZi 180.36 89.88 217 10.94 7.5
12 22-35-25-1 YZ1 100.30 50.02 2.26 32.94 7.5
13 32-41-23 YZ1 100.28 49.95 2.36 50.97 7.5
14 49-30-3 PZ 182.03 88.69 2.16 343 10.0
15 32-28-18-2 PZ 99.71 49.59 217 8.10 10.0
16 26-39-27 YZ1 181.42 88.32 2.20 15.17 10.0
17 47-30-27 PZ 179.36 88.92 224 16.70 10.0
18 36-40-5-2 YZ1 179.43 88.90 2.25 18.16 10.0
19 32-41-20 YZ1 181.74 88.30 2.30 32.67 10.0
2.2. Experimental Procedure
2.2.1. X-Ray Diffraction (XRD) Analysis
X-ray diffraction (XRD) was conducted on 16 rock salt samples using a Rigaku
DMAX-3C diffractometer (Rigaku Corp., Akishima, Japan) (Table 2) to identify their
mineral composition. Since quantitative XRD is essentially a semi-quantitative technique
with inherent uncertainties, these results primarily serve to distinguish the dominant min-
eral phases in specimens from the two mining areas. Consequently, the reported compo-
sitional percentages should be treated as approximations.
Table 2. X-ray diffraction (XRD) analysis results of the test samples.
Sample Num- . Salt Quartz Calcite Dolomite Glauberite Clay Anhydrite
No. Location
ber [wt%]
1 36-40-5-1 YZ1 77 20 3
2 26-39-27 YZ1 87 1 3 9
3 22-35-25-1 YZ1 96 4
4 21-28-8 YZ1 57 3 4 6 30
5 16-45-19 YZ1 80 17 3
6 22-35-25-2 YZ1 47 3 2 48
7 32-41-23 YZ1 87 2 11
8 33-39-37 YZ1 96 1 3
9 31-32-5 YZ1 83 4 11 2
10 36-40-5-2 YZ1 86 2 11 1
11 32-41-20 YZ: 52 1 47
12 32-28-18-2 PZ> 87 1 2 10
13 46-29-11 PZ> 98 2
14 47-30-27 PZ> 96 4
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15 49-30-3 PZ 99 1
16 46-29-21 PZ> 98

2.2.2. Water Solubility Test

XRD results identify the primary impurities as glauberite, anhydrite, and various
carbonates. Given that these minerals are insoluble or poorly soluble in water, the impu-
rity content (w, in %) was determined by measuring the mass of water-insoluble matter,
following the method proposed by Hou et al. [18]. This measured impurity content for the
19 specimens is summarized in Table 1; hereafter, the term “impurity content” refers spe-
cifically to this value. According to the classification by Hou et al., specimens with w <
50% are defined as impure rock salt, while those with w >50% are classified as salt-bearing
impure rock. Several specimens in this study exceeded the 50% threshold and are thus
used only for reference in the subsequent analysis.

2.2.3. Permeability Test

Triaxial compression permeability tests were performed using the THMC (thermo-
hydro-mechanical-chemical) system (SincoTec Test Systems GmbH, Betzdorf, Ger-
many) at Sichuan University. All experiments were conducted at a constant 25 °C using
nitrogen as the permeating fluid. Permeability was determined via the steady-state
method, with measurement durations ranging from minutes to hours depending on the
specimen’s stress state. A schematic of the experimental setup and measurement mecha-
nism is provided in Figure 2. The experimental procedure is outlined below:

F axmax : 25000 N
fluid outlet connected
to a flow meter

upper piston

bonded and pierced
brass plate

rubber coat
confining pressure
(p.=0=100 MPa)
lower piston

" fluid inlet connected
to a pressure transducer

Figure 2. Experimental equipment and the mechanism for permeability measurement. Yellow

arrows indicate the fluid flow direction.

1. Initial permeability test: Hydrostatic pressure was applied at 1 MPa/min until reach-
ing the target confining pressure (o3). Nitrogen permeability was measured axially
under two pore pressure (Py) conditions: 1 MPa and 0.503. Specifically, for o3 levels of
2.5,5,7.5, and 10 MPa, the corresponding P, pairs were (1, 1.25), (1, 2.5), (1, 3.75), and
(1, 5) MPa, respectively.

2. Damage recovery process: A hydrostatic stress recovery phase was implemented to
heal initial damage induced by drilling, coring, and specimen preparation. Based on
the in situ stress estimated from burial depths (700-1700 m) and rock salt density
(2.02-2.56 g/cm?), the theoretical recovery pressure was approximately 25 MPa. To
compensate for a shortened holding time, this pressure was increased to 40 MPa,
applied at a rate of 1 MPa/min. While recovery durations in similar studies often ex-
ceed 24 h, a 15 h duration was adopted in this study to optimize the full-process per-
meability testing efficiency.
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3. Post-recovery permeability test: Following the 15 h recovery at 40 MPa, axial and
confining pressures were synchronously reduced to the target levels. Nitrogen per-
meability was remeasured under the same pore pressure conditions as in Step 1. This
facilitates a direct comparison of permeability before and after the recovery phase to
evaluate the extent of damage healing.

4. Permeability evolution during loading: Axial loading was applied at a constant strain
rate of 0.2%/min. Permeability was measured at 9-12 discrete stages: 6-9 points dur-
ing the pre-peak phase, one near the peak strength, and two in the post-peak region.
To ensure steady-state flow measurements, loading was effectively paused at each
stage by reducing the axial strain rate to the system minimum (0.001%/min) until
data acquisition was complete.

For selected specimens, initial permeability was measured under hydrostatic pres-
sures ranging from 2.5 to 20 MPa at a constant pore pressure of 1 MPa. Given the extensive
scope of the testing program, the permeability data reported herein are based on raw gas
measurements without Klinkenberg correction.

2.3. Data Processing Methods
2.3.1. Measurement and Correction of Stress—Strain and Volumetric Deformation

The Cauchy stress-logarithmic strain measure was adopted to quantify the stress—
strain response. To mitigate end-effect errors associated with traditional extensometers,
the specimen’s bulk volumetric strain was determined via the oil-discharge method. Alt-
hough the system’s temperature control accuracy was +0.5 °C, corrections were applied
to account for the thermal expansion of the hydraulic oil and the apparatus. The speci-
men’s volumetric strain was subsequently calculated using Equation (1):

&, = (AV — Vg £ a X AT)/ ()

where ¢ is the specimen’s bulk volumetric strain; AV is the measured volume of oil en-
tering or exiting the system; Vi is the volume change due to axial piston displacement; V.,
is the initial specimen volume; « is the thermal expansion coefficient of the testing system;
and AT is the temperature fluctuation.

The coefficient o was calibrated by measuring the thermal-induced volumetric defor-
mation of a steel reference specimen (E = 196 GPa, u = 0.24) under hydrostatic conditions.

2.3.2. Permeability Measurement and Klinkenberg Correction

Permeability was determined using the steady-state method. Under a given injection
pressure, once steady flow was achieved, the gas flow rate over a specified time interval was
recorded. The intrinsic permeability was calculated from Darcy’s law modified for compress-
ible flow. For axial flow conditions, the permeability is expressed by Equation (2) as follows:

2ul ap;
k,=—X—"—
g A P1%2-p22) &)

where kg is the gas permeability, u is the dynamic viscosity of the gas, I is the distance
between the injection and outlet holes, g is the volumetric flow rate, A is the cross-sectional
area of the specimen, p1 is the injection pressure, and p2 is the outlet pressure.

Due to the significant deformability of rock salt, the cross-sectional area (A) and spec-
imen length (I) were continuously updated during testing [19]. Similarly, the borehole
depth was assumed to vary proportionally with the overall specimen deformation, and
the real-time distance (L) was adjusted accordingly.

Furthermore, gas permeability is notably influenced by the slippage effect within the
0.06—6 MPa injection pressure range. Since the injection pressures in this study (1-5 MPa)
fall within this interval, Klinkenberg correction was performed to eliminate this effect.

https://doi.org/10.3390/app16042091


https://doi.org/10.3390/app16042091

Appl. Sci. 2026, 16, 2091

7 of 20

While typically requiring four or more pressure points for regression, the extensive nature
of the testing program necessitated a two-point linear estimation based on selected sam-
ples measured initially and after the 15 h recovery (see Table 3). This linear Klinkenberg
relationship was utilized to derive the corrected permeability and establish a reference
calibration (e.g., Figure 3 at 1 MPa), facilitating the systematic correction of all permeabil-
ity data at the corresponding stages.

Table 3. Differences in permeability of each group of specimens before and after initial damage

restoration.
Before Restoration After Restoration
Sample Number (N(Ijlia) Pt K¢ p: Ke P2 Ke Pt K¢
(MPa) (m?) (MPa) (m?) (MPa) (m?) (MPa) (m?)
16-45-19 2.5 1.0 2.78x1017 * * 1.0 6.11x101° * *
31-32-5 2.5 1.0 8.64x101° * * 1.0 1.41x101° * *
38-39-18 2.5 1.0 1.62x1017 * * 1.0 8.46x1017 * *
22-35-25-2 2.5 1.0 6.06x10-16 * * 1.0 6.76x10-18 * *
46-29-11 5.0 1.0 3.35x10-17 2.5 3.26x1017 1.0 3.43x1017 2.5 1.90x101°
49-30-18 5.0 1.0 6.23x10-17 2.5 4.82x1017 1.0 6.78x1017 25 -
36-40-5-1 5.0 1.0 2.71x1018 2.5 1.58x10-18 1.0 - 25 -
21-28-8 5.0 1.0 1.42x1019 2.5 8.42x1020 1.0 - 25 -
46-29-21-2 7.5 1.0 3.36x10-16 3.5 2.61x1016 1.0 8.98x1018 3.5 8.73x10-18
33-39-37 7.5 1.0 1.20x10-1¢ 3.5 1.15x10-16 1.0 8.12x1020 3.5 7.78x1020
36-40-26 7.5 1.0 4.50x10-20 3.5 3.21x1020 1.0 - 3.5 -
22-35-25-1 7.5 1.0 2.42x10-16 3.5 2.40x10-16 1.0 8.59x1017 3.5 3.97x1010
32-41-23 7.5 1.0 - 3.5 - 1.0 - 3.5 -
49-30-3 10.0 1.0 2.60x1017 5.0 2.03x1017 1.0 - 5.0 -
32-28-18-2 10.0 1.0 1.33x1017 5.0 8.07x10-18 1.0 5.88x1020 5.0 2.31x1020
26-39-27 10.0 1.0 1.02x10-16 5.0 6.82x1017 1.0 8.14x1018 5.0 5.11x10-18
47-30-27 10.0 1.0 - 5.0 - 1.0 - 5.0 -
36-40-5-2 10.0 1.0 8.49x1020 5.0 6.53x1020 1.0 - 5.0 -
32-41-20 10.0 1.0 - 5.0 - 1.0 - 5.0 -

* To ensure that the permeation pressure remains below the confining pressure, the experimental
group with a confining pressure of 2.5 MPa only employed a single permeation pressure of 1.0 MPa;
— The dash symbol (“~”) indicates that no measurable permeability value was recorded within the

designated measurement time range.

1.00E-21

y=16.98x!-09
R2=0.95

1.00E-20

1.00E-19

1.00E-18

1.00E-17

1.00E-16 e Initial state

Corrected permeability [m?]

e State after recovery
IOOE-IS LLLLIL I B B LLL L By L B L L B LB N L B L L |
1E-15 1E-16 1E-17 1E-18 1E-19 1E-20 1E-21

Gas permeability [m?]

Figure 3. Klinkenberg-corrected permeability vs. gas permeability at an injection pressure of 1 MPa.
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As illustrated in Figure 3, a strong linear correlation exists between the Klinkenberg-
corrected and gas permeabilities on a logarithmic scale. Notably, this relationship remains
highly consistent between the initial state and after the 15 h recovery, aligning with the
simplified Klinkenberg correction principles proposed in previous studies [20]. Such con-
sistency suggests that, despite microstructural adjustments during the 40 MPa stress re-
covery, the pore-scale characteristics governing gas slip behavior underwent no system-
atic alterations significant enough to shift the empirical conversion relationship.

Therefore, within the established stress range and under constant temperature, permeat-
ing gas, and injection pressure, the relationship between Klinkenberg-corrected and gas per-
meabilities is considered invariant. This assumption is robustly supported by the data from
both stress states in Figure 3. Consequently, the regression model derived from Figure 3 will
be applied to calibrate all permeability measurements throughout the loading process.

3. Experimental Results and Discussion

Figure 4 presents comparative images of representative specimens before and after
the full-process permeability tests. The corresponding stress—strain curves, volumetric
strain evolutions, and permeability measurements at discrete stages are shown in Figure
5. Note that the dashed lines connecting the permeability data points are intended solely
as visual aids and do not represent a continuous physical relationship.

(c) 33-39-37, 05 = 7.5 MPa (d) 26-39-27, 03 =10.0 MPa

Figure 4. Comparison of photos for representative specimens before and after the experiment.

Prior to loading, all specimens underwent a 15 h hydrostatic recovery at 40 MPa.
Permeability was measured before and after this stage (Table 3). Missing data for specific
specimens resulted from testing time constraints rather than the apparatus detection lim-
its (lower limit: 1022 m2).

Stormont [21] demonstrated that initial damage recovery in rock salt depends on
both effective stress and duration. While recovery time to an initial state (102! m?) can be
inferred by fitting permeability-time curves, the sensitivity of predicted times to the choice
of fitting function highlights the difficulty of extrapolating long-term rheological behavior
from short-term data. Subsequent studies [22] showed that effective compressibility —the
inverse of bulk modulus—decreases as healing progresses, eventually approaching a
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constant value as residual porosity is minimized. Similarly, Peach [11] observed that while
low confining pressure (1.5 MPa) yields negligible permeability reduction, higher pres-
sures (8.5-13.5 MPa) induce a linear decrease over time (decay rate = 4 x 10-2 m?/s), likely
driven by dislocation-mediated crack closure.

In this study, to optimize experimental efficiency while ensuring sufficient damage heal-
ing, we adopted a 15 h recovery duration at an elevated hydrostatic pressure of 40 MPa. Alt-
hough a 24 h recovery at 25 MPa is a common protocol, the choice of 40 MPa provides a higher
driving force for micro-crack closure within a laboratory timeframe. Recovery in rock salt in-
volves nonlinear creep mechanisms that do not scale strictly linearly with stress. Therefore,
the 40 MPa-15 h protocol is not assumed to be strictly equivalent to 25 MPa—24 h, but rather
to provide comparable healing efficiency based on observed permeability decay. This repre-
sents a practical compromise and is acknowledged as a limitation.
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Figure 5. Experimental results for representative specimens: (a) 16-45-19, (b) 46-29-11, (c) 33-39-37,
and (d) 26-39-27. Red and green solid lines denote stress—strain and volumetric strain curves, re-
spectively; blue dots (connected by dashed lines to guide the eye) indicate measured permeability.

(odiff, max: Maximum stress, €1, cor: Strain at maximum stress, €1, max: Maximum strain).
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3.1. Analysis of XRD Test Results

Table 2 shows that while impurity components from the two mining areas are diverse,
their major constituents are broadly consistent. These primarily include sulfates (glauber-
ite and anhydrite), silicates (quartz and clay), and carbonates (calcite and dolomite). How-
ever, the relative abundance of these phases differs between the regions.

Specifically, Pingdingshan rock salt exhibits higher purity, with impurities domi-
nated by anhydrite alongside minor quartz and clay. In contrast, Yunying samples possess
lower purity, characterized by glauberite as the primary impurity, followed by anhydrite,
quartz, calcite, and dolomite. From a mineralogical perspective, these XRD results align
with the geological characteristics of the Pingdingshan and Yunying areas as documented
by Yang [23] and Jiang & Shen [24], respectively.

3.2. Influence of Effective Stress on Permeability

Given the extended duration required for hydrostatic permeability testing, four rep-
resentative specimens (three from Yunying and one from Pingdingshan) were evaluated
at a constant pore pressure of 1 MPa. The results, aimed at establishing the initial perme-
ability—effective stress relationship, are shown in Figure 6a. Measurements were truncated
when permeability dropped below the 102! m? threshold due to excessive equilibrium
times. Notably, specimen 22-35-25-2 from Yunying, containing 73.56% impurities, was ex-

cluded from Figure 6 to maintain analysis consistency, as it exceeds the established clas-
sification threshold for rock salt.

1.OE-17 ¢ 1OE-17 g
Foe - -PZ2 ©=5.08% F oz o Experimental Data
LOE-18 | YZ1 01094 % LOE-18 £ ---- Fitting curve
T Fo e -+-YZ10=4833% | & Eon
= 1.0E-19 . = LOE-19 |
é‘ E = F L 2N
5 F 2 \
S 1.0E20 . : S 1.0E20 F
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E . g E
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1.0E-21 .l 1.0E-21 £ . Ty
E R2=0.66 *
1.OE22 — . : e 1.0E-22
0.0 5.0 10.0 15.0 0.0 10.0
(a) Effective stress [MPa] (b) Effective stress [MPa]

Figure 6. (a) Variation in sample permeability under different effective stress. (b) Fitting curve for
the initial permeability of the specimens.

As illustrated in Figure 6a, permeability decreases with increasing effective stress,
with the rate of decline gradually attenuating. This trend suggests that beyond a certain
stress threshold, permeability stabilizes. The measured permeability ranges from 10-7 m?
to 10-2! m2. At higher effective stresses (exceeding 20 MPa, equivalent to burial depths >
1000 m), values for all three specimens converge toward 10-2! m2. Given the actual burial
depths at Pingdingshan (1400-1700 m) and Yunying (700-1100 m), the in situ initial per-
meability for both formations is estimated to be on the order of 10* m2. Furthermore,
Yunying specimens indicate that higher impurity content correlates with increased perme-
ability under identical effective stress, implying that glauberite —the primary impurity —
possesses a higher initial porosity than halite. Within the 1.5-6.5 MPa range, the Ping-
dingshan specimen consistently exhibits higher permeability than those from Yunying,
likely due to distinct pore structures resulting from their different dominant impurities (an-
hydrite vs. glauberite). However, at 9 MPa, these values converge, indicating that effective
stress becomes the dominant factor governing permeability at elevated stress levels.
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Comparative analysis in Table 3 shows that post-recovery permeability is consist-
ently one to three orders of magnitude lower than pre-recovery values under identical
effective stress. Throughout the 15 h recovery at 40 MPa, permeability decreases mono-
tonically. Notably, upon unloading from 40 MPa to the initial state, permeability fails to
rebound to its original level, confirming that the recovery process involves a significant
irreversible component associated with permanent microstructural healing.

The observed decrease in permeability with increasing effective stress is primarily
governed by stress-induced closure of microcracks, compaction of intergranular pores,
and viscoplastic deformation of the halite matrix. Under hydrostatic compression, dislo-
cation deformation and pressure-solution mechanisms promote contact healing and neck
growth at grain boundaries, progressively reducing connected porosity and mitigating
preparation-induced microdamage. Impurity phases such as glauberite and anhydrite ex-
hibit higher stiffness than halite and locally constrain deformation, enhancing stress con-
centration in the surrounding salt matrix and accelerating microvoid closure. Conse-
quently, permeability reduction reflects both mechanical pore collapse and time-depend-
ent microstructural healing, rather than purely elastic compression.

3.3. Influence of Dilatancy Damage on Permeability

As illustrated in Figure 5, permeability increases rapidly with axial strain. Following the
onset and progression of dilatancy, permeability stabilizes, mirroring the stress—strain behav-
ior of pure rock salt under high confining pressure. Notably, within the first 2% of axial strain,
permeability exhibits a sharp “jump” of 2-3 orders of magnitude. As dilatation continues, the
growth rate of permeability diminishes, eventually approaching a saturated state.

This trend deviates slightly from the findings of Schulze et al. [25], specifically by
lacking an initial permeability decrease associated with elastic compression. In Figure 5,
some specimens show significant permeability increases before the dilatancy point (the min-
imum on the volumetric strain curve), which does not necessarily represent the true onset
of damage. Failure patterns in Figure 4 reveal that damage-induced volumetric expansion
is primarily localized in the specimen’s center. In contrast, the ends remain under elastic
compression due to end constraints [19]. For a period, global volumetric contraction persists
because the localized expansion is offset by end compression; however, internal damage has
already initiated. In specimens with boreholes, permeability begins to rise at this stage due
to the initiation and propagation of microcracks. The absence of a decreasing permeability
segment is likely due to the extremely brief elastic phase in rock salt, where the initial meas-
urement may have already bypassed the damage initiation point.

Accurately identifying the damage initiation point remains challenging due to the
coupled effects of elasticity, plasticity, and damage. Since the linear segment of the volu-
metric strain curve is often indistinct, it is difficult to distinguish whether the transition to
nonlinearity stems from plasticity or damage. In the subsequent analysis, elastic volumet-
ric strain—calculated via Equation (3) based on elasticity theory —is subtracted from the
total volumetric strain. The residual is then approximated as the dilatancy strain due to
damage. The resulting relationship between permeability and dilatancy strain is pre-
sented in Figure 7.

https://doi.org/10.3390/app16042091


https://doi.org/10.3390/app16042091

Appl. Sci. 2026, 16, 2091

12 of 20

1.0E-14 1.0E-14 ¢

1.0E-15 IMItnIinmITIIIEE, 1.0E-15 |
T 1.0E-16 o E1LOE-16 L
- = F
= 1.0E-17 E 1.0E-17 E -PZ2 46-29-11 ©=3.33%
g , - YZ1 16-45-19 ©=4.07% g F - PZ2 49-30-18 ©=5.08%
§ 1.0E-18 & - YZ131-32-5 ©=17.32% S 1.0E-18 ! YZ1 36-40-5-1 ©=46.20%

' Peachetal. --r-YZ]21-28-8 ©=88.12%
_ - —, 0,
1.0E-19 | YZ1 38-39-18 0=48.33% 10E-19 | [1996] -~ - P40124
--+-YZ1 22-35-25-2 ©=73.56% f - o - P4A0t48
1.0E-20 JOE20 Lvw s
00 1.0 20 3.0 40 50 6.0 7.0 8.0 9.0 10.0 00 10 20 30 40 50 60 70

() €54 [%] (b) £, [%]

1.0B-14 ¢ 1.0E-16

1.0E-15 . e
E 10816 L T E
z i ~ = z
% 1.0E-17 L % - -= - PZ2 49-30-3 ©=3.43%
£ g -PZ2 46-29-21-2 0=0.58% g e PZ23228-18-2 0-8.10%
S 1.OE-18 -YZ1 33-39-37 0=5.81% s YZ126-39-27 ©=15.17%

b YZ1 36-40-26 ©=10.94% -~ PZ2 47-30-27 ©=16.70%
LOE-19 ¥ - YZ122-35-25-1 0-32.94% -~ YZ1 36-40-5-2 0=18.16%
t - - YZ1 32-41-23 ©=50.97% - - YZ1 32-41-20 0=32.67%
10E_20 1 U SRS S S R ST S S A SRS FE— U S T— P R R n
20 30 40 50 60 20 3.0 40

(©) &va[%] (@ &va[%]

Figure 7. The relationship between evd and permeability for specimens with different impurity con-
tent under different confining pressures. ((a) Confining pressure: 2.5 MPa. (b) Confining pressure:
5.0 MPa (including data for two specimens from Peach [26] for comparison). (¢) Confining pressure:
7.5 MPa. (d) Confining pressure: 10.0 MPa).

&ve = om/K (3)

Evd = &y ~ Epe (4)

Here, ¢« is the elastic volumetric strain, o is the mean principal stress, and K is the
bulk modulus, which can be calculated from the volumetric strain and mean principal
stress during the specimen’s recovery process under 40 MPa. ¢w is the dilatancy volumet-
ric strain, and & is the total volumetric strain of the entire specimen.

As shown in Figure 7, a dilatant volumetric strain of approximately 1% accounts for
80-100% of the total permeability increase. Beyond a strain of 1-2%, permeability stabi-
lizes, reaching a saturated state. This trend aligns with the behavior of synthetic pure rock
salt reported by Peach [26] (Figure 7).

At 2.5 MPa confining pressure, permeability curves for most specimens converged at
1015 m? upon reaching 2% dilatant strain. Notably, the impure specimen 22-35-25-2 exhib-
ited a lower post-failure permeability (10-'¢ m?). At 5 MPa, a similar trend was observed
with curves leveling off at 1.5% strain; however, final permeability values began to scatter
(1.9 x 106 m? to 1.3 x 10-* m?), compared to Peach’s pure salt values (10716 m?).

Increased variability occurred at 7.5 MPa, with final values ranging from 4.56 x 10-17
m? to 4.4 x 106 m2 Sample 32-41-23, with the highest impurity content, plateaued at 4% strain
with a final permeability of only 4.56 x 10-7 m2. At 10 MPa, the scatter intensified (1.83 x 10-18
m? to 2.57 x 1077 m?), accompanied by intermittent permeability decreases during loading—a
phenomenon also noted by Stormont [21] near the “transition porosity” boundary.

From a microstructural perspective, pore structure evolution is governed by the compe-
tition between damage-induced microcracking (increasing permeability) and skeletal grain
compression (decreasing permeability). Under high confining pressure, the temporary
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suppression of microcrack propagation by confinement can lead to the observed intermittent
decreases, although the overall dilatancy-driven increase remains dominant.

To further quantify the stress state at the onset of permeability increase, the dilatancy
strength (cuaifai1) —defined as the differential stress at the initiation of dilatancy —is sum-
marized for 16 qualified rock salt specimens in Table 4 (three specimens with impurity
content >50% were excluded as they no longer represent rock salt behavior). These values
represent the stress thresholds beyond which the salt matrix undergoes irreversible dam-
age and rapid permeability escalation.

Table 4. Summary of the dilatancy strength (ouif; air) for all 16 investigated rock salt specimens.

No Sample Number Location (Nfls’a) Impurity Content, w (%) Dllatar(lgpsa;rength
1* 16-45-19 YZi 2.5 4.07 24.93
2 31-32-5 YZi 25 17.32 19.86
3 38-39-18 YZi 2.5 48.33 22.28
4* 36-40-5-1 YZi 5.0 46.20 31.61
5 33-39-37 YZ: 7.5 5.81 31.96
6 36-40-26 YZ: 7.5 10.94 27.37
7% 22-35-25-1 YZi 7.5 32.94 34.85
8 26-39-27 YZi 10.0 15.17 36.85
9 36-40-5-2 YZi 10.0 18.16 31.75
10 32-41-20 YZi 10.0 32.67 31.32
11 46-29-11 Pz 5.0 3.33 31.15
12 49-30-18 Pz 5.0 5.08 27.50
13 46-29-21-2 PZ> 7.5 0.58 35.68
14 49-30-3 Pz 10.0 3.43 39.13
15* 32-28-18-2 PZ> 10.0 8.10 44.06
16 47-30-27 PZ> 10.0 16.70 35.70

* Small specimen size $50 x 100 mm.

3.4. Influence of Impurity Content on Permeability

Impurity content significantly dictates the permeability of rock salt. As shown in Fig-
ure 7, higher impurity levels generally correlate with lower stabilized permeability,
though appreciable scatter exists. For instance, at 10 MPa, specimen 47-30-27 (16.70% im-
purity) displays lower permeability than specimen 32-41-20 (32.67% impurity). This dis-
crepancy likely stems from two factors: (i) mineralogical variations between the two re-
gions, and (ii) a limited sample size that precludes a robust, region-specific analysis of
compositional effects.

Furthermore, the spatial distribution of impurities is as critical as their total content.
In our dual-borehole experimental setup, measured permeability is predominantly gov-
erned by the mineralogy and microstructure of the specimen’s central section. Since end
effects remain an inherent laboratory constraint, the influence of localized impurity het-
erogeneity is noted but not explicitly quantified in the current analysis.

3.5. Permeability Model Research for Impure Rock Salt

The operation of underground salt cavern gas storage involves cyclic “injection—
withdrawal” sequences, subjecting the surrounding formation to “loading—unloading”
stress paths. These cycles can trigger damage and dilatancy, potentially increasing perme-
ability beyond critical thresholds and compromising the cavern’s sealing integrity. Con-
sequently, accurately determining the initial permeability of impure rock salt and quanti-
fying its evolution driven by damage-induced dilatancy are vital for developing robust
permeability models. Such models are indispensable for predicting the long-term contain-
ment performance of storage facilities within China’s uniquely complex salt formations.
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3.5.1. Internationally Commonly Used Permeability Models for Pure Rock Salt

Numerous models have been developed for pure rock salt, typically calibrated
against data from well-characterized formations. Gangi [27] proposed a stress-dependent
permeability model effectively fitted with data from the German Asse mine. Similarly,
Dienes [28] established a microstructure-based flow model. Popp and Kern [29] investi-
gated specimens from the Gorleben and Morsleben repositories under hydrostatic condi-
tions, reporting initial permeabilities between 10-1® m? and 2 x 10~ m2. By referencing the
linear correlation for Asse salt [30], they derived a relationship between initial permeabil-
ity and confining pressure. Alkan [31] further proposed a model where permeability is a
function of the stress ratio relative to the dilatancy point, based on extensive data sur-
rounding the onset of damage.

Hou [32] introduced a novel anisotropic permeability model utilizing the experi-
mental datasets of Stormont [21] and Schulze et al. [25]. This model links permeability to
the stress state and dilatancy-induced damage, specifically accounting for anisotropy. Fit-
ting results revealed that permeability anisotropy (up to 10 m? difference) is pronounced
under low minimum principal stress but diminishes as confinement increases. The model
is formulated as follows:

When k, >mink,, k; = k; X exp[A(0;/o, — 1)] < k; 5)

Wien k, = mink,, k; = mink, = 10722 m? (6)

Among them, i =1, 2, 3; ki represents the permeability in the direction of the principal
stress; A is a parameter value, and A =7.5 is obtained through fitting. Furthermore, the per-
meability in the direction of the first principal stress, ki, can be obtained through permeabil-
ity tests under triaxial compression conditions, expressed by the following formulas:

When — ,_gy; >0,k = 10™ X (107* — £,_5;))" (7)
When —&,_4y <0and o3 =0, k; = mink, = 10722 m? (8)
m=—18 % [1—b X exp(—ca3)] 9)
n=1+2xXexp(eg,_qu — f03) (10)

Among them, m > —18, 1 <n <3, and ¢vai is the dilatancy volumetric strain, calculated
by measuring the overall volumetric strain of the sample minus the elastic compression
volumetric strain. According to the rock mechanics convention where compression is pos-
itive, —&-ai > 0 indicates the material is in a dilatancy state, while —&o-41 < 0 the material is
in a compression or constant volume state.

This model provides a good fit to the measured permeability data from the German
Asse salt mine. The term 10 m? characterizes the initial porosity of the pure rock salt in
its native stress state. Consequently, when the confining pressure is greater than or equal
to 0, the initial permeability essentially remains at 1022 m2.

3.5.2. Impure Rock Salt Permeability Model Based on the Present Experimental Results

Experimental results for impure rock salt indicate that under identical hydrostatic
conditions, permeability increases with impurity content. However, the Hou permeability
model assumes an idealized, dense initial state with near-zero effective porosity. Conse-
quently, the initial permeability calculated by this model remains independent of confin-
ing pressure and is fixed at the 10-22 m? order. This assumption contradicts the observed
behavior of impure rock salt. Therefore, by integrating an impurity content parameter (w)
derived from fitting the experimental data, the Hou model is modified as follows:
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ky = 10™ a1)
m=—-21X[1—a; Xexp(—a, X g3)] 12)
k, = 10m*nx[1-exp(asxey_qin)] (13)
n=a,Xw+as X032 +agx03+a, (14)

where m >-21,0<1n<5.37, 0320, €vai < 0 indicates the specimen is in a dilatancy state, ki
is the permeability in the direction of the first principal stress, ko is the initial permeability
in the direction of the first principal stress, and a: to a7 are parameters. Their values, ob-
tained by fitting the experimental results, are listed in Table 5.

Table 5. Parameters and values of permeability model for impure rock salt.

Symbols Values Units Symbols Values Units
ai 0.25 / az 0.45 1/MPa
as 3 1/% a4 -0.0125 1/%
as -0.066 1/(MPa”2) as 0.783 1/MPa
az 2.9125 / / / /

Experimental observations in Figure 6a suggest that higher impurity content gener-
ally correlates with increased initial permeability under identical hydrostatic conditions.
However, the valid dataset for this analysis remains statistically limited, comprising two
Yunying specimens (10.94% and 48.33% impurity). Other samples were excluded because
one Pingdingshan specimen exhibited a divergent trend, and another (22-35-25-2) ex-
ceeded the rock salt classification threshold with 73.56% impurities.

Despite the disparity in impurity content between the two valid Yunying specimens,
they exhibited remarkably similar permeability magnitudes and evolutionary trends,
both stabilizing at approximately 102! m? beyond a specific confining pressure threshold.
Consequently, a representative function for initial permeability was derived by fitting the
pooled data from these specimens [Figure 6b]. The resulting mathematical models are for-
mulated in Equations (11) and (12).

Given the data constraints, this fitting represents a pragmatic approximation that
treats initial permeability as independent of impurity content. While this assumption
serves as a necessary compromise for the current model, it provides a foundational frame-
work that can be refined as further experimental data become available.

Figure 8 compares the measured permeability with the fitted curves for impure rock
salt across the full loading range at confining pressures of 2.5, 5, 7.5, and 10 MPa. To facil-
itate comparison, impurity contents were categorized into discrete bins (0%, 10%,
20%,30%, 40%, and 50%). The model demonstrates a high degree of fit with the experi-
mental data. Specimens 22-35-25-2 and 21-28-8 were excluded from Figure 8 as their im-
purity contents (70% and 80%, respectively) exceed the rock salt classification threshold.
At these levels, the lithological properties shift fundamentally, resulting in permeability
characteristics distinct from typical rock salt. Although some scatter in the fitted initial
permeability persists at higher confining pressures —stemming from the assumption that
initial permeability is independent of impurity content—the overall predictive perfor-
mance remains robust.
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Figure 8. Fitting curves for the permeability of impure rock salt during loading under different con-

fining pressures. ((a) Confining pressure: 2.5 MPa. (b) Confining pressure: 5.0 MPa. (c) Confining

pressure: 7.5 MPa. (d) Confining pressure: 10.0 MPa).

Figure 9 presents a global comparison between all measured and model-calculated per-

meability values. The strong correlation across the dataset confirms the model’s reliability and

its applicability to impure rock salt from the Pingdingshan and Yunying formations.
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Figure 9. Comparison of measured vs. calculated permeability in impure rock salt.

Noticeable scatter is observed among certain data points in the lower permeability

range, primarily stemming from specimens 46-29-21-2 and 26-39-27. These specimens

maintained relatively high permeability (10-'® m?) even under elevated confining pres-

sures. This discrepancy is likely rooted in the specimens’ inherent pore structures and

varying degrees of initial damage incurred during sampling and preparation. Specifically,
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the 15 h recovery period at high pressure may have been insufficient to fully heal the more
severe initial micro-defects in these samples. Consequently, their measured permeabilities
remain significantly higher than the model predictions, reflecting the lingering impact of
unrecovered initial damage.

Furthermore, although the proposed analytical framework captures the general
trends of permeability evolution in impure rock salt, the mineralogical variability ob-
served among different formations (e.g., glauberite-rich versus anhydrite-rich salts) indi-
cates that model parameters may exhibit regional dependence. For critical engineering
applications, parameter calibration and verification using site-specific core data are there-
fore recommended. Such an approach —combining the general physical relationships es-
tablished in this study with localized parameter adjustment —can enhance both the theo-
retical robustness and the engineering reliability of cavern sealing assessments.

3.5.3. Physical Interpretation of Model Parameters

Although the proposed permeability model, derived from the framework developed
by Hou [32], contains several fitting parameters, each parameter has a defined physical
interpretation. Parameters a1 and a2 characterize the sensitivity of matrix compaction and
pore closure to confining stress (03), analogous to parameters b and c in Hou’s model [32].
Parameter as describes the permeability increase induced by dilatancy and corresponds
to the dilatancy factor e in Hou’s model [32]. The parameters o, as, and a7 act as structural
evolution coefficients under confining stress, similar in function to parameter fin the orig-
inal formulation of Hou [32]. Parameter au is introduced specifically to quantify the influ-
ence of impurity content (w) on the initial permeability of the rock salt.

Sensitivity analysis shows that permeability evolution is most strongly controlled by
dilatant strain and confining stress, whereas impurity content primarily affects the initial
permeability. Therefore, the model should be regarded as semi-empirical in form but
physically constrained in interpretation.

3.6. Implications for Cyclic Loading in Energy Storage Caverns

Although the present tests focus on monotonic loading, the permeability—dilatancy
relationship provides insight into cyclic cavern operation. During gas injection, stress re-
duction may partially close dilatancy-induced microcracks; however, laboratory and field
studies indicate that permeability recovery is incomplete due to irreversible damage. Con-
sequently, permeability evolution during injection-withdrawal cycles is expected to fol-
low a ratcheting trend, with early cycles dominating permeability increase. This suggests
that operational pressure ranges should remain below the dilatancy onset threshold to
maintain long-term energy storage cavern tightness.

According to the statistical results of the 16 rock salt specimens presented in Table 4,
the dilatancy strength exhibits clear dependence on mining location and confining pres-
sure. For YZi1 (burial depths 700-1100 m), dilatancy strength ranges from 27.37 to 36.85
MPa under confining pressures of 5.0-10.0 MPa. For the deeper PZ> mine (1400-1700 m),
thresholds are higher, ranging from 27.50 to 44.06 MPa under the same confining pressure
range. In both mines, dilatancy strength increases with confining pressure and decreases
with impurity content. Additionally, smaller specimens show slightly higher apparent di-
latancy strength, consistent with known size effects in rock salt mechanics.

These results demonstrate that the maximum allowable deviatoric stress for cavern
operation must be site-specific and depth-dependent. To ensure long-term gas tightness,
operational pressure fluctuations should be strictly controlled to maintain deviatoric
stress below the lower-bound dilatancy threshold corresponding to the burial depth and
lithological characteristics of the salt formation.
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4. Conclusions

This study systematically investigated the permeability evolution of impure rock salt
from the Pingdingshan and Yunying salt mines under the triaxial compression loading
condition, with direct relevance to underground hydrogen and compressed air energy
storage in China’s bedded salt formations. Based on full-process permeability experi-
ments and model development, the following conclusions are drawn:

(1) Effectiveness of hydrostatic damage recovery
A pre-loading hydrostatic recovery process (15 h at 40 MPa) significantly reduced
permeability by one to three orders of magnitude, confirming that coring- and ma-
chining-induced micro-damage can strongly overestimate laboratory permeability.
After recovery, the initial permeability of both salt formations converged to approx-
imately 102! m? at stresses corresponding to in situ burial depths, providing a realis-
tic baseline for sealing integrity assessment.

(2) Stress-controlled initial permeability behavior
Initial permeability decreases nonlinearly with increasing effective stress and ap-
proaches a stable lower bound at elevated confinement. At higher stress levels, per-
meability becomes largely insensitive to mineralogical differences, indicating that ef-
fective stress is the dominant controlling factor under deep geological conditions.

(3) Dilatancy-driven permeability evolution during deviatoric loading
During deviatoric loading, permeability exhibits a characteristic two-stage response: a
rapid increase associated with early damage and microcrack initiation, followed by sat-
uration once the dilatant (volumetric strain) exceeds approximately 1-2%. Up to 80—
100% of the total permeability increase occurs within this limited strain range, high-
lighting the high sensitivity of sealing performance to early-stage dilatant damage.

(4) Role of impurity content and mineralogy
Impurity content influences both the magnitude and evolution of permeability by
modifying the initial pore structure and damage development. While higher impu-
rity levels generally promote higher permeability, the response is non-monotonic
and region-dependent, reflecting differences between glauberite-dominated and an-
hydrite-dominated impurity assemblages.

(5) Permeability model for impure rock salt
A modified semi-theoretical permeability model was developed by extending an estab-
lished dilatancy-based formulation to include an impurity parameter. The model repro-
duces the measured permeability evolution across different confining pressures and im-
purity levels with good agreement, offering a practical predictive tool for evaluating the
hydraulic integrity of impure rock salt in underground energy storage applications.

The findings of this study provide a theoretical framework for evaluating the sealing
integrity of energy storage caverns in impure rock salt formations. By incorporating the
influence of impurity content into the permeability model, the proposed approach enables
more reliable prediction of gas leakage potential during site selection and cavern design.
It should be noted that the present work primarily addresses the initial sealing capacity
and its degradation under monotonic loading. In practical engineering applications, how-
ever, the host rock is subjected to complex cyclic loading and unloading associated with
injection-withdrawal operations. For underground hydrogen and compressed air storage,
maintaining operational stresses below the dilatancy threshold and allowing sufficient
time for stress-driven healing are essential for preserving cavern tightness. The proposed
permeability model therefore offers a practical tool for defining safe operating pressure
windows in impure bedded salt formations. Nevertheless, permeability evolution under
cyclic loading, as well as long-term damage accumulation, remains an important topic for
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future investigation to further ensure the operational safety and long-term integrity of
underground energy storage facilities.

Overall, the results demonstrate that both initial damage recovery and damage-in-
duced dilatancy must be explicitly considered when assessing the long-term sealing per-
formance of salt caverns in impure, bedded salt formations.
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