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Abstract

Large-scale and long-term hydrogen storage is a key requirement for a sustainable
hydrogen-based energy system. Although underground hydrogen storage (UHS) in porous
media has gained increasing attention, the behavior of hydrogen during cyclic injection and
withdrawal remains poorly understood. This study experimentally investigates the effects
of cyclic hydrogen injection cycles (3, 6, 9, and 12 cycles) on the physical and mechanical
properties of both dry and brine-saturated Berea, which serves as a representative reservoir
rock. Porosity, permeability, and mineral composition of the samples were measured before
and after the injection cycles, while triaxial tests were conducted post-injection and com-
pared with reference sister samples. Results show negligible and inconsistent mineralogical
changes before and after hydrogen injection. Porosity remained nearly constant (<2 per-
centage variation), whereas permeability declined by more than 20% in samples, which can
impact recovery efficiency. Mechanical properties remained largely unchanged, indicating
stability. However, further experimental and modeling studies are required to better under-
stand the observed permeability reduction and its implications for underground hydrogen
storage (UHS).

Keywords: mineralogical changes; triaxial strength; mechanical properties; subsurface
hydrogen storage; physical properties; experimental investigation

1. Introduction

The decarbonization of the energy sector requires long-duration storage solutions
capable of compensating for the inherent variability of renewable energy resources. The
variable and cyclic nature of solar and wind generation results in periods of energy surplus
during peak production and deficits during low-output conditions [1-4]. Excess renewable
energy can be converted into green hydrogen through electrolysis and stored for later
use during periods of high demand. Figure 1 shows the conversion of excess energy
into green hydrogen and storing and producing them for later use in a depleted oil and
gas reservoir. As a carbon-neutral energy carrier, hydrogen can be deployed during
peak demand periods, thereby enhancing grid reliability and flexibility [5]. To effectively
balance seasonal fluctuations in renewable energy supply and demand and to enable
the development of a hydrogen economy, large-scale storage capacities of the order of
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gigawatt-hours to terawatt-hours are required [6]. Underground hydrogen storage (UHS),
particularly in depleted oil and gas reservoirs, represents a promising and scalable solution
to meet these large-capacity storage needs [7,8].
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Figure 1. Schematic of surplus renewable energy conversion to hydrogen via electrolysis, subsurface
storage, and production for end-use applications, reproduced from [5].

Depleted oil and gas reservoirs are considered strong candidates for underground
hydrogen storage due to their existing surface and subsurface infrastructure, well-
characterized geological frameworks, and residual cushion gas [9]. However, several
technical and operational criteria must be satisfied to ensure reliable long-term UHS per-
formance. A comprehensive evaluation of reservoir integrity, economic viability, and
operational safety is therefore essential prior to implementation configurations [10].

The development of UHS is supported by the extensive operational experience gained
from over 662 underground natural gas storage sites worldwide. The selection of storage
formations, reservoir characterization, injection operations, and containment strategies
employed in UHS are largely adapted from the proven methodologies developed for
underground natural gas storage and geological carbon sequestration [11,12]. In contrast
to conventional carbon sequestration and oil/gas operations, which generally involve a
unidirectional change in pore pressure through either continuous injection or depletion,
UHS is governed by cyclic pressure fluctuations with seasonal energy demand [13]. These
repetitive injection-withdrawal cycles impose evolving stress paths on both the reservoir
and the caprock. Experience from hydrocarbon production and carbon capture and storage
demonstrates that pressure depletion can result in reservoir compaction, surface subsidence,
and stress transfer to the caprock, potentially inducing mechanical instability [14-16]. In
contrast, fluid injections increase pore pressure and compress the reservoir matrix, elevating
deviatoric stresses in the surrounding formations. If the induced stress exceeds the rock
strength, fracturing and the development of leakage pathways may occur [17,18]. Given
mechanical parallels between these operations and UHS, a thorough understanding of the
geomechanical response to cyclic hydrogen injection-withdrawal is critical for evaluating
long-term reservoir and caprock integrity.

Over the past several decades, numerous laboratory-scale studies have investigated
the stress—strain behavior of rocks under different loading conditions, including uniaxial,
triaxial, and cyclic loading scenarios. These experiments have significantly advanced the
understanding of rock mechanical response under controlled conditions. However, in
the context of UHS, there remains a clear gap in experimental research involving porous
reservoir rocks saturated with hydrogen as the pore fluid at the laboratory scale. Wen
et al. [19] examined the hydromechanical response of porous sandstone under triaxial
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loading to assess its relevance to UHS. By applying various stress paths, the study moni-
tored changes in porosity and permeability. Their findings indicated that cyclic loading
caused microstructural compaction, leading to decreases in porosity and permeability,
which could reduce hydrogen recovery efficiency during storage operations. However,
the experiments were conducted using water as the pore fluid, highlighting the need for
further investigation using hydrogen as the pore fluid. Zhou et al. [20] investigated the
impact of cyclic stress on the permeability evolution of sandstone, with implications for
underground gas storage. Their results showed that the elastic modulus increased pro-
gressively with the number of loading cycles and stabilized after approximately 30 cycles.
Similarly, Poisson’s ratio increased during the initial cycles and then remained relatively
constant. Permeability exhibited a significant reduction during the first 10 cycles, followed
by more gradual decline between 10 and 30 cycles, and eventually stabilizing after 30 to
50 cycles. These findings suggest that permeability reduction is most pronounced during
the early stages of cyclic loading, after which the reservoir stabilizes, indicating that similar
permeability trends may be expected during cyclic injection and withdrawal operations in
underground gas storage systems.

Ajibona et al. [21] investigated the effects of cyclic hydrogen injection and depletion
on Marcellus shale. Quadrant samples were placed in a core holder and subjected to
hydrogen injection up to a maximum pressure of 10.34 MPa, applied in stepwise incre-
ments of 1.72 MPa. Porosity and mineralogical characteristics were evaluated before and
after the injection cycles. The results showed that the shale matrix porosity increased
by approximately 12% after eight cycles, with projections indicating a potential increase
up to 19% after 30 cycles, suggesting that cyclic hydrogen exposure can alter the pore
structure of shale formations. Joshi et al. [22] examined the impact of cyclic hydrogen
injection and withdrawal on the physical and mechanical properties of Berea sandstone
under simulated reservoir conditions. Following exposure to 100 cyclic hydrogen loading
cycles, the samples exhibited no significant change in mechanical strength or dissolution of
minerals. These findings demonstrate that sandstone formations such as Berea sandstone
have strong potential to function as stable and reliable reservoirs for UHS over extended
operational cycles.

This study aims to improve the understanding of the physical and mechanical behavior
of reservoir rocks subjected to cyclic hydrogen injection. While [22] investigated cyclic
hydrogen injection in Berea sandstone, the present study extends this work by using
brine-saturated samples and conducting triaxial compression testing to evaluate rock
strength and static elastic properties under representative reservoir conditions. These
experimental conditions provide a more realistic assessment of in situ behavior. The
findings from this study offer valuable insights into the geomechanical response of reservoir
rocks during cyclic hydrogen storage, which can support the optimization of injection
strategies, improve storage performance, ensure long-term reservoir integrity, and reduce
potential geomechanical risks associated with underground hydrogen storage.

2. Materials and Methods

Porosity and permeability are fundamental reservoir properties that govern the suit-
ability of subsurface formations for UHS. Porosity defines the available storage volume,
whereas permeability controls fluid transport and directly affects injection and produc-
tion efficiency. Sandstone reservoirs are considered favorable storage candidates due to
their relatively high porosity, permeability, and well-connected pore networks [23-26].
Berea sandstone was selected for this study due to its homogenous pore structure, well-
documented properties, and its widespread use as an analog for natural reservoir rocks in
hydrogen storage research [5,27-34]. Sixteen cylindrical core samples were drilled from a
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Berea sandstone block supplied by Kocurek Industries (Caldwell, TX, USA). The samples
were organized into four groups of sister samples (3A-3D, 6A-6D, 9A-9D, and 12A-12D),
with each specimen measuring 8.13 cm in length and 3.81 cm in diameter. A rock core sec-
tion approximately 0.37 cm thick was removed from each core prior to testing and preserved
for baseline mineralogical analysis using XRD. Figure 2 shows how the sandstone samples
have been cored in the sandstone block. Table 1 presents the classification and designation
of Berea sandstone samples used in this study. The numerical identifier (3,6,9, and 12)
denotes the number of hydrogen injection cycles applied to each group. Within each group,
sample A represents the baseline condition and serves as the reference for comparison in
triaxial testing. Sample B corresponds to dry Berea sandstone subjected to cyclic hydrogen
injection. Samples C and D were fully saturated with brine prior to hydrogen cycling to
simulate reservoir conditions and to assess the influence of pore fluid saturation on the
physical and geomechanical behavior of the rock. This classification enables a systematic
comparison of the effects of cyclic loading, fluid saturation, and hydrogen exposure on
reservoir rock integrity. In this study, sister core samples were obtained from adjacent
locations within the same parent core block to minimize variability associated with natural
rock heterogeneity. Due to the destructive nature of triaxial testing, one untreated sister
core served as the reference sample, whereas the remaining sister cores were subjected to
cyclic hydrogen injection. The initial petrophysical properties of the samples, including
porosity and permeability, are presented in Table 2. Prior to cyclic hydrogen injection, the
samples exhibited minimal variability, with porosity and permeability differences limited
to £1% and £20 mD, respectively.

20 cm

010010
010,010
010 010
©]0/0l0

20 cm

Figure 2. Coring of samples from sandstone blocks.

Table 1. Sample grouping and designation for cyclic H injection experiments.

Cycles Initial Condition Dry Sample Brine-Saturated
3 3A 3B 3C, 3D
6 6A 6B 6C, 6D
9 9A 9B 9C, 9D
12 12A 12B 12C, 12D
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Table 2. Initial porosity and permeability of the samples.
Samples Initial Porosity % Initial Permeability, mD

3A 19.005 100.3

3B 19.576 118

3C 18.927 100.1

3D 19.755 114

6A 19.014 99.25

6B 19.351 108

6C 19.141 107.75

6D 19.285 110

9A 19.684 117.75

9B 18.975 101.5

9C 19.667 117.75

9D 18.99 102.5

12A 19.235 108.5

12B 19.33 111.5

12C 19.211 106.5

12D 19.441 111.75

After coring, the samples were vacuum-dried at 60 °C for 48 h to eliminate residual
moisture introduced during water-assisted coring. Sample weights were recorded at 8 h
intervals to confirm stabilization, indicating complete moisture removal [35]. Pre-exposure
characterization of the samples was conducted in the following sequence. All measurements
of petrophysical and mechanical properties were conducted under a confining pressure of
10.34 MPa. Porosity was assessed using the Ultrapore-300 (Core Laboratories, Houston,
TX, USA) with helium as the working gas, and permeability was determined using the
UltraK-500+ gas permeameter (Core Laboratories) using nitrogen. Due to their destructive
nature, triaxial tests were carried out using GCTS RTR-2500 Rapid Rock Triaxial Testing
system (Tempe, AZ, USA) with a strain rate of 5 x 10~7 in/in/sec exclusively after the
exposure period. Stress—strain data from these tests were used to evaluate the static elastic
properties and peak strength of the samples. Following the triaxial tests, mineralogical
composition was analyzed using a Rigaku MiniFlex benchtop X-ray diffractometer (Tokyo,
Japan). The samples were finely ground to less than 75 pm using a mortar and pestle to
ensure uniformity. Berea sandstone samples were scanned over a 26 range of 5-70° to
detect the minerals present in them.

Following the pre-cyclic characterization, the samples were saturated with brine.
The brine solution was prepared in the laboratory with a concentration of 10% NaCl
by weight. Figure 3 presents the experimental apparatus and cyclic hydrogen injection
scheme followed in this study. The setup includes two Quizix pumps (Broken Arrow,
OK, USA), one used for hydrogen injection and other for applying confining pressure
using water as the confining medium. A confining pressure of 10.34 MPa was maintained
throughout the experiment to replicate subsurface reservoir stress conditions typical of
UHS operations. The rock samples were mounted in a core holder and placed inside a
temperature-controlled oven maintained at 60 °C to simulate reservoir temperatures. As
shown in Figure 3b, hydrogen was injected following a cyclic pressure schedule in which
the pressure was increased from 0 MPa to 8.62 MPa over one hour, held constant for six
hours, and then decreased back to 0 MPa over one hour. This sequence represents one cycle
and was repeated for the specified number of cycles assigned to each sample. Hydrogen
gas with 99.9% purity supplied by AirGas (Radnor, PA, USA) was used.
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Figure 3. (a) Experimental setup. (b) Cyclic-injection scheme.

3. Results and Discussion
3.1. XRD (X-Ray Diffraction)

The interaction between Berea sandstone minerals, hydrogen, and brine plays a critical
role in hydrogen trapping and storage; a thorough understanding of these geochemical
processes is essential for accurately evaluating storage capacity and the long-term sustain-
ability of sandstone formations for underground hydrogen storage [36]. Figure 4 illustrates
the changes in weight percentage of mineral phases in the samples after cyclic injection
of hydrogen. Negative changes indicate dissolution, whereas positive changes indicate
precipitation. The XRD patterns were processed using SmartLab Studio II, employing the
Whole Powder Pattern Fitting (WPPF) method with embedded Rietveld refinement for
quantitative phase analysis and parameter determination. The mineral phases observed in
Berea sandstone corresponds to those commonly documented in prior studies [27,37-43].
The pre-treatment and post-treatment mineralogical analyses show that quartz consistently
accounts for more than 65% of the total mineral composition across all samples, with the
remaining fraction comprising dolomite, illite, calcite, albite, kaolinite 2 M, muscovite,
microcline, and chlorite. After three cycles of hydrogen injection, slight quartz dissolution
was observed along with minor precipitation of clay minerals (illite, kaolinite 2 M, and mus-
covite) and carbonates. In contrast, results after six cycles indicate a modest precipitation
of quartz accompanied by dissolution of other silicates, particularly albite and microcline,
while clays and carbonates exhibited only limited changes, except for sample 6C, which
experienced significant dissolution of microcline. Following nine cycles, mineralogical
variations were generally minimal, except for sample 9D, which showed a noticeable in-
crease in kaolinite 2 M. However, after twelve cycles, the samples displayed inconsistent
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trends, particularly in the precipitation behavior of silicates and clay minerals. The results
of this study are consistent with those reported in the literature, indicating minor mineral
dissolution and precipitation in the samples after hydrogen treatment [27,44—47]. The min-
eralogical variations observed after cyclic injection indicate the strong geochemical stability
of Berea sandstone under hydrogen storage conditions, highlighting its potential for cyclic
operations with negligible impact on reservoir mineralogy. However, further detailed
investigations involving a larger sample size and a wider range of testing conditions are
required to confirm the geochemical stability of Berea sandstone.
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Figure 4. XRD results before and after cyclic injection: (a) 3 and 6 cycles and (b) 9 and 12 cycles.
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3.2. Porosity and Permeability

Figures 5 and 6 present the porosity and permeability of the samples before and after
cyclic hydrogen injection. Variations in these properties following cyclic injection indicate
the influence of repeated hydrogen exposure on storage capacity and recovery efficiency.
Prior to cyclic injection, the porosity of all samples ranged between 18% and 20%, while
permeability ranged from 100 mD to 120 mD. After 3, 6, 9, and 12 injection cycles, both dry
and brine-saturated samples exhibited negligible changes in porosity, with reductions of
less than 2% across all samples. In contrast, permeability showed a significant reduction
greater than 20% in most samples. However, dry samples 6B and 12B exhibited relatively
minor decreases of 1.85% and 8.74% respectively. The greatest reduction in permeability
was observed in brine-saturated sample 9D, which showed a decrease of 60.10%.
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Figure 5. Porosity: (a) 3 cycles; (b) 6 cycles; (c) 9 cycles; (d) 12 cycles.

The minimal reduction in porosity following cyclic hydrogen injection indicates that
the pore volume of the samples remained largely intact, suggesting the absence of signifi-
cant chemical reactions or dissolution within the pore network. This stability in porosity
implies that the overall hydrogen storage capacity of the reservoir rock is unlikely to be
substantially affected by cyclic injection. However, the significant decrease in permeabil-
ity observed across the samples suggests that cyclic hydrogen injection may negatively
impact hydrogen recovery efficiency and flow performance. Generally, a slight reduction
in porosity results in a correspondingly small decrease in permeability. However, in our
study, despite the minimal decrease in porosity, a significant reduction in permeability
was observed which can be attributed to the cementation within the rock. This cemen-
tation restricts pore throat pathways, leading to the isolation and disconnection of voids
leading to a reduction in porosity and permeability [48,49]. The reduction in permeability
is likely associated with a combination of mechanical and physicochemical mechanisms.
In brine-saturated samples, salt precipitation during cyclic injection can partially block
pore throats, thereby restricting fluid flow. Over multiple injection cycles, cyclic loading
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may initially generate microcracks that temporarily enhance permeability. Nevertheless,
continued cycling promotes grain rearrangement, pore throat constriction, and localized
pore collapse, resulting in a net reduction in permeability over time. Additionally, cyclic
pressure fluctuations may mobilize loosely bound grains, leading to sand migration and
accumulation within pore throats or flow pathways. This migration can obstruct flow
pathways, reducing hydrogen injectivity, impairing storage efficiency, and potentially
affecting long-term reservoir performance [22]. The above-mentioned phenomenon has
been observed in the following studies, which investigated the effect of cyclic injection
on sandstones [14,15,19,20,22,50]. However, additional experimental studies conducted
under the same testing conditions are necessary to verify the proposed mechanisms of
grain rearrangement, pore throat constriction, and localized pore collapse. Furthermore,
reservoir-scale numerical simulations, together with experiments under a broad range of
treatment conditions, are essential to evaluate these mechanisms and facilitate the reliable
implementation of long-term underground hydrogen storage.
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Figure 6. Permeability: (a) 3 cycles; (b) 6 cycles; (c) 9 cycles; (d) 12 cycles.

3.3. Strength and Static Elastic Properties

Triaxial tests play a crucial role in geomechanics for studying the mechanical and fluid
flow properties of rocks under various confining pressures. These tests are essential for
rock characterization and supply the necessary parameters for numerical modeling and
the development of precise constitutive models [51]. Figure 7 illustrates the stress—strain
curves obtained through triaxial compression tests on both reference samples and the
samples injected with hydrogen. The static elastic moduli are calculated from the linear
portion of the stress—strain curves [52,53]. Table 3 summarizes the changes in triaxial
strength and static elastic properties by comparing the initial condition samples with the
post-hydrogen injection samples. Following cyclic hydrogen injection, the samples did
not show any significant variation in peak strength or static Young’s Modulus, while only
minor fluctuations were observed in the static Poisson’s ratio. The greatest reduction in
peak strength was recorded in sample 12D (brine-saturated), which exhibited a decrease of
4.73%, whereas the smallest reduction was observed in sample 12C (brine-saturated), with
a decrease of only 0.24%. Notably, samples exposed to nine cycles of hydrogen injection
showed a slight increase in strength compared to their initial condition.
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Table 3. Triaxial strength and static elastic properties pre and post cyclic injection.
Cycles Samples Strength (MPa) Young’s Modulus (GPa) Poisson’s Ratio
3A (Initial Condition) 98.64 18.04 0.27
3 cveles 3B (Dry sample) 94.71 17.37 0.31
y 3C (Brine-saturated) 100.23 17.79 0.29
3D (Brine-saturated) 96.19 17.49 0.29
6A (Initial Condition) 103.93 19.37 0.32
6 cveles 6B (Dry sample) 101.44 18.86 0.33
y 6C (Brine-saturated) 105.28 19.22 0.31
6D (Brine-saturated) 103.52 18.79 0.31
9A (Initial Condition) 100.04 18.55 0.31
9 cveles 9B (Dry sample) 103.38 18.80 0.33
y 9C (Brine-saturated) 101.28 18.75 0.29
9D (Brine-saturated) 104.21 18.77 0.3
12A (Initial Condition) 106.29 19.52 0.32
12B (Dry sample) 104.42 19.34 0.34
12 cycles .
12C (Brine-saturated) 106.05 19.25 0.3
12D (Brine-saturated) 103.14 18.59 0.31

Similar to the findings of the present study, Ref. [22] reported negligible changes in the
peak strength and Young’s Modulus of Berea sandstone after 15 and 25 cycles of hydrogen
injection, with no measurable variations after 5 and 10 cycles. These observations indicate
that cyclic hydrogen injections do not significantly compromise the mechanical integrity
of sandstone under reservoir conditions. Furthermore, Ref. [54] demonstrated that when
cyclic loading remains below the yield stress of the rock, its influence on strength is minimal,
whereas loading beyond the yield stress can cause substantial mechanical degradation.
In the present study, the applied cyclic stresses were below the yield threshold of the
Berea sandstone, which explains the negligible changes in strength and elastic properties
observed after multiple hydrogen injection cycles. Although several previous studies
have reported similar mechanical stability under cyclic loading, most did not consider
hydrogen as the pore fluid [19,20,50,55,56]. Therefore, the results of this study provide
important experimental evidence that sandstone reservoirs can maintain their mechanical
stability during hydrogen injection and withdrawal. This mechanical stability is important
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for ensuring long-term reservoir integrity, minimizing the risk of structural failure, and
supporting safe and efficient UHS operations.

4. Conclusions and Recommendations

This study investigated the effects of cyclic hydrogen injection on the physical and me-
chanical properties of dry and brine-saturated Berea sandstone under simulated reservoir
conditions. Key insights were obtained through the analysis of permeability, porosity, and
triaxial compression test results.

The experimental results indicate that cyclic hydrogen injection has a negligible effect
on porosity, suggesting that the hydrogen storage capacity of the rock remains largely unaf-
fected. In contrast, permeability exhibited a significant reduction of 20% in most samples
across multiple injection cycles, indicating that cyclic injection may influence hydrogen
recovery efficiency by restricting fluid flow pathways. The observed permeability reduction
is likely associated with pore throat narrowing, grain rearrangement, and potential salt
precipitation effects in brine-saturated samples. Despite these changes in permeability, the
mechanical properties including peak strength, static Young’s Modulus, and static Pois-
son’s ratio showed minimal variation following cyclic hydrogen injection. These findings
indicate that the mechanical integrity and load-bearing capacity of the sandstone were
largely preserved under the tested conditions.

Overall, the results demonstrate that the storage capacity and mechanical stability of
Berea sandstone remain intact following cyclic hydrogen injection, confirming its suitability
as a potential reservoir rock for UHS. Although permeability reductions may influence
recovery efficiency, the absence of significant mechanical degradation suggests a low risk
of reservoir failure during cyclic storage operations.

Future work should investigate the response of reservoir rocks to prolonged cyclic
hydrogen injection by extending the number of injection cycles beyond the 12 examined in
this study, as commercial underground hydrogen storage (UHS) operations are expected
to undergo significantly more injection—withdrawal cycles over their operational lifetime.
Additionally, the influence of key operational parameters, including injection pressure,
confining pressure, temperature, and brine salinity, should be investigated. Expanding the
experimental conditions will enhance the understanding of long-term reservoir evolution
and contribute to the development of safe and efficient UHS operations.
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