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Abstract

In underground hydrogen storage operations, reservoir rocks often experience periodic pore pressure fluctuations due to
annual or more frequent gas extraction and injection cycles. These fluctuations subject the reservoir rocks to cyclic effec-
tive stress changes, causing their mechanical and transport behaviors to differ from those under static conditions. However,
understanding how porous rocks react to cyclic loading conditions is still limited. To bridge previous research gaps, cyclic
loading tests were conducted on Castlegate and St Bees Sandstone, with applied stress amplitudes ranging from 70 to 90%
of their monotonic peak strength. This experimental approach was designed to replicate the in situ stress conditions experi-
enced by reservoir rocks during gas operations. Concurrently, we utilised the steady-state method to measure permeability
changes under cyclic loading. By comparing the micro-CT features of the sandstones before and after cyclic loading tests,
we quantitatively analysed the microscopic mechanisms driving these alterations in sandstone samples. Our results show that
under cyclic loading conditions, the inelastic axial strain and Young’s Modulus initially increase for both sandstones, with
the most significant changes occurring within the 1st cycle, followed by a trend towards stability. Permeability decreases with
increasing stress and loading cycles. For the Castlegate Sandstone, elevated confining pressure intensified permeability loss,
while in St Bees Sandstone, high confining pressure resulted in less permeability loss compared to low confining pressure,
which was related to shear band development. Microstructural analysis showed grain movement, rotation, and rearrangement
in Castlegate Sandstone under external forces, leading to pore/throat compression and reduced porosity/permeability. In
contrast, St Bees Sandstone microstructure changes under low stress involved grain cracking from shear dilatancy, increas-
ing porosity but blocking throats, complicating pore structure, then reducing permeability. Under high confining pressure,
the strength of St Bees Sandstone rose without sufficient differential stress for shear dilatancy. Decreased permeability and
pore volume were linked to compaction-dominated deformation.

Highlights

Castlegate and St Bees Sandstones exhibit prominent
hysteresis loops under cyclic loading, with maximum
inelastic strain and stiffness variations during the 1st
loading cycle.

Castlegate Sandstone experiences more pronounced per-
meability loss under elevated confining pressures due to
pore/throat compaction driven by grain rearrangement.
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St Bees Sandstone shows complex permeability changes,
with shear-induced grain cracking at lower confining
pressures increasing porosity but reducing permeability
by blocking pore throats.

Variations in mechanical and permeability responses are
closely linked to grain size distribution and morphology
differences between the two sandstones.
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1 Introduction

Renewable energies are becoming increasingly important
in replacing fossil fuels as the main source of energy world-
wide. They relate to small amounts of greenhouse gases
emitted to the atmosphere and therefore support global
ambitions towards achieving net zero (Canadell et al. 2023;
Engeland et al. 2017). However, the production of energy
from some renewable sources is intermittent and/or non-
constant (e.g. wind power and solar photovoltaic). This can
lead to a mismatch between energy supply and demand.
Therefore, the strategic implementation of underground
gas storage, including the cyclic storage of hydrogen and
natural gas, emerges as an effective solution to reconcile
this imbalance (Carden and Paterson 1979; Lund and Salgi
2009; McPherson et al. 2018). While natural gas is a pri-
mary source of energy, typically stored underground during
summer months on the northern hemisphere, underground
hydrogen storage (UHS) is currently considered as a second-
ary source of energy produced during times of overproduc-
tion from renewables. The hydrogen for underground stor-
age is usually produced by electrolysing water with excess
renewable energy or through processing fossil fuels. This
produced hydrogen is stored in depleted oil and gas fields,
salt caverns, or aquifers. Once there is a surge in energy
demand or an interruption in the supply of renewable energy,
the stored hydrogen can be quickly released and used to
produce electricity to meet immediate needs (Zivar et al.
2021). It not only ensures a reliable and continuous supply
of energy, optimizing the utilization of renewable resources,
but also significantly reduces our reliance on traditional
carbon-intensive energy sources, bringing us closer to the
realization of a sustainable and balanced energy future.

Underground hydrogen storage can be achieved by uti-
lising salt caverns or porous media, such as saline aquifers
or depleted hydrocarbon reservoirs (Lankof and Tarkowski
2020; Reitenbach et al. 2015; Zivar et al. 2021). Compared
to salt cavern storage, gas storage in porous sandstone reser-
voirs offer some advantages, including high storage capacity
and the capability for long-term storage (due to their high
chemical inertness) (Heinemann et al. 2021). These attrib-
utes make porous sandstones a feasible option for enhancing
energy security and sustainability. However, unlocking this
potential relies on a deep and comprehensive understand-
ing of the physical properties of sandstones under in situ
conditions.

Previous studies have shown that annual or more fre-
quent gas production and injection processes alter the pore
pressure within reservoir rocks. This cycling of pore pres-
sure leads to periodic fluctuations in effective stress. Such
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periodic stress states are considered key factors influenc-
ing the mechanical and transport properties of reservoir
rocks (Mortazavi and Atapour 2018; Rafieepour et al. 2017;
Rafieepour et al. 2021). Several studies suggested that cyclic
loading can result in a decrease in the stiffness of sandstone
and an increase in Poisson’s ratio, which can be associated
with crack evolution (Huang et al. 2018; Zhou et al. 2017).
The propagation of cracks plays an important role in alter-
ing the transport properties of rocks (Popp et al. 2001; Zhao
et al. 2019). However, it is also argued that under cyclic
loading and unloading, the closure of microcracks and pores
leads to an increase in the strength of sandstone (Taheri et al.
2016), accompanied by a decrease in porosity and perme-
ability (Dong et al. 2010). This lack of consensus not only
highlights the complexity of the issues but also indicates
that the behaviour of different sandstones under stress can
vary greatly. While prior studies provide some insights into
the response of reservoir rock transport properties to cyclic
stress, there remains a gap in our understanding of how
cyclic loading affects the transport properties of reservoir
rocks at the microscopic scale (Dong et al. 2010; Wang et al.
2017). Specifically, the microscopic mechanisms behind the
observed changes in permeability remain poorly understood.
Furthermore, a significant limitation of previous studies is
the stress ranges used in experiments, which often fail to
accurately reflect the in situ stress conditions encountered in
underground environments designated for hydrogen storage
(Heinemann et al. 2021; Kumar et al. 2023). This discrep-
ancy raises doubts about the applicability of these research
findings to real-world scenarios. Filling these knowledge
gaps and overcoming these research limitations will not only
improve the optimization of underground hydrogen storage
strategies but also strengthen our ability to predict and miti-
gate the risks associated with such efforts.

In this study, we employed a multi-scale workflow, initiat-
ing high-resolution micro-CT imaging of the microstructures
of two sandstone samples before the experiments and recon-
structing the pore/grain geometries. Subsequently, cyclic
loading tests were performed to simulate the in situ stress
experienced by reservoir rocks due to gas injection/extrac-
tion. Simultaneously, we employed a steady-state method to
measure the permeability at critical stress steps and analysed
the evolution of rock mechanics and transport properties
under cyclic loading conditions. By comparing the micro-
CT features of the sandstones before and after cyclic loading
tests, the microscopic mechanisms behind these changes in
sandstone samples were quantitatively analysed. This study
investigates how stress cycling during underground hydro-
gen storage affects the mechanical and transport properties
of porous sandstone, and aims to understand the underlying
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microscopic mechanisms, providing guidance for the opti-
mal operation of underground hydrogen storage reservoirs.

2 Materials and Methods
2.1 Materials

The samples used in this study are Castlegate and St Bees
Sandstone. The Castlegate Sandstone originates from Utah,
USA. It is a yellow sandstone that developed in the Upper
Cretaceous Mesaverde Group. It is primarily composed of
quartz, typically constituting over 90% of its composition,
with minor amounts of feldspar and clay minerals (<5%)
(Miall and Arush 2001). The grain size varies from medium
to coarse, with an average grain size of 0.2 mm, featuring
good sorting, high roundness, and strong homogeneity. It
possesses remarkably high porosity and permeability, with
porosity exceeding 20% and permeability typically on the
order of 107> m?. This sandstone is generally considered an
optimal reservoir analogue for experimental research. (Kibi-
kas and Bauer 2021; Mortazavi and Atapour 2018). The St
Bees Sandstone is a Permian red sandstone and primarily
distributed in Cumbria, UK. This sandstone is mainly com-
posed of quartz and feldspar, with a notably high quartz con-
tent exceeding 75%. Feldspar follows, constituting 10-20%
of the total volume (Hawkins and McConnell 1991). The
grain size typically ranges from fine to medium, with an
average grain size of ~0.15 mm, demonstrating favourable
sorting and a subangular to subrounded shape. It exhibits

Table 1 List of samples, experiments, test conditions, and key data

good porosity and permeability and is considered an impor-
tant aquifer in Cumbria, England (Medici et al. 2018). In
this study, all samples were drilled perpendicular to bedding
from larger blocks collected from outcrops, and both ends
of the samples were ground flat and perpendicular to the
sample axis using grinding papers to ensure uniform loading
distribution during the tests. After drilling, these samples
were dried in an oven at 70 °C for 24 h for the experimental
testing. The initial porosity of all samples was determined by
combining Archimedes’ principle with CT image analysis.
Basic physical parameters of the porous sandstone sample
and testing conditions are shown in Table 1.

2.2 Experimental Apparatus

The cyclic loading experiments were performed using the
Harpers THMC Flow Bench (Harpers et al. 2023). This
system is capable of reproducing in situ stress conditions
and performing coupled temperature—hydraulic-mechani-
cal-chemical experiments on small rock samples with
dimensions of 10 mm in diameter by 20 mm in length. The
confining and pore pressures are up to 20 MPa, axial stress
up to 300 MPa and temperature up to 90 °C. The experi-
mental system consists of four identical high-pressure tri-
axial cells that can be operated in parallel or individually.
The four cells are controlled by three sets of independent
pressurization systems for confining pressure, axial stress,
and pore fluid pressure, as shown in Fig. 1. Axial load is
provided through high pressure nitrogen and controlled by
a spindle pump. The gas pressurises an axial load intensifier

Sample number Diameter (mm) Length (mm) P/(MPa) PP(MPa) QO(MPa) Cycles Inelastic  Porosity (%) Permeability (m?)?
strain (%)
CG-1 9.19 19.90 10.5 1 25-42 0 0 18.8 3.26x10713
5 0.43 18.5 2.36x 10713
20 0.62 18.3 2.23%x10713
CG-2 9.19 19.88 10.5 1 0-42 0 0 18.5 3.88x10713
5 0.63 18.3 25110713
CG-3 921 19.81 19.5 1 0-42 0 0 18.4 3.99%10713
5 0.34 17.9 2.36x 10713
ST-1 921 19.61 10.5 1 25-42 0 0 20.1 2.00x10713
5 0.69 20.4 7.83%x 10713
20 0.86 20.6 7.48x 10713
ST-2 9.18 19.74 10.5 1 0-42 0 0 20.1 2.59%10713
5 0.78 20.4 5.71x1074
ST-3 9.19 19.70 19.5 1 0-42 0 0 20.1 231x10713
5 0.48 20.1 1.48x 10714

P, = confining pressure; P, = pore pressure; 0 (cfﬁ - agﬁ ) =effective differential stress

the permeability values for CG-1 and ST-1 were measured under low-stress conditions, i.e. during unloading after in situ stress, whereas those
for CG-2, CG-3, ST-2, and ST-3 were obtained under conditions of zero differential stress

@ Springer



M. Wen et al.

Fig. 1 Schematic diagram of
high-pressure triaxial cells of
the Harpers THMC Flow Bench

(Harpers et al. 2023) LVDT

Top cap

Axial piston

Heating jacket

Bottom cap

that amplifies the provided gas pressure by a factor of 15.
Two high-pressure syringe pumps are responsible for sup-
porting the system with confining pressure (Teledyne ISCO
Model 260D, USA)) and pore pressure (Teledyne ISCO
Model 500D, USA), respectively. The operating principles
and processes of Harpers THMC Flow Bench are described
in detail by Harpers et al. (2023). In this study, the sandstone
samples are coated with PTFE (Polytetrafluoroethylene) to
seal the space between the sample and the steel jacket with
a thickness of 0.064 mm, preventing fluid bypass. In addi-
tion, each cell is equipped with a linear variable differen-
tial transducer (LVDT; + 1 mm range; 1 pm accuracy RDP
Electronics Ltd, UK) on the top cap to measure the axial
deformation of the samples.

2.3 Experimental Procedure

2.3.1 CyclicLoading and Permeability Test Under In Situ
Stress Conditions

Previous studies have shown that the optimum depth for sub-
surface hydrogen storage is 1100 m, and that depths greater
than 3700 m are theoretically unsuitable for long-term,
large-scale subsurface hydrogen storage (Iglauer 2022).
Considering the suitable burial depth for hydrogen storage
reservoir and the apparent response of the reservoir rocks to
cyclic stresses, this paper simulated the extreme conditions
of full pore pressure cycling under in situ reservoir stresses
of ~2000 m depth. We assumed that the maximum in situ
stress (o) of the reservoir is in the vertical direction. Its
magnitude is equivalent to the integral of rock density from
the surface to the target depth z (Zoback 2010):
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The bulk density of sandstone is generally between 2.0
and 2.6 g/cm?>. For calculation convenience, we approxi-
mate the density of sandstone to be 2.5 g/cm?. Therefore,
the approximate magnitude of the in situ vertical stress
(oy) is 50 MPa. Additionally, assuming that the mini-
mum horizontal stress (o5) is half the vertical stress (o),
and the pore pressure is equal to the hydrostatic pressure
(Fjaer et al. 2008; Zoback 2010), then the in situ minimum
horizontal stress (o3) and pore pressure (P,) at the end
of injection are, respectively, 25 MPa and 20 MPa. This
means that the differential stress Q (afﬁ - agﬁ ) is 25 MPa
after full injection. When the gas is completely extracted
and the pore pressure reaches 0.1 MPa, the effective stress

eff eff

o, is restored to 50 MPa, while the change in o,

roughly estimated using a uniaxial strain model (Pijnen-
burg et al. 2018):

can be

Actl = aAPp<]‘—_Vv> )

Assuming the Poisson’s ratio (v) of porous sandstone
is 0.15+0.05 (Hettema et al. 2000; Pijnenburg et al.
2018), then agﬁ is estimated to increase to 8.5 MPa dur-
ing depletion, and afﬂ increases 50 MPa. Therefore, the
range of differential stress Q (o-fﬁ - agﬂ ) changes during
the cyclic loading process from 25 MPa (full injection)
to 42 MPa (depletion). The maximum confining pres-
sure of The Harpers THMC Flow Bench can only reach
20 MPa. Therefore, in this experiment, we achieved dif-
ferential stress cycles by setting the confining pressure
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to 10.5 MPa, the pore pressure to 1 MPa, and cyclically
varied the axial pressure from 35.5 to 52.5 MPa. It should
be noted that previous field case studies and numerical
feasibility analyses on underground hydrogen storage
(UHS) in porous media have typically employed relatively
modest reductions in pore pressure, generally limited to
within 10 MPa, to ensure borehole stability and maintain
adequate reservoir flow performance (Lysyy et al. 2021;
Pfeiffer and Bauer 2015). In contrast, the present study
adopts a pore pressure reduction of 20 MPa during res-
ervoir depletion. While this may appear extreme from an
operational perspective, such stress paths exceeding antici-
pated field conditions are routinely employed at laboratory
scale to establish mechanical failure envelopes for rock
specimens. By imposing this elevated pore pressure drop,
the experimental conditions effectively induce deformation
and damage mechanisms pertinent to UHS scenarios. Con-
sequently, the application of elevated pore pressure reduc-
tion serves to actively induce deformation and damage
mechanisms analogous to those potentially occurring dur-
ing UHS operations. This approach provides critical safety
margins when extrapolating rock mechanical responses to
actual subsurface hydrogen storage conditions.

The experimental steps are as follows: all sandstone sam-
ples were coated with PTFE, placed into the coreholders,
and subjected to CT scanning. Subsequently, the coreholders
were positioned in the cells, assembled into position, and
vacuumed for 15 min. Initially, the syringe pump applied a
confining pressure of 10.5 MPa to the samples at an aver-
age loading rate of 0.06 MPa/s until the desired value was
reached. Simultaneously, the axial pressure was increased
to a value equal to the confining pressure to keep the sam-
ple at hydrostatic pressure (Q=0). Subsequently, deion-
ized water was injected into the core holders until the pore
pressure reached 1 MPa, with a loading rate maintained at
0.05 MPa/s. After the whole system was equilibrated for
10 min, axial compression was loaded at an average loading
rate of 0.1 MPa/s until the differential stress increased to
25 MPa. In this study, axial stress was increased while main-
taining a constant confining pressure. This was primarily due
to the relatively small stress range used in the experiments.
The main focus is on examining the impact of increased dif-
ferential stress, whereas the increase in horizontal effective
stress was considered secondary (Pijnenburg et al. 2018).

The steady-state method is employed to measure rock
permeability. The permeability of the rock sample was cal-
culated using Darcy’s law after a steady pressure or flow rate
was observed for several minutes (Zhu and Wong 1997):

_ _guL
T (apA 3)

where g, u, Ap are the fluid velocity (m3.s_1), viscosity
(Pa.s), and pressure difference between the inlet and outlet

(Pa), while A and L are the sample cross-sectional area (m?)
and length (m), respectively. Subsequently, samples were
continuously loaded at the same rate until the differential
stress reached a maximum of 42 MPa, and the permeability
at that stress point was measured again. Following the per-
meability test, the samples were unloaded at the same rate
until the differential stress reached 25 MPa, and the perme-
ability of the samples was measured again. The experiments
were repeated in the same manner until after the Sth cycle
and the core holders were removed for CT scanning. Then,
the experiments were continued until the 20th cycle was
completed, after which the sample was removed from the
core holder, dried, and subjected to CT scanning again. It
should be noted that this study measured only the vertical
permeability, which represents the permeability in the direc-
tion of the maximum principal stress and did not provide the
changes in permeability in the direction of the minimum
principal stress, i.e., the radial permeability. See Fig. 2a for
the schematic diagram of experimental processes.

2.3.2 Cyclic Loading and Permeability Test Under Fully
Cyclic Loading Conditions

To investigate the permeability evolution with stress and
the inelastic strain accumulation with each loading cycle,
we performed full cyclic differential stress experiments
on Castlegate and St Bees Sandstone using The Harpers
THMC Flow Bench System. In this study, the pore pressure
was maintained constant at 1 MPa. Cyclic axial stress was
applied, varying the differential stress from O to 42 MPa over
5 cycles. For comparative analysis, two confining pressures,
10.5 and 19.5 MPa, were applied to study the effects of con-
fining pressure on rock properties. The permeability of the
samples was measured using the steady-state method, and
axial strain was recorded with LVDTs. The experimental
procedure is roughly the same as the in situ stress cyclic
loading experiment. The difference is that the steady-state
method is used to measure the rock permeability at differ-
ential stress steps of 0, 10.5, 21, 31.5, and 42 MPa in this
experiment (Fig. 2b).

2.4 Microstructural Characterization

X-ray micro-CT scanning of cylindrical samples was per-
formed to characterise the microstructure of the material
before and after permeability and mechanical tests. All
CT experiments were performed with a high-resolution
EASYTOM pCT scanning device at Heriot-Watt Univer-
sity (RX-Solutions, France). The scanner operates at a volt-
age of 150 kV and 500 pA. Each scan took 120-150 min
and generated 3800-4400 projections with a voxel size of
7.71 pm. The principle of CT scanning involves the emis-
sion of an electron beam from a cathode, which upon
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Fig.2 Schematic diagram of
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striking a tungsten anode target, produces a broad spectrum
of X-rays. These X-rays penetrate the rotating sandstone,
and detectors capture two-dimensional projection images at
various angles. Subsequently, these projection images were
reconstructed into a three-dimensional image using the RX-
Solutions three-dimensional analysis software. The three-
dimensional reconstructed images of Castlegate Sandstone

Fig.3 The three-dimensional
structure of Castlegate (CG) and
St Bees (ST) Sandstone. a CG-1
before the test; b CG-1 after 30
loading cycles; ¢ ST-1 before
the test; and d ST-1 after 30
loading cycle
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Time

and St Bees Sandstone before and after the cyclic loading
test are illustrated in Fig. 3.

After the reconstruction, the scanned sandstone images
were processed and analyzed using Avizo 2020 (Thermo
Fisher scientific, USA), a commercial 3D image processing
and analysis software. Noise was removed through median
filtering, and non-local means denoising. Subsequently, a
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watershed algorithm was applied to identify the optimal
thresholds for pore segmentation. Following pore segmenta-
tion, connected pores were processed to construct Pore Net-
work Models (PNM) (Dong and Blunt 2009). To characterise
the alterations in transport properties of sandstone, we con-
ducted an in-depth analysis of pore structure parameters such
as tortuosity, pore/throat size, and coordination number. Coor-
dination number in a pore network model (PNM) serves as an
index describing the number of throats connecting a pore to
its neighboring pores (Desbois et al. 2016). It is a critical topo-
logical parameter that illustrates the connectivity and complex-
ity within a porous sandstone, directly impacting the transport
characteristics of reservoir rocks. A higher coordination num-
ber indicates better pore connectivity, which is beneficial for
fluid flow. Tortuosity 7 (-) a dimensionless value, describes
the complexity and meandering nature of fluid pathways L
(m) through porous media relative to a straight-line distance
L, (m). It is typically defined as the ratio of the actual path
length of a fluid through a porous medium to the straight-line
distance between two points within that medium (Doyen 1988;
Lindquist et al. 2000):

L
T=L @

Tortuosity typically exceeds 1 since the actual flow path
is longer than the straight-line distance (Gong et al. 2020).
Moreover, grain analysis including grain size, orientation, and
grain morphology analyses were conducted on the sandstone
before and after experiments to analyse the micro-mechanisms
of mechanical and transport property variations under cyclic
loading conditions. For grain analysis, a logical algorithm was
employed to segment the sandstone grains further. Once the
sandstone grains were labelled, morphological attributes such
as size, orientation, and shape were characterised by extract-
ing parameters including Length3D, Width3D, EqDiameter,
OrientationPhi, OrientationTheta and Sphericity. In the case
of CT imaging, Length3D and Width3D, respectively, repre-
sent the maximum and minimum of the grain’s Feret diameter,
which is defined as the distance between two parallel lines,
which are tangent to the object contour and perpendicular to
the specified direction (Kong et al. 2018). The aspect ratio is
defined as the ratio of the Length3D to Width3D. Orientation-
Phi and OrientationTheta represent the angles of the grains
in ¢ [0,+90°] and O [-180,180°] directions, as illustrated in
Fig. 4. These angles are determined via the inertia moment
calculation (Herlinger and Vidal 2022).

The equivalent diameter EgD of a grain represents the

diameter of a sphere with the same volume V,,;, (m?) as the
grain, calculated by the following formula:
EqD — 3 Gngin (5)

F

Fig.4 Schematic diagram of Phi (@) and Theta (0) in polar coordi-
nates on the x, y, and z axes

Additionally, sphericity indicates the degree to which a
grain approaches a perfect sphere, calculated by the follow-
ing formula:

1 2
.. 36V gin 3
Sphericity = ”A—g (6)
surf
where A, is the surface area of the grain. Sphericity var-

ies between 0 and 1; a higher sphericity indicates better
grain roundness (Kong et al. 2019). A Schematic diagram
of the overall process of sandstone CT processing is shown
in Fig. 5.

3 Results

3.1 Mechanical Responses of Sandstones Under
Cyclic Loading Conditions

In Fig. 6, we show cyclic differential stress versus axial
strain of Castlegate and St Bees Sandstone under various
stress conditions. Under in situ stress conditions, the two
types of porous sandstones exhibited nonlinear, upwardly
concave stress—strain behaviour during initial loading,
associated with the closure of original microcracks (Peng
et al. 2015; Zhang and Tang 2020). With increasing stress,
this shifts to a relatively stiff, nearly linear elastic deforma-
tion zone. As the differential stress increases to 38 MPa,
the ST-1 stress—strain curves develop an inflection point,

@ Springer
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Fig.5 Schematic diagram of the
overall process of sandstone CT
processing

Pre-processing

demonstrating pronounced, downward concave behaviour.
This shift indicates that the stress exceeds the yield point
of St Bees Sandstone, marking a transition from elastic to
elasto-plastic deformation. Upon reaching differential stress
of 42 MPa, a slight downward concave stress—strain behav-
iour is observed in CG-1. During stress cycling process, the
stress—strain curves of the two sandstones do not overlay but
form hysteresis loops, indicating the energy dissipation and
internal structural changes due to accumulation of inelastic
strain. Initially, both, CG-1 and ST-1 exhibit a higher strain
accumulation rate at the onset of stress cycling, resulting
in larger hysteresis loops and a notable increase in inelas-
tic strain accumulation during 1st compared to subsequent
cycles. Additionally, inelastic deformation continues to
accumulate over successive cycles, albeit at a diminishing
rate, eventually reaching a stabilized state. Consequently, the
inelastic hysteresis loops progressively narrow, approaching
each other, and eventually overlaps as the number of loading
cycles increases. The slope of the unloading curve becomes
roughly the same as that of the loading curve, which was
also reported in previous studies (Liu et al. 2020; Yang et al.
2019). Throughout the cyclic loading process, ST-1 accumu-
lates more total axial strain and inelastic strain compared to
CG-1. In addition, the unloading curve at the 5th cycle of
ST-1 does not align with the loading curve at the 6th cycle,
possibly due to microcracks opening during the unloading
process (Zhang et al. 2023).

To further investigate the effects of confining pres-
sure and cyclic amplitude on the properties of the two
types of sandstone, we conducted two sets of full-stress
cycling tests under different levels of confining pressure
(10.5 MPa and 19.5 MPa) and calculated the accumula-
tion of inelastic strain and the evolution of Young’s Mod-
ulus for each cycle. At a confining pressure of 10.5 MPa,
both CG-2 and ST-2 show non-linear upwardly concave
stress—strain behaviour during the initial loading, similar
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to in situ stress conditions. As differential stress reaches
a certain level, both samples exhibit downward concave
stress—strain behaviour. During the cyclic process, the
inelastic strain in both sandstones was largest in the 1
St cycle, decreasing gradually with subsequent cycles.
In contrast, no apparent upward concave stress—strain
behavior was observed for CG-3 at a confining pressure
of 19.5 MPa. This is because the increased confining
pressure facilitates the rapid closure of internal microc-
racks and pores within the sandstones, thereby enhancing
their overall stiffness, allowing the stress—strain curve
to reach the linear elastic zone more quickly (Peng et al.
2015). After 5 cycles, the inelastic deformations in CG-2
and ST-2 increases to 0.63% and 0.78% (Fig. 7a), respec-
tively, showing a marked increase compared to in situ
stress conditions, where the accumulated inelastic strain
after 5 cycles reaches 0.43% and 0.69% only (Fig. 6a, 6b).
This indicates that the accumulation of inelastic strain
is significantly influenced by the amplitude of cyclic
stress, likely related to the dynamic closing and open-
ing of internal microcracks and pores (Jia et al. 2018).
Furthermore, with an increase in stress cycles, both sand-
stones show a similar trend in Young’s Modulus as with
inelastic strain, gradually increasing with stress cycles,
albeit at a slower rate. After 5 cycles, the Young’s Mod-
uli for CG-2 and ST-2 reach 7.12 and 6.52 GPa respec-
tively (Fig. 7b). In contrast, CG-3 and ST-3, which were
subjected to a confining pressure of 19.5 MPa, display
lower axial total strain and inelastic strain compared to
those in the 10.5 MPa group. After 5 cycles, the accu-
mulated inelastic strain was only 0.34% and 0.48%, and
their Young’s moduli were higher, reaching 8.39 GPa
and 7.21 GPa (Fig. 7b), respectively. This discrepancy
can be attributed to the higher confining pressure condi-
tions, which bolster the overall strength of the sandstones,
resulting in increased yield stress (Huang et al. 2021;



Mechanical Responses and Permeability Evolution in Porous Sandstones Under Cyclic Loading...

(a)

50
CG-1

~ w -
= = =

ot

=

.
.

Differential stress (MPa)

.;-"'! ' 20 cycles
' = o

‘()).0 0.3 0.6 0.9 1.2 1.5 1.8

Axial strain (%)

CG-2

N w -
> = =

>
.

Differential stress (MPa)

S cycles

(6.0 0.3 0.6 0.9 1.2 1.5 1.8
Axial strain (%)

~
¢
~"

h
=

CG-3

w -
= (—4
o

Nt
N’Q

N~
>
.
.
*.

—
>
.
.~
te

Differential stress (MPa)

S cycles
(

)).0 0.2 0.4 0.6 0.8 1.0 1.2
Axial strain (%)

Fig.6 Stress—strain curves of Castlegate and St Bees Sandstone
under various stress conditions. a, b CG-1, ST-1 under in situ stress
conditions. ¢, d CG-2, ST-2 fully stress cycling experiments under

Shirani Faradonbeh et al. 2022). This is evident from
the absence of clear inflection points or subsequent con-
cave stress—strain behavior in their stress—strain curves
in CG-3 and ST-3. Therefore, both sandstones exhibit
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smaller inelastic axial strains under the same differen-
tial stress conditions. It is noteworthy that under the
same confining pressure conditions, St Bees Sandstone
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generally exhibits higher cumulative inelastic strains
compared to the Castlegate Sandstone.

3.2 Permeability Evolution

Figure 8 demonstrates the permeability variations of CG-1
and ST-1 over 20 cycles under in situ stress conditions.
The black dots in both figures denote permeability meas-
urements taken at low-stress levels (injection phases, O
=25 MPa), while red dots correspond to measurements
at high-stress levels (depletion phases, Q=42 MPa). The
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data indicate a marked reduction in permeability for both
sandstones in the first 5 cycles, i.e. the permeability of
CG-1 decreases from an initial value of 3.26 x 107"3 to
2.36x 107'* m? (27.6%) by the 5th cycle at low-stress
levels and from 2.64x 107" to 2.12x 107" m* (18.9%)
at high-stress levels. In comparison, the permeability of
ST-1 decreases from 2.0 x 10713 to 7.83 x 107'* m? at low-
stress levels and from 1.28 X 10713 to 5.61 x 107'* m? at
high-stress levels, corresponding to a decrease of 60.8%
and 56.8% for CG-1 and ST-1, respectively. After com-
pleting 5 cycles, both sandstones were fully unloaded and
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the sample was unloaded, and the sample was taken out of the cell for
CT scanning
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subjected to microscopic structural analysis. Subsequently,
the cyclic experiment was resumed. As shown in Fig. 8, as
the number of cycles increases, the permeability of both
sandstones eventually stabilized. Specifically, the permea-
bility of CG-1 stabilizes at 2.32x 1073 m? and 1.80 x 107"3
m? under low and high stress, respectively. Conversely,
ST-1 maintains permeability levels of 7.48 x 107'* and
5.25x 107'"* m? under low and high-stress conditions,
respectively. This phenomenon is attributed to the initial
adjustment of microstructures during cyclic loading until
reaching a new equilibrium state. In this state, pore and
fracture structures become relatively stable, leading to a
gradual reduction in permeability changes (Wang et al.
2017). Notably, there was a significant increase in the per-
meability of ST-1 during the 6th cycle, particularly under
low-stress conditions. This increase may be due to the reo-
pening of some microcracks following full unloading in
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Fig. 9 Permeability evolution following differential stress cycling. a Castlegate Sandstone (CG-2), Pc=10.5 MPa; b St Bees Sandstone (ST-2),
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the 5th cycle, thereby enhancing permeable flow pathways

(Liu et al. 2020; Popp et al. 2001; Zhao et al. 2019).

Figure 9 illustrates the permeability variations of Castlegate
and St. Bees sandstones in response to changing differential
stress. The data indicates that during the loading phase, the
permeability of both sandstones tends to decrease as the differ-
ential stress progressively increases. Notably, the reduction in
permeability was most substantial following the initial loading,
indicating a heightened sensitivity of the sandstone internal
structure to the initial stress response. Although permeability
continues to decline with subsequent loading cycles, the rate
of this decline diminishes, suggesting that the internal struc-
ture of both sandstones does not change significantly follow-
ing repeated cycles for the conditions tested to repeated stress
applications. During the unloading phase, the permeability of
both sandstones exhibits gradual recovery as differential stress
decreases. However, this recovery does not fully revert to the
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original state, manifesting as a pronounced hysteresis loop,
with the largest scale of the loop observed in the first load-
ing—unloading cycle. This hysteresis effect could be attributed
to compression of the pores plus microcracks within the sand-
stone during loading, which is not completely reversible in the
subsequent unloading process (Dong et al. 2010; Teklu et al.
2016; Wang et al. 2017). With an increase in the number of
cycles, the microstructure of both types of sandstones is sub-
jected to an initial period of adjustment, during which the pore
structures become relatively stable, leading to a gradual per-
meability loss. This trend is evidenced by the decreasing mag-
nitude of hysteresis loops. Specifically, for CG-2, experimental
data indicate that under a confining pressure of 10.5 MPa, its
permeability ranges from 2.05x 107'* m? (during the 5th cycle,
with a differential stress of 42 MPa) to 3.88x 107"* m? (dur-
ing the 1st cycle, with a differential stress of 0 MPa), resulting
in a 35.5% permanent loss of permeability by the end of the
cycles. Under a confining pressure of 19.5 MPa, the initial
permeability (during the 1st cycle, with a differential stress of
0 MPa) was 3.99 x 103 m?, which decreases to a minimum
of 1.95x 107"3 m? (during the 5th cycle, with a differential
stress of 42 MPa), resulting in a permanent permeability loss
of 40.9% at the end of the cycles. This trend mirrors the obser-
vations from the 10.5 MPa experimental group but with gener-
ally lower permeability values.

The permeability of ST-2 ranges from 3.96x 1074 m?
(during the 5th cycle, with a differential stress of 42 MPa) to
2.59% 107"3 m? (during the 1st cycle, with a differential stress of
0 MPa) under a confining pressure of 10.5 MPa. After 5 cycles,
its permanent permeability has decreased to 77.9%. In contrast,
in the experimental group subjected to a confining pressure of
19.5 MPa, the permeability of ST-3 varies from 9.61 x 1074 m?
(during the 5th cycle, with a differential stress of 42 MPa) to
2.31x107"* m? (during the 1st cycle, with a differential stress
of 0 MPa). After 5 cycles, its permanent permeability loss is
41.5%. Notably, the permeability reduction during the loading
and the permanent permeability loss is lower in the group with
a 19.5 MPa confining pressure than those observed in the group
under 10.5 MPa. This observation contradicts previous findings
that the higher the confining pressure, the lower the perme-
ability, and the greater the permeability loss (Alam et al. 2014;
Ramezanian and Emadi 2020; Wang et al. 2017). This aspect
will be further analysed in the next section in conjunction with
the microstructural observations.

4 Discussion

4.1 Microstructural Observations and Porosity
Evolution

Experimental data indicate significant differences in the
mechanical response and transport characteristics between
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Castlegate and St Bees Sandstone subjected to identical
stress paths. These variances are closely linked to distinct
microstructural attributes, including grain size, grain
shape, grain arrangement (Masch and Denny 1966; Payton
et al. 2022), as well as pore structure features such as pore
size, pore shape, and connectivity (Bernabé et al. 2016;
David et al. 1993; Shalev et al. 2014). Consequently, we
employed micro-scale CT quantitative analysis to investi-
gate the alterations in these microstructural features and
delve into the underlying mechanisms.

4.1.1 The Effects of Stress Cycling on the Microstructure

CT cross-sections of Castlegate (CG-1) and St Bees
(ST-1) sandstones are shown in Fig. 10. This series of
CT images illustrates the micro-structural changes dur-
ing cyclic loading experiments under in situ stress condi-
tions. From Fig. 10a to Fig. 10f, it can be seen that the
microstructure changes for CG-1 before and after cyclic
loading. Figure 10a, d reveals the micro-structure prior
to loading, showing an even grain distribution. After five
loading cycles, a noticeable reduction in the grain spac-
ing and increased grain contact are evident (Fig. 10b, e).
Having completed 20 loading cycles, Fig. 10c, f shows
that the grain spacing in CG-1 decreases even more,
resulting in a densely packed grain arrangement. Nota-
bly, there are no visible fractures among the grains, indi-
cating that the integrity of the grains is well preserved.
These observations imply that inelastic strain was pri-
marily accommodated through grain rearrangement and
sliding in this sandstone to adjust to stress cycling. Con-
versely, Fig. 10g—f illustrate the microstructural alterations
observed in St Bees Sandstone under identical experimen-
tal conditions. St Bees Sandstone has a smaller average
grain size than the Castlegate Sandstone, alongside poor
grain roundness prior to loading tests (Fig. 10g, j). After
5 loading cycles, evident from Fig. 10h, k. the emergence
of shear bands—resulting from grain fractures—is marked
by areas highlighted with red arrows, illustrating the align-
ment of fragmented grains along a specific orientation. A
further increase in loading cycles to 20 accentuated the
shearing effect within St Bees Sandstone, as demonstrated
in Fig. 10i and 1. This amplification in shearing indicates a
proliferation of intragranular and intergranular fractures,
with the sandstone’s inelastic strain predominantly facili-
tated by broken grains and, as a result, development of
shear bands.

To further investigate the behaviour of the two sandstones
at the microscale after in situ conditions, we compared CT
images of their vertical sections and three-dimensional
porosity variations at different stages, as illustrated in Fig. 11
(Baud et al. 2017; Hu et al. 2022). All images of the vertical
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Fig. 10 CT cross-sections for
CG-1 and ST-1. a, g CG-1,

ST-1 before the test. b, h CG-1,
ST-1 after 5th cycles. ¢, (i)
CG-1, ST-1 after 20th cycles.
d—f, j-1 Magnified local areas of
the CT images. The local areas
are marked by red boxes

sections were taken from the XZ direction of the two sand-
stones. The spatial distribution of rock porosity was obtained
by calculating the planar porosity for each slice and cumu-
latively stacking these calculations (as illustrated by the red
curve). For Castlegate Sandstone, the curve’s shape reveals
significant porosity fluctuations along its entire length prior
to initiating the experiment, with relatively higher porosity
at 0-7.5 mm and 15-20 mm sections. Overall, the average
porosity is 18.8%, indicating that the porosity distribution
of Castlegate Sandstone in its natural state was heteroge-
nous, possibly affected by geological processes or differ-
ences in rock composition (Fig. 11a, red curve). After five
stress cycles, it can be observed that certain sections of the

1mm 1mm

Tight g{'ai n contact

250pm

Imm

s st N 2
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Castlegate Sandstone are compacted. This results in a poros-
ity curve slightly flatter than before the loading, decreasing
the overall porosity slightly to an average value of 18.5%
(Fig. 11a, blue curve). After 20 cycles, the porosity of the
Castlegate Sandstone declined further, exhibiting significant
differential compaction, with a noticeable decline in poros-
ity of 7.5-15 mm compared to other sections, from 18.2%
to 17.6%, as shown in Fig. 11a. Consequently, the average
porosity reduces to 18.3% (Fig. 11a, black curve). Further
CT imaging confirms that the sandstone experienced addi-
tional compaction, with an even tighter grain arrangement
(Fig. 11b—d).
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In comparison, the porosity of St Bees Sandstone also
exhibits spatial heterogeneity prior to the experiments, espe-
cially from 5 to 10 mm where lower porosities are clearly
evident in Fig. 11e. Nevertheless, the overall average poros-
ity of St Bees Sandstone remains higher than that of the
Castlegate Sandstone, reaching 20.1% (Fig. 11e, red curve).
After five stress cycles, significant changes are observed in
the spatial distribution of porosity: a decrease within the
4-8 mm sections and an increase within the 10—15 mm
sections. Consequently, the average porosity experiences a
slight increase, reaching 20.4%, compared to the pre-exper-
imental phase (Fig. 11e, blue curve). As the experiments
proceed to 20 cycles, the alterations in St Bees sandstone’s
porosity becomes more pronounced. The porosity in the
0—7.5 mm section decreases from 19.3% to 18.7%, while
the porosity in the 15-20 mm section significantly increases
from 20.5% to 21.4%. The overall average porosity rises to
20.6%, with the sandstone exhibiting clear compartmentali-
zation (Fig. 11e, black curve). The CT images demonstrate
that the formation of shear bands in St Bees Sandstone, con-
sisting of fractured grains (indicated by a red arrows), which
corresponded to fluctuations in the porosity distribution
curve. These broken grains contribute to an overall increase
in sandstone porosity. Contrary to Castlegate Sandstone, the
micro-mechanism of inelastic strain in St Bees Sandstone
was primarily dominated by shear dilatancy, rather than by
compaction (Fig. 11f-h).

4.1.2 Effect of Confining Pressure

To investigate the micro-scale mechanisms responsible for
inelastic strain accumulation and the differences in perme-
ability of the two sandstones under varying confining pres-
sures, we conducted full stress cycle experiments on these
sandstones and analysed the differences in their microstruc-
tures under different confining pressures using CT scanning
after the experiments. The CT images of the two sandstones
are shown in Fig. 12. After 5 cycles, deformation bands
were observed within the St Bees Sandstone at a confin-
ing pressure of 10.5 MPa, characterised by cracked grains
induced through shear compression (Fig. 12e, f, marked by
red arrows). These findings indicate that the inelastic defor-
mation observed for St Bees Sandstone is intricately associ-
ated with intra- and inter-granular fracturing. Within these
deformation bands, we find that the broken grains clog origi-
nal pore space, which is likely the reason for the significant
reduction in permeability (Fredrich et al. 1995; Ngwenya
et al. 2003; Vajdova et al. 2004). However, no obvious shear
bands were observed within the St Bees Sandstone under a
confining pressure of 19.5 MPa. This is because of higher
confining pressure increasing the overall strength and stabil-
ity of the rock, thereby making it more difficult to form shear

bands (Paterson and Wong 2005; Wong and Baud 2012).
Therefore, the dominant mechanism of inelastic strain in
sandstone varies under different confining pressure condi-
tions. In contrast, significant microstructural or pore space
differences are not exhibited by the Castlegate Sandstone at
either 10.5 MPa or 19.5 MPa confining pressure.

Similarly, we compared the spatial distributions of poros-
ity of Castlegate and St Bees sandstones under two con-
fining pressures (10.5 MPa and 19.5 MPa), following five
stress cycles. By comparing the CT images (Fig. 12), we
can intuitively observe the relationship between changes in
porosity and the micro-structural alterations within the sand-
stone. Notably, the reduction in porosity of the Castlegate
Sandstone under a confining pressure of 19.5 MPa, from
18.5% to 18.2%, was pronounced compared to the decrease
at 10.5 MPa, from 18.4% to 17.9% (Fig. 13a). Correspond-
ingly, the permeability loss in Castlegate Sandstone is more
significant under a confining pressure of 19.5 MPa (Fig. 9a,
¢). The CT images demonstrate that higher confining pres-
sures result in closer packing between sandstone grains,
reducing pore spacing induced by the increased compaction
effect, which, in turn leads to a lower in sandstone perme-
ability (Lander and Walderhaug 1999; Luhmann et al. 2013).
On the other hand, the s porosity of the St Bees Sandstone
slightly increased under a confining pressure of 10.5 MPa,
from 20.1 to 20.4%, although porosity showed a significant
decrease in the 5—10 mm sections. In contrast, its porosity
remains rather unchanged at 20.1% under the 19.5 MPa con-
fining pressure. It is worth noting that although the St Bees
porosity slightly increases from 20.1% to 20.4% at 10.5 MPa
confining pressure, its permeability loss is significant, reach-
ing 77.9%. In contrast, permeability loss was only 41.5%
under 19.5 MPa confining pressure (Fig. 9b and d). Through
the CT images (Fig. 12e-h, Fig. 13c), it can be observed
that St Bees microstructure severely suffered from altera-
tion at 10.5 MPa confining pressure after repeated loading,
especially in the sections corresponding to the 5-10 mm,
where porosity drastically decreases, and the development of
shear bands are observed. This indicates that the structural
strength of St Bees Sandstone is insufficient to resist the
effects of cyclic loading under this confining pressure, lead-
ing to irreversible damage to the pore structure, thereby sig-
nificantly reducing permeability on a macroscopic level (El
Bied et al. 2002; Ngwenya et al. 2003; Vajdova et al. 2004).
Conversely, the smaller loss of permeability in the St Bees
Sandstone at 19.5 MPa confining pressure may result from
of compaction and subsequent porosity reduction. Although
this is likely, pore channel structures might have retained
integrity, and there were no significant deformation bands as
observed under a confining pressure of 10.5 MPa, resulting
in a relatively smaller permeability loss.
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Fig. 12 CT images for Castle-
gate and St Bees sandstones
after fully cyclic loading condi-
tions a, b CG-2, P,.=10.5 MPa;
¢, d CG-3,P,=19.5 MPa; e, f
ST-2,P,=10.5 MPa; g, h ST-3,
P.=19.5 MPa

4.2 Microstructural Variations Under Varying Cyclic
Loading Conditions

Microscopic observations, coupled with experimental data,
indicate distinct variations in the mechanical responses and
transport properties of Castlegate and St Bees sandstones
following the same stress paths. Following cyclic load-
ing, both sandstones accumulate varying degrees of axial
inelastic strain and experience a reduction in permeability.
CT images reveal a close correlation between porosity and
permeability changes as well as alterations in the sandstone
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microstructure induced by inelastic strain. Furthermore, the
sandstones display different microstructural changes under
varying confining pressure. Previous research indicated that
under low-temperature conditions (T < 150 °C) and time-
scales associated with fluid extraction from the upper crust
(5 km), inelastic sandstone deformation primarily involves
grain-scale processes such as intergranular sliding, rear-
rangement, and intra- and intergranular cracking (Pijnenburg
et al. 2018, 2019; Pijnenburg and Spiers 2020; Wong and
Baud 2012, 1999). To quantitatively assess the micro-mech-
anisms underlying changes in the mechanical and transport
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Fig. 13 Porosity variations before and after 5 cycles under fully
cyclic loading conditions. a, b CG-2, P,=10.5 MPa, CG-3,
Pc=19.5 MPa; ¢, d ST-2, Pc=10.5 MPa, ST-3, Pc=19.5 MPa.
Please note that the ST-2 sandstone was not scanned prior to the
experiment; consequently, the porosity curve for ST-2 before the test
is, in fact, the porosity curve of ST-3 before loading. As ST-2 and
ST-3 are obtained from twin samples at the same depth, it is reasona-
ble to use the porosity curve of ST-3 before the experiment as a proxy
for that of ST-2 before the experiment

properties of the two sandstones under cyclic loading condi-
tions, grain analysis was conducted before and after loading
under various stress paths. The variations in grain orienta-
tion, grain counts, mean grain size, average aspect ratio, and
sphericity before and after loading are shown in Table 2.
For clarity, we placed the detailed results of grain analysis
in Appendix A. At lower confining pressures (10.5 MPa),

no strain localisation was observed after cyclic loading in
the coarser grained, highly rounded grains of Castlegate
Sandstone (Fig. 12a, b). The grain analysis indicates that
the orientation of the sandstone grains changed during the
cyclic loading tests (See Appendix A). Additionally, there
is no significant variation in grain size and grain number,
suggesting that the changes in the microstructure are caused
by the movement, rotation, and rearrangement of the sand-
stone grains in response to these external forces (Table 2).
In contrast, discrete shear bands and conjugate shear bands
developed in St Bees Sandstone, characterized by higher
porosity, smaller grain size (Fig. 12e, f, Fig. 13). Grain anal-
ysis shows that the number of grains increased, the average
grain size decreased, and the grain sphericity decreased in
the St Bees Sandstone before and after the cyclic loading
experiments due to widespread grain breakage (Table 2).
Additionally, shear band development corresponds to a
local porosity decrease, which was also reported previously
(Alikarami et al. 2015). Conversely, under higher confining
pressures, no significant strain localisation is observed in
both sandstones after cyclic loading. Moreover, there were
also minor changes in the average grain size and roundness,
indicating that the changes in their microstructure were
dominated by the movement, rotation, and rearrangement
of grains, rather than by dilantancy characterised by wide-
spread grain breakage.

4.3 Evolution of Pore Structure and Effect
on Transport Properties

4.3.1 Pore Network Model (PNM)

To investigate the micro-mechanisms responsible for perma-
nent permeability loss, we utilized the Maximum Ball (MB)
method for pore network extraction, as developed by Dong
and Blunt (2009). This method facilitates a quantitative com-
parison of pore size distribution before and after exposure
to stress cycling. PNMs for CG-1 and ST-1 are illustrated
in Fig. 14. Apart from pore size distribution, the topologi-
cal properties of pores are also crucial for fluid transport in
porous media (Bernabé et al. 2016; Yang et al. 2016). The
topological structure of pore networks refers to its shape
and the way pores are interconnected. Topological proper-
ties can be characterized by parameters such as coordination
number and tortuosity. Table 3 illustrates these topological
parameters before and after loading experiments.

4.3.2 Variations in the Pore/Throat Size
Before experimental testing, Castlegate’s pore and throat
size distribution were characterized by unimodal patterns.

Pore and throat diameters predominantly range between
80-160 and 30-60 pm and are mostly centered around
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Table 2 Grain characteristics

; : Sample Cycles Number of grains Mean grain diam- Mean sphericity Mean
before and after cyclic loading eter (pm) aspect
tests ratio

CG-1 0 3.18x10* 266.73 0.77 1.27
5 3.42x10* 260.63 0.78 1.29
20 3.58x10* 258.76 0.76 1.29
CG-2 0 3.09x10* 240.86 0.76 1.29
5 3.24x10* 226.87 0.78 1.27
CG-3 0 3.17x10* 271.25 0.77 1.27
5 3.15x10* 265.65 0.77 1.27
ST-1 0 3.78x10* 159.99 0.61 1.31
5 4.12x10* 126.52 0.44 2.12
20 4.35x10* 106.05 0.32 2.65
ST-2 0 3.63x10* 167.12 0.59 1.29
5 421x10* 121.22 0.38 2.60
ST-3 0 3.72x10* 177.54 0.62 1.31
5 3.93x10* 177.12 0.59 1.31
Fig. 14 Pore network model a b c
of Castlegate and St Bees ( ) CG-1 ( ) CG-1 ( ) CG-1
sandstones under cyclic loading 0 cycles 5 cycles 20 cycles
conditions by, odarie ..
(d)
ST-1 ST-1
0 cycles 20 cycles
H 350 pm
175 pm
0 pm

120 pm and 40 pm, demonstrating high uniformity and con-
centration (Fig. 15, Table 3). After five cycles under in situ
stress conditions, a noticeable reduction in the number and
size of pores and throats of CG-1 was observed, accompa-
nied by a decrease in porosity and a leftward shift in the
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peak of pore and throat diameter distributions, indicating an
overall reduction in their averages (Fig. 15). Such alterations
can be attributed to pore and throat compaction due to grain
rearrangement under stress cycling conditions (Lander and
Walderhaug 1999; Payton et al. 2022; Rice-Birchall et al.
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Table 3 Pore structure characteristics of Castlegate and St Bees sandstones under cyclic loading conditions

Sample Cycles Number of pores Total pore Mean pore Mean Coordina- Number of Mean throat Tortuosity
volume (um®)  diameter (um)  tion Number pore throats diameter (pm)
CG-1 2.79x 10* 2.37x 10" 124.78 10.66 1.27%x10° 4274 1.63
5 2.66x10* 2.33x 10" 108.23 9.87 1.16x10° 38.14 1.65
20 2.62x10* 2.25x 10" 102.17 8.67 1.02x10° 35.65 1.63
CG-2 0 2.89x10* 2.44x 10" 128.12 10.88 1.39x 103 42.46 1.63
5 2.57x10* 2.31x10" 103.62 9.61 1.08x10° 37.91 1.65
CG-3 0 2.74x10* 2.40x 10" 131.23 9.78 1.29%10° 4321 1.63
5 2.32x10* 2.17x10'" 105.96 8.46 8.54x10* 35.18 1.64
ST-1 0 3.75x10* 2.67x10'" 114.67 7.46 1.45x%10° 25.16 1.65
5 4.22x10* 2.71x10'" 105.78 5.27 1.23x10° 19.48 1.76
20 435x%10* 2.74x10'" 102.45 4.18 1.06% 10° 16.15 1.79
ST-2 0 3.97x104 2.67x10'" 107.44 7.87 1.56x 10° 2572 1.71
5 4.44%10* 2.72x10'" 100.16 5.24 1.15%x10° 17.18 1.88
ST-3 0 3.82%x10* 2.64x10'" 107.25 7.56 1.67x10° 25.55 1.69
5 3.63x10* 2.61x10" 102.17 6.57 1.37x10° 21.54 1.65

2022). As the loading progresses to 20 cycles, further com-
paction occurs, albeit less pronounced than in the initial 5
cycles. This suggests an adjustment of the microstructural
response to stress cycling. Compared to the in situ stress
conditions, CG-2 and CG-3 exhibit similar trends in pore
structure variations under fully cyclic loading conditions,
with a notable reduction in the number of pores and throats
and a decrease in pore/throat size. However, CG-3 demon-
strates a more pronounced compaction after 5 cycles. This
indicates that higher cyclic stress amplitudes and confining
pressures result in more compact pore structures, conse-
quently diminishing fluid flow channels and reducing per-
meability, narrowing pores and throats, thereby impeding
fluid flow channels and diminishing permeability (Dong
et al. 2010; Wang et al. 2017). This observation can also
be verified by examining sandstone microstructures and the
porosity evolution, as illustrated in Fig. 11. The coordina-
tion numbers for CG-1, CG-2, and CG-3 decrease under
cyclic loading conditions, suggesting that compaction of
pores and throats results in diminished connectivity. Addi-
tionally, their tortuosity exhibits negligible variation across
loading cycles, fluctuating within the range of 1.63 to 1.65,
as shown in Table 3. This indicates that the decline in per-
meability is primarily associated with compaction, leading
to an increase in rock strength and narrowing of fluid flow
channels. As a result, pore connectivity is reduced and per-
meability decreases (Lothe et al. 2002; Luhmann et al. 2013;
Payton et al. 2022).

Similar to the Castlegate Sandstone, the St Bees Sand-
stone exhibits a unimodal (but generally smaller) pore/throat
size distribution prior to cyclic tests, with the majority of
pores and throats ranging between 40-120 and 1040 pm,
respectively (Fig. 16). Under in situ stress conditions and

after 5 loading cycles, porosity, and number of pores in ST-1
are significantly increased. Larger pores play a more sub-
stantial role in porosity, yet there is a noticeable decrease in
throat number and average diameter. This change is attrib-
uted to grain cracking induced by shear dilatancy, leading
to the formation of larger pores and an overall increase in
porosity (Wong and Baud 2012, 1999). Additionally, fine
debris generated from grain cracking fill and block throats,
thereby contributing to a decrease in both throat number
and average diameter (Fowles and Burley 1994). This inter-
pretation is supported by microstructural observations, as
illustrated in Figs.10—12. After 20 loading cycles, pore
number and porosity continue to increase while throat
number decreases. However, the extent of this increase is
significantly less compared to the first 5 cycles (Table 3,
Fig. 16) and considered to be attributed to the formation of
an interlocking structure among the fractured grains, reach-
ing a state of equilibrium (El Bied et al. 2002; Fowles and
Burley 1994; Scholtes and Donzé, 2013). Under the same
confining pressure, ST-2 exhibits similar trends in pore
structure changes, i.e., increased pore number and porosity
but decreased throat number. Notably, compared to ST-1 and
ST-2, ST-3 displays different changes after 5 cycles under
full stress conditions, with reductions in pore number, poros-
ity, and throat number (Fig. 16). Additionally, it exhibits a
superior pore topology, characterised by a higher average
coordination number and lower tortuosity, accounting for
its higher permeability than the former (Table 3). Micro-
structural observations reveal that no significant shear bands
develop within ST-3 sandstone under this stress path, indi-
cating that pore changes are primarily driven by compaction
rather than dilatancy (Fig. 12g-h). Therefore, permeability
loss is mainly related to pore compression and the closure
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«Fig. 15 Pore body and pore throat evolution in Castlegate Sandstones
before and after cyclic loading. a, ¢, d respectively represent the pore
size distributions and their porosity percentages of CG-1, CG-2, and
CG-3; b, d, £, respectively, represent the throat distributions of CG-1,
CG-2, and CG-3

of microcracks. However, in ST-1 and ST-2 sandstone, shear
bands caused by the grain fracturing and the grain movement
are observed. These fragmented grains fill throats, acting as
physical barriers that impede fluid flow, significantly reduce
connectivity, and deteriorate the rock’s internal structure
(Vajdova et al. 2004; Zhu and Wong 1996, 1997). It is these
changes in the internal structure that lead to complicate the
pore structure of ST-1 and ST-2, thereby resulting in perme-
ability loss.

4.3.3 Micro-mechanisms Control on Transport Property
Evolution

Although the Castlegate and St Bees sandstones exhibit a
similar trend showing lower permeability with increasing
stress level and number of cycles, the underlying micro-
mechanisms governing these changes are different. Micro-
CT images combined with grain analysis indicate that per-
meability variation of Castlegate is associated with pore and
throat compression caused by grain rotation and rearrange-
ment. Furthermore, the porosity evolution is positively cor-
related with permeability change. Conversely, for St Bees
under low confining pressure, permeability variation is
closely related to the development of shear bands, and poros-
ity evolution negatively correlates with permeability change.
Despite the expansion of pore space, permeability continues
to decline. Zhu and Wong (1997) proposed that, unlike com-
pact rocks, high-porosity sandstones exhibit a positive cor-
relation between porosity and permeability during the initial
stage under triaxial loading conditions. However, beyond
the differential stress reaches C’, at which the curve starts to
deviate from a straight line and cracks begin to propagate,
marking the onset of dilantancy, permeability continues to
decrease even as pore space dilated. To describe the perme-
ability evolution during shear dilatancy in porous rocks, Zhu
and Wong (1997) introduced a dimensionless parameter &:

_ k(peak) 3
&= T (7)

where k(peak) and k(C") are permeability at peak stress
and stress up to C', respectively. When &> 0, permeabil-
ity increases with the development of dilatancy, showing a
positive correlation with porosity, and vice versa. In sand-
stones with porosity > 15%, permeability evolution has been
reported to negatively correlate with porosity (§ <0) (David
et al. 1993; Wong and Zhu 1999; Zhu and Wong 1996,

1997). Despite similar porosity between Castlegate and St
Bees Sandstone, the latter exhibits lower strength. As the dif-
ferential stress increases, it reaches the critical stress thresh-
old C’ for shear dilatancy earlier compared to Castlegate
Sandstone. Under lower confining pressures, we find that
shear bands develop in St Bees Sandstone, formed by intra-
and intergranular fracturing clusters. These clusters would
progressively increase during the post-peak stage, culmi-
nating in the formation of continuous fractures, ultimately
resulting in sample failure. However, before sample failure,
these localised shear bands, while inducing pore space dila-
tion, concurrently block pore throats with fractured debris,
thereby diminishing pore connectivity, increasing tortuosity,
and diminishing hydraulic radius. With increasing confin-
ing pressure, the strength of St Bees increases, causing an
increase in stress level at the onset of shear dilatancy (Gowd
and Rummel 1980; Kranz 1980; Shirani Faradonbeh et al.
2022). Consequently, shear bands are not observed in ST-3
after cyclic loading. In contrast, the magnitude of cyclic dif-
ferential stress failed to reach the stress level C’ for shear
dilation in Castlegate Sandstone. Microstructural changes in
this sandstone are induced by grain rotation, movement, and
rearrangement. As such, compaction-dominated deforma-
tion leads to pore and throat compression, thus establishing
a positive correlation between porosity and permeability.

4.4 Implications for Subsurface Hydrogen Storage

Associating the stress path with the shear yield/failure cri-
teria and volumetric failure criteria, as well as the transition
zone between them, can help predict the deformation and
failure behaviour of rocks. This is particularly relevant under
different injection and extraction conditions in UHS. Such an
association enhances the understanding of rock strength evo-
lution, porosity changes, and permeability variations, which
provides theoretical support for the stability assessment of
UHS reservoirs and the optimisation of hydrogen injection
and extraction processes.

In this study, the Mohr—Coulomb criterion is integrated
with the cap model to evaluate rock failure under different
stress paths. The Mohr—Coulomb criterion is a well-estab-
lished framework for characterising the yield and failure
behaviour of materials subjected to shear stress (Fjaer et al.
2008; Fossen 2016). It can be expressed as follows:

r=ctang+c )

where 7 is the shear stress, ¢ is the normal stress, ¢ is the
internal friction angle, and c is the cohesion. For CG Sand-
stone, the internal friction angle and cohesion are derived
from previous experimental studies (Papamichos et al. 2023;
Van den Hoek et al. 2000), with ¢ =34° and c=10 MPa. The
internal friction angle for ST Sandstone is estimated from
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its uniaxial compressive strength (UCS), also based on prior
experimental work (Baker 2004; Esterhuizen et al. 2013;
Hawkins and McConnell 1991), and is found to be ¢ =31.4°,
with a cohesion of 14 MPa.

The cap model used in this study is the elliptical pressure
cap proposed in previous research (Chen and Mizuno 1990),
and its expression is as follows:

N R2J2 _1 ©
(pc - L)2

where p’ represents the mean effective stress, and J, denotes
the second deviatoric stress invariant. p, refers to the grain
crushing/pore collapse hydrostatic stress, while L indicates
the position of the ellipse centre in the hydrostatic stress
axis. R is the ratio of the major over minor axes of the
ellipse.

The elliptical equation defines the boundary of compac-
tion failure. When the stress path reaches the cap surface,
the rock undergoes compaction failure. Due to limited data,
the parameters for the cap models of both sandstone types
are referenced from previous experimental studies. The
cap model parameters for CG Sandstone are obtained from
(Papamichos et al. 2023), while those for ST Sandstone are
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Fig. 17 The failure envelopes and stress paths of the Castlegate and
St Bees sandstone in the P’-Q space a St Bees Sandstone (ST-2); b
Castlegate Sandstone

based on similar porosity and grain size sandstone data from
(Wong et al. 1997) and (David et al. 1994).

The failure boundary of the rocks is defined through the
shear failure envelope (red line) and the compaction cap
envelope (red dash line), as illustrated in Fig. 17. Experi-
mental results indicate that, under a constant confining
pressure of 10.5 MPa, the stress paths of ST-1 and ST-2
sandstone are close to the shear envelope. Although no mac-
roscopic failure was directly triggered, micro-CT observa-
tions reveal the development of numerous shear bands within
ST-1 and ST-2 sandstones. These shear bands form as a
result of damage accumulation induced by differential stress
during cyclic loading, leading to subcritical crack growth
and fatigue effects (Figs. 11, 12). These shear bands, com-
posed of broken grains, contribute to throat blockage and
a significant decrease in permeability. Therefore, in UHS
operations, it is crucial to control the injection-extraction
pressure differential to avoid loading near the shear zone,
thereby preventing significant permeability loss. Further-
more, with prolonged cyclic loading, the sandstone exhibits
"brittle-damage" behaviour, with shear damage accumula-
tion potentially causing a shift in the shear envelope towards
lower pressures, thereby reducing the shear strength of the
reservoir and leading to failure.

In contrast, CG Sandstone exhibits significantly higher
strength, with the stress paths (CG-1, CG-2, CG-3) consist-
ently remaining away from the shear envelope. Experimental
results show that the permeability loss in CG Sandstone is
primarily due to inelastic strain caused by grain sliding and
rearrangement, rather than ductile hardening or brittle frac-
ture. This mechanism is more pronounced under high con-
fining pressures, such as in CG-3, where more intense pore
compression and grain contact adjustments are observed.
Due to the absence of distinct shear bands development, the
mechanical response of CG Sandstone is closer to a “quasi-
brittle-grain rearrangement” behaviour. The high-strength
characteristics inhibit shear failure, but inelastic strain due
to grain rearrangement may lead to adjustments in the cap
envelope shape. Further experiments are needed to confirm
the direction of this evolution. Despite its high shear resist-
ance, the inelastic deformation driven by grain rearrange-
ment under high confining pressure accelerates pore closure,
necessitating control over the injection-extraction rate to
mitigate permeability loss.

This study provides a series of insights into the mecha-
nisms related to cyclic pressurization/depressurization
of underground hydrogen storage reservoirs. Firstly, both
types of sandstone exhibit the most pronounced mechanical
response during the first few cycles, gradually stabilizing as
loading cycles increase. The gradual increase and eventual
stabilization of inelastic axial strain and Young’s Modulus
with loading cycles demonstrate the ability of the storage
reservoir to adapt to gas injection and withdrawal. However,
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it also emphasizes the need for continuous monitoring of
reservoir mechanical characteristics, especially during the
initial stages of cyclic loading, to ensure reservoir stabil-
ity. Additionally, the design and operation of underground
hydrogen storage reservoirs require thorough consideration
of the reservoir petro-properties, stress path history, and
potential variations associated with stress cycling. Res-
ervoirs with different rock properties may exhibit diverse
changes in mechanical and transport properties under similar
stress paths. In this research, the variations in mechanical
and transport properties of Castlegate Sandstone are asso-
ciated with deformation dominated by compaction. Grain
movement, rotation and rearrangement induced by stress
cycling led to compression of fluid flow paths, resulting in
some porosity and permeability reduction. This suggests a
potential deceleration of gas diffusion within the reservoir,
consequently undermining the efficiency of gas injection and
withdrawal processes. To address this challenge, reservoir
operation might require strategies aimed at increasing per-
meability to enhance gas mobility. In contrast, deformation
in St Bees Sandstone is predominantly governed by shear
dilatancy, characterized by shear band formation that can
harm reservoir stability and increase the likelihood of fault-
ing. Additionally, permeability reduction caused by grain
fracturing is irreversible, which is unfavorable for under-
ground hydrogen storage operations. Hence, the design
and operation of underground hydrogen storage reservoirs
necessitate meticulous consideration of reservoir rock con-
ditions. By conducting in-depth analysis and understanding
of reservoir rocks, more suitable hydrogen storage areas can
be selected, and effective reservoir management strategies
formulate to ensure the long-term stability and reliability of
hydrogen storage systems.

5 Conclusion

This study provides a comprehensive analysis of the mechan-
ical responses and permeability evolution of Castlegate and
St Bees Sandstone under cyclic loading at high stress levels.
The key findings are outlined below:

1. Both sandstones exhibit hysteresis loops in the stress—
strain curves during cyclic loading, with the hysteresis
loop of St Bees being greater than that of Castlegate
Sandstone. Additionally, the inelastic axial strain and
Young’s Modulus of both sandstones increases with
the number of loading cycles, with the most significant
changes observed within the 1st cycle, followed by a
trend towards stability.

2. The permeability of both sandstones decreases with
increasing stress and number of loading cycles. For
Castlegate, elevated confining pressure leads to an
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increased permeability loss; whereas for St Bees, per-
meability loss under high confining pressure is less com-
pared to low confining pressure, which is closely related
to the development of shear bands.

3. Microstructural analysis revealed that microstructural
alterations for Castlegate are caused by grain move-
ment, rotation, and rearrangement under external forces,
resulting in pore/throat compression and a porosity and
permeability decrease. Microstructure changes of St
Bees Sandstone under low stress conditions are attrib-
uted to grain cracking caused by shear dilatancy. Despite
an increase in porosity due to shear dilatancy, fractured
debris block throats, complicating pore structure and
significantly reducing permeability. The strength of St
Bees Sandstone increases under high confining pressure
and the absence of sufficient differential stress to initi-
ate shear dilatancy. The decrease in permeability and
pore volume is associated with compaction-dominated
deformation.

4. The differences in the mechanical and transport proper-
ties of the two sandstones in response to cyclic stress are
found to be correlated with their grain size distribution
and grain morphology.

Appendix A
Grain Analysis of Castlegate and St Bees Sandstone
Variations in the Orientation of Sandstone Grains

Before cyclic loading experiments, Castlegate Sandstone,
characterized by large grain size and high sphericity, dis-
played a wide distribution of Orientation Phi with no pre-
ferred direction. However, grains tend to align closer to
directions perpendicular to the reference plane, with Orien-
tation Theta slightly inclined towards 0° to 10°. After cyclic
loading tests, a marked concentration of grains towards the
Orientation Phi direction perpendicular to the reference
plane is observed. Concurrently, the distribution of Ori-
entation Theta (Fig. 18) also shows significant clustering
towards the ranges of 0—10° and 80-90°. This indicates that
grains are more likely to align within specific planes after
cyclic loading, likely related to rotation and rearrangement
under external forces. As confining pressure increased to
19.5 MPa, CG-3 displays less orientation concentration after
cyclic loading. This reduction is likely due to increased fric-
tion between grains, which prevents grains from sliding and
rearrangement (Fig. 18b, d). Under a confining pressure
of 10.5 MPa and following cyclic loading, ST-2 sandstone
exhibits a concentration of Orientation Phi below 10°, typi-
cally clustering around 90°. At the same time, the distri-
bution of Orientation Theta became more dispersed. This
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phenomenon is possibly due to the formation of new, smaller
grains resulting from grain breakage. As the confining pres-
sure reach 19.5 MPa, ST-3 sandstone exhibits a grain ori-
entation distribution similar to that of Castlegate Sandstone
following cyclic loading. Both Orientation Phi and Orien-
tation Theta become concentrated in particular directions,
suggesting a tendency for grain alignment and rotation along
specific orientations in response to external forces.

Variations in Grain Size and Morphological Characteristics
Before and After Cyclic Loading

Figure 19 illustrates that prior to the cyclic loading experi-
ments, the grain size frequency histogram of Castlegate
Sandstone exhibits a bimodal skewed distribution, with
a majority of particles ranging in diameter from 175 to
375 pm, alongside a significant proportion of particles
with diameters below 75 pm. Castlegate Sandstone showed
a larger mean particle size and a wider range of particle
size distribution compared to St Bees Sandstone. The latter
displays a notably skewed grain size distribution, predomi-
nantly concentrated around 150 pm. Moreover, the round-
ness of grains in Castlegate Sandstone exceed that of St
Bees Sandstone. After cyclic loading, Castlegate Sandstone
displays comparable trends in grain size and grain shape
alterations under varying confining pressure conditions. Spe-
cifically, these trends include a reduction in grain size peak
and average grain size, albeit with no significant increase
in overall grain counts (Fig. 19). Additionally, changes
in grain shape are minimal (Figs. 19, 20), with sphericity
and aspect ratio exhibiting negligible variations pre- and
post-loading. Considering the changes in grain orienta-
tion before and after loading, see above, it is not difficult
to conclude that the microstructural changes of Castlegate
Sandstone under cyclic loading conditions are dominated by
grain rearrangement (Fossen 2016; Lander and Walderhaug
1999; Luhmann et al. 2013; Rice-Birchall et al. 2022). In
contrast, grain size and grain shape alterations in St Bees
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Sandstone before and after cyclic loading varied under dif-
ferent confining pressures. At 10.5 MPa confining pressure,
ST-2 exhibited a noticeable decrease in particle size after
cyclic loading, accompanied by a decrease in the propor-
tion of grains with diameter > 350 pm and an increase in
grains < 50 pm. Moreover, there was a significant increase
in grain count after cyclic loading, alongside an increase in
aspect ratio and a decrease in sphericity. Combined with
the CT images, it is evident that strain localisation occurs
within ST-2 sandstone under cyclic loading conditions, char-
acterized by shear bands formed by fragmented grains. The
newly formed fractured grains altered both the original grain
morphology and the grain size distribution (Alikarami et al.
2015; Cheung et al. 2012). The change in its microstructure
is predominantly governed by grain cracking (Wong and
Baud 2012). However, there are less apparent variations in
grain size and morphology within the ST-3 sandstone, show-
ing a trend similar to the grain size and morphology before
and after loading in Castlegate Sandstone. This suggests that
microstructural alterations are primarily influenced by grain
sliding and rearrangement rather than grain cracking.
According to previous studies, it is evident that local
porosity and grain size distribution play pivotal roles in gov-
erning strain localisation within porous sandstone (Alikar-
ami et al. 2015; Baud et al. 2017). Under the same stress
path, Castlegate, characterised by a larger average grain size
and broader grain distribution, demonstrates a higher local
strength (Cheung et al. 2012). This phenomenon arises from
the presence of smaller grains filling the interstices within
larger grains, thereby impeding the propagation of damage,
and exerting a significant mechanical influence. Conse-
quently, under a confining pressure of 10.5 MPa, there is a
lack of significant stress localisation within CG-2 sandstone,
whereas shear bands developed within ST-2 sandstone. As
the confining pressure increases to 19.5 MPa, the overall
strength of ST-3 sandstone increases, thus preventing the
formation of shear bands composed of fractured grains.
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