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ARTICLE INFO ABSTRACT
Keywords: During underground hydrogen storage (UHS) operations, reservoir rocks often experience time-dependent
Underground hydrogen storage deformation under long-term stress, which can alter the microstructure and subsequently affect the stability

Porous sandstone
Time-dependent deformation
Porosity

and hydrogen storage efficiency. Therefore, understanding and predicting these time-dependent deformation of
reservoir rocks under in situ conditions and its impact on rock properties are crucial for ensuring the long-term
Permeability safe operations of UHS. This study investigates the time-dependent mechanical and transport behaviour of three
Microstructural analysis representative porous sandstones—St Bees, Castlegate, and Zigong—through constant stress (creep) and multi-
Burgers model level stress creep experiments. These tests were designed to simulate the in situ conditions (1.3-2.6 km depth)
of the underground hydrogen storage process at a laboratory scale. In the constant stress experiments, perme-
ability and porosity were measured concurrently to reveal the impact of time-dependent deformation on the
transport properties of porous sandstones. In the multi-level stress creep tests, long-term pore pressure cycling
was applied to simulate hydrogen injection and withdrawal, and the results were compared with those from
experiments under constant pore pressure. This allowed for a systematic assessment of the influence of pore
pressure fluctuations on the mechanical response and transport characteristics of the sandstones. The research
results indicate that all three sandstones exhibit stable creep behaviour, with the steady-state creep rate
increasing as temperature and stress increased. The high-porosity St Bees and Castlegate Sandstones show higher
steady-state creep rates under the same conditions compared to the low-porosity Zigong Sandstone. The creep
behaviours of the three sandstones under in situ conditions can be well described by Burgers model. The
permeability of the three sandstones gradually decreased during the experiments, and this trend become more
obvious as the stress and temperature increases. Microstructural analysis reveals that the deformation mecha-
nism of the high-porosity St Bees Sandstone is dominated by dilatancy. Although shear-induced deformation
causes the feldspar and quartz clusters to fracture, creating new voids and increasing the overall porosity, the
fractured debris from these clusters block the throats, complicating the pore structure and leading to a significant
permeability loss. The deformation mechanisms of Castlegate and Zigong Sandstone, on the other hand, are
dominated by compaction, with pore compression and microcrack closure being the primary causes of porosity,
permeability losses. Pore pressure cycling increases the creep rate of sandstones, accumulating more inelastic
strain especially in St Bees Sandstone, but has limited effect on the properties of Castlegate and Zigong

Sandstones.
1. Introduction growing demand for clean energy. Hydrogen has been identified as a
potentially clean source of energy and is therefore receiving increasing
The global energy landscape is transforming alongside an ever- attention worldwide due to its potential to a mitigate the intermittency
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of renewable energy sources. It can provide long-term energy storage
solutions, which are significant for facilitating the transition to renew-
able energy and reducing carbon emissions (McPherson et al., 2018;
Zivar et al., 2021). When demand for hydrogen is locally low, but the
generating potential from renewable energy is high, there is a need for
temporarily storing hydrogen (Lankof and Tarkowski, 2020; Muham-
med et al., 2022). The geological subsurface has been identified as a
suitable target. As such, similar to underground natural gas storage,
underground hydrogen storage (UHS) involves injecting hydrogen into
reservoir rocks, such as porous sandstone, for future use (Heinemann
et al., 2021). However, in practical applications, UHS faces numerous
challenges; one of which is the mechanical response of reservoir rocks
during long-term hydrogen storage and its impact on storage capacity
(Heinemann et al., 2021; Kumar et al., 2023; Reitenbach et al., 2015).
Reservoir rocks often exhibit creep behaviour under in situ stress con-
ditions, which refers to the slow and continuous deformation of rocks
under constant stress conditions (Brantut et al., 2012, 2013). This
time-dependent deformation not only affects the mechanical properties
of reservoir rocks but also changes its internal pore structure and
permeability (Brzesowsky et al., 2014; Hangx et al., 2010; Wang and
Hao, 2023; Wu and Liu, 2022), thus adversely affecting storage capacity
and injection/extraction efficiency of hydrogen in the reservoir rocks.
Therefore, conducting in-depth research on the time-dependent defor-
mation of reservoir rocks and its impact on transport properties can help
to better understand and predict reservoir performance under long-term
hydrogen storage conditions. This is crucial for ensuring reservoir sta-
bility and safety, optimizing the UHS process, and developing appro-
priate operational strategies.

Despite numerous studies on the creep behaviour of reservoir rocks,
most of them have limitations when applied to UHS. For example, the
stress and temperature conditions used in previous research cannot
accurately reflect the in situ stress and temperature states experienced by
UHS reservoirs located in shallow (<5 km) crustal layers (Iglauer, 2022;
Muhammed et al., 2022), leading to significant discrepancies between
experimental results and real-world scenarios (Chu et al., 2022; Liu
et al., 2016; Sabitova et al., 2021; Yang and Hu, 2018). Moreover, many
studies primarily focused on the mechanical response of reservoir rocks
during creep process, neglecting the time-dependent effects of on rock
transport properties. These studies typically emphasized stress-strain
relationships, creep models, and creep failure mechanisms, providing
insights into the macroscopic mechanical behaviour of reservoir rocks
during creep (Chu et al., 2022; Sabitova et al., 2021; Wu et al., 2020; Wu
and Liu, 2022; Zhang et al., 2016). In contrast, there is relatively little
research on the changes in transport properties of reservoir rocks during
creep, especially from a microscopic perspective (Chu et al., 2021,
2022). Therefore, our understanding of the coupled behaviour between
creep and permeability in reservoir rocks, as well as the impact of pore
pressure remains limited. Specifically, pore pressure oscillations caused
by gas injection and withdrawal can significantly affect reservoir rock
properties, potentially leading to geological risks such as surface subsi-
dence and fault reactivation (Asahina et al., 2019; Liu et al., 2019; Noél
et al., 2019, 2021; Raziperchikolaee et al., 2022; Zhong et al., 2021).
These research limitations prevent our comprehensive and in-depth
understanding and predicted reservoir rocks properties in UHS.

To overcome the limitations of previous studies and gain a more
comprehensive understanding of the creep behaviour of reservoir rocks
and expected impact on transport properties in UHS, this study is
making use of three different porous sandstones for creep (constant
stress) experiments to simulate in situ conditions. Permeability and
porosity were measured simultaneously during constant stress experi-
ments to investigate the effects of time-dependent deformation on the
transport properties of porous sandstones. In addition, pore pressure
oscillation tests were conducted to simulate cyclic pore pressure varia-
tions characteristic of underground hydrogen storage (UHS). To further
reveal the microstructural mechanisms underlying the observed changes
in rock properties, scanning electron microscopy (SEM) and X-ray
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micro-computed tomography (micro-CT) were employed to characterize
the internal structure of sandstone samples after the experiments. A
comprehensive analysis of both macroscopic experimental data and
microstructural observations provides insight into the mechanisms
governing creep behaviour and their impact on mechanical and trans-
port properties. The findings aim to provide foundational insights for
assessing safety and efficiency in UHS and subsurface gas storage
systems.

2. Materials and methods
2.1. Sample description and preparation

In this study, relatively homogeneous, quartz-rich sandstones—St
Bees, Castlegate, and Zigong—were selected to isolate mechanical pro-
cesses and minimise the influence of chemical reactions. All samples
were obtained from local outcrops. Castlegate (CG) is a yellow sandstone
from the upper Cretaceous Mesaverde Group. It is primarily composed of
quartz (~65 %-90 %), feldspar (~20-30 %) and rock fragments
(~10-20 %). The grain size generally ranges from medium to coarse,
with an average particle diameter of ~0.25 mm. It exhibits good sorting,
high roundness, and strong homogeneity (Miall and Arush, 2001). CG
Sandstone typical has high porosity and high permeability, making it an
excellent reservoir rock, often regarded as the ideal analogue for
experimental reservoir studies (Kibikas and Bauer, 2021; Mortazavi and
Atapour, 2018). The porosity ranges from 20 to 30 %, primarily con-
sisting of intergranular pores. The permeability often exceeds several
hundred millidarcies (mD). St Bees (ST) is a Permian red sandstone
primarily distributed in Cumbria, England. Quartz is the predominant
component (~70-90 %), followed by feldspar (K-feldspar and plagio-
clase, ~10-20 %) (Hawkins and McConnell, 1991). Additionally, this
sandstone contains minor amounts of rock fragments and hematite, the
latter giving it its red colour. The grain size of ST sandstone typically
ranges from fine to medium, with an average diameter of ~0.15 mm,
exhibiting favourable sorting and sub-angular to sub-rounded shapes. ST
Sandstone has good porosity (10-25 %) and good permeability (up to
several hundred mD). This sandstone is considered an important aquifer
reservoir rock. Finally, Zigong (ZG) Sandstone is primarily found in the
Sichuan Basin, China. It is mainly composed of quartz (30-60 %) and
feldspar (up to 60 %). The average grain size is ~0.25-0.3 mm, similar
to that of CG sandstone (Zhang et al., 2020). The grains are well-rounded
or sub-rounded and well-sorted. Compared to the other two types of
sandstone, ZG Sandstone exhibits lower porosity of <10 % and perme-
ability of few mD. It is typically used in laboratory-scale studies to
simulate low-permeability reservoir rocks.

Prior to testing, cylindrical samples with a diameter of 9-10 mm and
a length of 19-21 mm were drilled perpendicular to bedding and the
ends were polished with sandpapers for equal length of <0.05 mm,
ensuring even load distribution during the testing process. After prep-
aration, the samples were dried in an oven at 70 °C for 48 h, and the
dimensions and mass of the samples were measured. The mechanical
properties of the sandstone samples were measured using an MTS815
rock mechanics servo-controlled testing system through uniaxial
compression tests. Young’s Modulus was determined by calculating the
slope of the stress-strain curve in the linear phase. Additionally, the
porosity was tested by conducting micro-CT scans on the samples before
the experiments and calculated using the digital rock method. The basic
physical properties of the sandstone selected for this study are shown in
Table 1.

2.2. Experimental methods

The depth selection for UHS is an important aspect, as it directly
affects the safety, cost, and efficiency of the UHS process. When too
shallow, it may lead to inadequate sealing and subsequent environ-
mental concerns, when too deep costs and operational complexities can
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Table 1
Physical properties of the porous sandstone samples.

Rock Type CG Sandstone ST Sandstone ZG Sandstone
Porosity (%)° 18.8 20.1 10.2

UCS (MPa)” 65 52 89

Young’s Modulus (GPa) 5.24 4.25 12.21
Poisson’s ratio (v) 0.23 0.21 0.30

Note: a Porosity is calculated using grayscale differences after Micro-CT scan-
ning the whole rocks.

b Uniaxial compressive strength (UCS) refers to the maximum pressure that
sandstone can withstand during a uniaxial compression test.

significantly increase. Previous research indicates that the optimal depth
for UHS ranges from 1100 to 1600 m, while depths exceeding 3700 m
are theoretically unsuitable for long-term, large-scale UHS (Iglauer,
2022; Muhammed et al., 2022). Accordingly, creep experiments were
conducted under stress and temperature conditions representative of
depths ranging from approximately 1.3 to 2.6 km.

2.2.1. Experimental apparatus

The constant pressure experiment and permeability test were per-
formed using the Harpers THMC Flow Bench, as shown in Fig. 1. This
system was designed to replicate in situ stress and temperature condi-
tions for coupled thermo-hydro-mechanical-chemical experiments on
rock samples with diameters of 1 x 2 cm. The experimental setup con-
sists of four identical high-pressure cells, which can operate concur-
rently under the same experimental conditions. Axial load is provided
through high pressure nitrogen and controlled by a spindle pump. The
gas pressurises an axial load intensifier that amplifies the provided gas
pressure by a factor of 15. Two high pressure syringe pumps are
responsible for supporting the system with confining pressure (Teledyne
ISCO Model 260D, USA)) and pore pressure (Teledyne ISCO Model
500D, USA), respectively.

2.2.2. Constant (creep) stress tests with permeability tests

In this study, the maximum in situ stress (67) was assumed to act in
the vertical direction, with its magnitude estimated as the integral of
rock density from the surface to the target depth z (Zoback, 2010):

z

o = / pl2)dz ~ pgz )

0

The sandstone’s bulk density p is approximately 2.3 g/cm® (Fjaer
et al., 2008; Tiab and Donaldson, 2024). The experimental design
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includes three levels of axial stress - 30, 45 and 60 MPa - simulating the
in situ stress conditions at depths of 1304 m, 1956 m, and 2608 m,
respectively. During the experiment, sandstone samples were wrapped
with PTFE (polytetrafluoroethylene) tape to prevent fluid leakage
through the gaps between the sandstone and the inner walls of the core
holders. The wrapped samples were then placed inside the core holders,
which were subsequently installed in the high-pressure cells and vac-
uumed for 15 min. Following this, a high-pressure syringe pump (Tel-
edyne ISCO Model 260D, USA) was used to inject deionised water into
the samples at a constant rate of 0.5 ml/s, applying confining pressure
until the predetermined value of 11 MPa was reached. Simultaneously,
axial stress was applied using a spindle pump to match the confining
pressure, thereby maintaining a hydrostatic state. Once both the
confining pressure and axial stress were stabilised, a syringe pump
(Teledyne ISCO Model 500D, USA) was used to gradually introduce
deionised water into the core holders until the pore pressure reached 6
MPa. After a 10-min equilibration period, axial stress was increased at
an average rate of 0.1 MPa/s until the target value was achieved. After
experiments, the samples were unloaded, removed from the core rack,
dried in an oven at 70 °C for 48 h, and vertically sliced to prepare for
SEM observations. Test conditions for this part are detailed in Table 2.

2.2.3. Multi-level stress creep experiments with permeability tests

In this study, multi-level stress creep experiments were conducted to
replicate the in situ stress and temperature conditions at varying depths.
The experimental stress path is shown in Fig. 2. Here, samples were
sequentially subjected to three axial stress levels: 30 MPa, 45 MPa, and
60 MPa (Fig. 2a). These stress levels correspond to in situ stress condi-
tions of 1304 m, 1956 m, and 2608 m depth, respectively. Assuming a
geothermal gradient of 30 °C/km (Fossen, 2016; Zoback, 2010), the
temperatures at these depths are estimated to be 49 °C, 69 °C, and 88 °C,
respectively, assuming a surface temperature of 10 °C. In this study, a
high-pressure syringe pump (Teledyne ISCO Model 260D, USA) was
used to inject deionised water at a constant rate of 0.5 ml/s to apply
confining pressure to the sample until it reached the predetermined
value of 11 MPa. Subsequently, the axial pressure was increased to
match the confining pressure, maintaining hydrostatic pressure on the
samples. Once the confining and axial pressures stabilised, deionised
water was gradually introduced into the core holders using a syringe
pump (Teledyne ISCO Model 500D, USA) until the pore pressure
reached a stable value of 6 MPa. Following a 10-min equilibrium period,
axial pressure loading commenced at an average rate of 0.5 MPa/s until
the axial pressure increased to 30 MPa. The heater was activated, and
the high-pressure cells were wrapped in heat-insulating jackets to

Data acquisition system

Fig. 1. Schematic diagram of The Harpers THMC Flow Bench (Harpers et al., 2023).
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Table 2

Test conditions for porous sandstones.
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Similarly, after completing the second stress level phase, the confining
and pore pressures were maintained constant, and the axial pressure was

Constant (creep) stress tests

further increased to 60 MPa, and temperature increased to 88 °C,

marking the beginning of the third stress level phase, after which the

No. P, (MPa) P. (MPa) P, (MPa) T (°C) Duration (h)
ST-1 30 11 6 RT? 99.48
ST-2 45 11 6 RT 99.77
ST-3 60 11 6 RT 98.56
CG-1 30 11 6 RT 97.04
CG-2 45 11 6 RT 99.75
CG-3 60 11 6 RT 99.73
ZG-1 30 11 6 RT 99.49
7G-2 45 11 6 RT 98.90
7G-3 60 11 6 RT 100.10
Multi-level Creep experiments®

ST-4 30-60 11 6 49-88 330.58
ST-5 30-60 11 3-9¢ 49-88 331.10
CG-4 30-60 11 6 49-88 334.90
CG-5 30-60 11 3-9 49-88 334.25
7G-4 30-60 11 6 49-88 337.26
7G-5 30-60 11 3-9 49-88 344.45

samples were unloaded, cooled and removed from the core holders.
They were then dried and subjected to micro-CT scanning for further
analysis of microstructural changes.

In UHS, reservoir rocks frequently experience cyclic pore pressure
fluctuations due to annual or more frequent gas injection and extraction
cycles. To investigate the response of porous rocks to pore pressure os-
cillations under in situ conditions, creep tests were performed under
oscillating pore fluid pressure conditions. These tests were carried out
under the same axial and confining pressures as well as temperature
conditions as the multi-level creep experiments. During the creep phase,
the axial stress and confining pressure remained constant. A high-
pressure syringe pump (Teledyne ISCO Model 500D, USA) was used to
control flow into/out of the core holders at a rate of 0.01 ml/s, causing
the pore fluid pressure to fluctuate in an approximate sawtooth pattern

Note: P,, P.. and P,, is axial pressure, confining pressure and pore pressure
respectively. a. RT is the Room temperature. b. In the multi-level creep
experiments, the axial stress and temperature are divided into three
stages: 30 MPa at 49°C, 45 MPa at 69°C, and 60 MPa at 88°C, to simulate the
in situ stress and temperature conditions at different depths. c. For the
samples used in the pore pressure cycling experiment, the pore pressure
cycles between 3 MPa and 9 MPa to simulate gas injection and extraction
conditions.

minimise the impact of the environment on the system temperature.
After the temperature stabilised at 49 °C, both temperature and pressure
were maintained for ~100 h while permeability changes were measured
during the creep tests. Subsequently, keeping the confining and pore
pressures constant, the axial pressure was increased to 45 MPa, and the
temperature was raised to 69 °C, initiating the second stress level phase.
During this phase, permeability changes continued to be measured.

(a)

within a range of 3-9 MPa. Each cycle of pore pressure lasted approxi-
mately 20 min, with an oscillation period comprising 10 cycles (Fig. 2b).
The decision to perform 10 cycles was made to balance the practical
limitations of experimental duration with the need to ensure sufficient
repeatability to capture the key trends in mechanical behaviour and
permeability evolution. Upon completion of the pore pressure oscilla-
tions, the system pore pressure was stabilised at 6 MPa, and the
permeability of the porous sandstone was measured. After the experi-
ments, the samples were removed, dried, and subjected to micro-CT
scanning. See Table 2 for details of the samples and experimental con-
ditions for the multi-level stress creep tests.

2.3. Microstructural characterization

2.3.1. SEM observations
After creep experiments, samples were cut in slabbed along the axis
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Fig. 2. Schematic diagram of experimental stress paths. (a) Creep experiments at constant pore pressure. (b) Creep experiments under pore pressure oscillations.
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and placed in mounting cups of a 2 cm radius. EpoFix Resin and EpoFix
Hardener were added to the containers in a 25:3 mass ratio, stirred for 1
min with a stirrer to remove air bubbles from the resin and placed in a
vacuum pump under vacuum at 0.17 Bar for 15 min, then removed and
left to dry for more at least 24 h. After the samples had dried, the cut
surfaces were initially polished with a Saphir 330-wheel grinder and
then polished with a LaboForce-100 machine using a water based dia-
mond suspension at 150 rpm for 30 min to obtain a precision polished
surface. The polished surfaces were carbon coated and observed with a
Zeiss GeminiSEM 450. Pore and fracture development were observed
using SE2 mode and BSE mode with an accelerating voltage of 20 kV, a
current of 1 nA and a working distance of 10 mm (Wang et al., 2025;
Wang et al., 2023).

2.3.2. X-ray Micro-CT scanning

X-ray micro-CT scans were performed on cylindrical samples before
and after multi-level creep experiments to characterize microstructural
changes. It should be noted that in this study, the samples scanned
before the experiments are twin samples. All CT experiments were
conducted using an EASYTOM pCT scanning device manufactured by
RX-Solutions (France). The scanner operates at a voltage of 100 kV and a
current of 9.6 pA. Each scan took between 120 and 150 min and
generated projection images with a voxel size ranging from 6 to 8 pm.
Subsequently, these projection images were reconstructed into three-
dimensional images using RX-Solutions analysis software, resulting in
3900-4400 2D slices. After reconstruction, the 2D slices generated were
processed and analysed using Avizo 2020 (Thermo Fisher scientific Co.,
USA). Denoising was performed using the non-local means and median
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filtering method. Subsequently, the optimal threshold for pore seg-
mentation was determined using the watershed algorithm. Upon the
completion of pore segmentation, a logical algorithm was used to further
segment the sandstone particles. After the segmentation, connected
pores were processed and pore network models (PNMs) were con-
structed using the maximal ball algorithm to investigate the microscopic
mechanisms governing changes in transport properties. (Dong and
Blunt, 2009). The 3D reconstructions of ST, CG, ZG and corresponding
pore network models (PNM) are illustrated in Fig. 3.

2.4. Data treatment and analysis

In data processing, the geomechanical convention was adopted,
whereby compressive stresses and strains are defined as positive.
(Fossen, 2016). In this study, the LVDTs (Linear Variable Differential
Transformer; range +1 mm; accuracy +1 pm, RDP Electronics Ltd, UK)
record the displacement signal of the pistons in real time. After appro-
priate corrections, the total axial strain ¢, was obtained:

AL
S

(2)

€t

where AL represents the change in sample length, and L is the initial
sample length. The steady-state strain rate ¢ for samples during creep
experiments is calculated as the average axial strain rate from the onset
of the steady-state creep phase up to just before the end of the creep
experiment.

Permeability was measured by connecting the downstream end of
the sample to the atmosphere while maintaining a constant pore pres-

Fig. 3. 3D reconstruction and pore network models (PNM). (a), (b), (c) are the 3D reconstructions of ST, CG, and ZG Sandstones. (d), (e), (f) are the corresponding

pore network models (PNM).
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sure at the upstream end, thereby generating a pressure gradient that
enabled deionised water to flow through the sample. Once a steady-state
flow rate was achieved, the permeability was calculated using Darcy’s
law (Brice and Levin, 1962; Darcy, 1856):

_ quL
= ApA 3)

where g, y, Ap are the fluid velocity (m3s™1), viscosity (Pa.s), and the
pore pressure drop between the upstream and downstream the sample
(Pa), respectively, and A and L are the sample cross-sectional area (m?)
and length (m), respectively.

In this study, the porosity of porous sandstone was determined
through the analysis of scanning electron microscopy (SEM) and Micro-
CT images. A median filter was initially applied to minimise noise
interference during pore extraction. Subsequently, interactive and top-
hat thresholding was utilised to extract pore distribution data from
two-dimensional images. The extracted pore areas were then compared
to the total image area to calculate the 2D porosity. In addition, the 2D
CT images were stacked to reconstruct a three-dimensional model. The
3D porosity was calculated by segmenting the pore volume within the
reconstructed model and comparing it to the total sample volume. A
schematic illustrating the methodology for porosity calculation based on
SEM and micro-CT data is presented in Fig. 4.

3. Results
3.1. Mechanical data

Fig. 5 illustrates the evolution of axial strain with differential stress,
as well as the time-dependent behaviour of axial strain and permeability
for the three sandstones during the creep experiments. During the initial
loading phase, with differential stress Q < 15 MPa, ST and CG exhibit
nonlinear, concave-up stress-strain behaviour, which is attributed to the
closure of pre-existing microcracks (Peng et al., 2015; Zhang and Tang,
2020). As the differential stress increases, this behaviour transitions to a
nearly linear elastic trend. Within this near-linear trend, Young’s
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Modulus (i.e., the slope of the linear segments) is ~4.4 and 6.8 GPa for
ST and CG, respectively. With a further increase in differential stress,
both stress-strain curves exhibit an inflection point, transitioning to a
distinctly concave-down characteristic. This is observed at Q ~ 40 MPa
in ST-3 and Q ~ 45 MPa in CG-3, as shown in Fig. 5a and c. In contrast,
7ZG predominantly exhibits near-linear elastic stress-strain behaviour
during loading period, with a Young’s Modulus of ~12.9 GPa. A slight
concave-down stress-strain behaviour is observed in ZG-3 at Q ~ 47 MPa
(Fig. 5e). AT the onset of creep, the high-porosity ST and CG sandstones
exhibit greater creep strain than the low-porosity ZG sandstone under
the same stress conditions. This disparity becomes increasingly pro-
nounced as differential stress rises. At a differential stress of Q = 19 MPa,
the creep strain is 0.09 % in ST-1, 0.07 % in CG-1, and 0.06 % in ZG-1. As
Q increases to 49 MPa, creep strains of ST-3 and CG-3 increase to 0.24 %
and 0.16 %, respectively, while ZG-3 shows a creep strain of only 0.08
%. Notably, compared to the steady-state creep strain rates at Q = 19
MPa and Q = 34 MPa, a significant increase in the steady-state creep
strain rate is observed for ST and CG at Q = 49 MPa (Fig. 5b and d),
whereas steady-state creep strain rates of ZG show little change. This
may be closely related to changes in the internal structure of ST and CG
under high-stress conditions. During the unloading stage, the
stress-strain curves of the three sandstones do not coincide with the
loading curves but instead form hysteresis loops, indicating the accu-
mulation of inelastic strain. Under identical differential stress condi-
tions, the high-porosity ST and CG sandstones exhibit greater inelastic
axial strain compared to the low-porosity ZG sandstone. Notably, under
low differential stress (Q = 19 MPa), the inelastic axial strain accumu-
lated after unloading in the ST and CG Sandstones is similar, with ST-1
and CG-1 accumulating comparable 0.29 % and 0.27 % inelastic strain,
respectively. As the differential stress increases to 34 MPa, ST-2 and
CG-2 accumulate 0.39 % and 0.31 % inelastic strain, respectively, with
ST showing slightly higher inelastic axial strain than CG after unloading.
In the high differential stress stage (Q = 49 MPa), ST-3 exhibits an in-
elastic axial strain of 0.51 %, significantly higher than its counterpart,
which only accumulates 0.31 % inelastic strain.

As evident from Fig. 6, the loading curves of the multistage stress
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Fig. 5. Evolution of axial strain with differential stress and time-dependent characteristics of axial strain and axial permeability for the three sandstones during the
creep experiments. Fig. 5a, Fig. 5c, and Fig. 5e illustrate the evolution of axial strain with differential stress for ST, CG, and ZG, respectively. Fig. 5b, Fig. 5d, and
Fig. 5f illustrate the time-dependent evolution of axial strain and axial permeability for ST, CG, and ZG.

creep experiments conducted under in situ conditions for the three
sandstones exhibit characteristics similar to those summarised in Fig. 5.
Specifically, ST and CG demonstrate nonlinear, concave-up stress-strain
behaviour during the initial loading stage, roughly followed by a linear
elastic phase. As the differential stress further increases, the stress-strain
curves of these two sandstones exhibit inflection points, displaying a
pronounced concave-down characteristic. In contrast, ZG Sandstone
exhibits a near linear elastic phase from the onset of loading, followed by
a slight concave-down stress-strain behaviour as the stress increases.
After unloading, the stress-strain curves of the three sandstones do not
coincide with the loading curves, forming hysteresis loops and resulting
in additional inelastic strain.

During the first creep stage (Q = 19 MPa), ST-4, and ST-5 exhibit a
low but similar creep strains of 0.09 % and 0.10 % (Fig. 6a), with steady-

state creep rates of 9.54 x 1071% and 1.04 x 10~°, which are slightly
lower than those of ST-1 (Figs. 5b and 6b). CG-4 and CG-5 each produce
again a low but similar axial strain of 0.10 % and 0.09 %, respectively,
accompanied by steady-state creep rates of 1.3 x 10~°, slightly higher
than those of CG-1 (Figs. 5d and 6d). In contrast, samples ZG-4 and ZG-5
show axial strains of <0.07 % each, with a lower steady-state creep rates
0f 9.06 x 1071% and 8.66 x 107!° closely approximating those of ZG-1.
(Figs. 5f and 6f). These results indicate that the influence of temperature
and pore pressure cycling on sandstone creep is limited under this stage.
This may be related to the relatively stable microstructure of these
sandstones under low pressure and temperature conditions. In the sec-
ond stage (Q = 34 MPa), the axial strain during the creep phase for
samples ST-4 and ST-5 increased to 0.14 % and 0.15 %, with steady-state
creep rates of 2.91 x 1072 and3.11 x 10~°, both of which are higher
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Fig. 6. Evolution of axial strain with differential stress and time-dependent characteristics of axial strain and axial permeability for the three sandstones during the
multi-level stress creep experiments. Fig. 6a, Fig. 6¢, and Fig. 6e illustrate the evolution of axial strain with differential stress for ST, CG, and ZG, respectively. Fig. 6b,
Fig. 6d, and Fig. 6f illustrate the time-dependent evolution of axial strain and axial permeability for ST, CG, and ZG.

than the creep strain and steady-state creep rate of ST-2 under room
temperature conditions (Figs. 5b and 6b). For CG, the axial strain during
the creep phase for samples CG-4 and CG-5 reached 0.13 %, with steady-
state creep rates of 1.87 x 1072 and 2.07 x 10~ higher than those of
CG-2 (Figs. 5d and 6d). These results demonstrate increases in creep
strain and the steady-state creep rates of ST and CG after heating, sug-
gesting that elevated temperatures promote the creep behaviours of the
sandstone, which may be due to the expansion of intra-and intergranular
microcracks at high temperature, enhancing the creep deformation. In
addition, the creep strain and steady-state creep rate of sample ST-5 is
higher than those of ST-4 and ST-2, suggesting that pore pressure cycling
has a significant impact on creep rates. Fluctuations in pore pressure
may further disrupt the internal structure of the rock, accelerating the

creep deformation of ST-5. In contrast, ZG-4 and ZG-5 both show axial
strains of 0.10 %, with creep rates of 1.18.1 x 10~ and 1.25 x 107°,
respectively, which are close to the creep strain and steady-state creep
rate of ZG-2 at room temperature (Figs. 5f and 6f). This suggests that ZG
exhibits higher stability, likely due to its denser internal structure,
making it less susceptible to the effects of temperature and pore pressure
fluctuations. In the third stage, with Q increasing to 49 MPa, axial strains
of ST-4 and ST-5 during creep period further escalates to 0.31 % and
0.34 %, with steady-state creep rates of 4.76 x 10~° and 5.40 x 10~°
(Fig. 6b). These results indicate that temperature and pore pressure
cycling significantly accelerated creep of ST which can be attributed to
greater microstructural changes under high pressure and high temper-
ature conditions. These high temperatures and pressures induce micro-
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fracture propagation, further exacerbated by pore pressure changes. In
comparison, the creep strain of CG-4 and CG-5 reach 0.23 %, with
steady-state creep rates of 3.32 x 10° and 3.47 x 10~° (Fig. 6d), both of
which are higher than the creep strain and steady-state creep rate of CG-
3 under ambient conditions (Figs. 5d and 6d). This indicates that tem-
perature has an additional significant impact on the creep of CG under
these high-pressure conditions. Although pore pressure cycling does
influence the creep rate, its effect on the creep of CG is less pronounced
compared to ST. The axial strains of ZG-4 and ZG-5 are relatively small,
only 0.15 %, with low steady-state creep rates of 1.66 x 10~° and 1.86
x 107°, respectively (Fig. 6f). These experimental results indicate that
ZG exhibits relatively stable creep behaviour throughout the experi-
mental process, with a small creep rate. Pore pressure cycling slightly
accelerates its creep behaviour. This stability can be attributed to the
low porosity and compact structure of ZG, its more compact internal
structure, and fewer micro-fractures, which result in weaker responses
to changes in external conditions (Zhang et al., 2020). These factors
allow ZG to maintain good structural stability under high pressure and
temperature conditions.

3.2. Permeability evolution

Fig. 5 illustrates the permeability evolution over time during the
creep experiments for the three sandstones. Overall, the permeability of
all three samples decreases with progressing creep. During loading, the
permeability of ST-1, ST-2, and ST-3 decreases from 2.5 x 10 '3 to 1.8
x 107 m? 1.4 x 107® m? and 9.4 x 107'* m?, corresponding to re-
ductions of 31 %, 45 %, and 63 %, respectively. Upon entering the creep
stage, the permeability decline rate gradually slows down. By the end of
this stage, the permeability further reduces to 1.5 x 1073 m?, 1.2 x
10" ¥ m?, and 8 x 10~ m? for ST-1, ST-2, and ST-3, respectively. After
unloading, the permeability of the samples partially recovers but re-
mains below their initial levels, with overall losses of 14 %, 40 %, and
59 % (Fig. 5b). CG sandstone exhibits a different, lower permeability
trend. After loading, the permeability of CG-1, CG-2, and CG-3 decreases
from 3.9 x 107* m? to 3.5 x 107* m? 3.1 x 107® m? and 2.5 x
10713 mz, representing reductions of 10 %, 21 %, and 36 %, respec-
tively. Following the creep stage, permeability further declines to 3.2 x
107 m? 2.7 x 107 m?, and 2.1 x 107'% m? After unloading, the
permeability losses for these samples are 6 %, 20 %, and 25 % (Fig. 5d).
This suggests that, compared to ST sandstone, CG sandstone with similar
porosity shows higher permeabilities but lower permeability sensitiv-
ities. Furthermore, the low-porosity ZG sandstone exhibits even lower
permeability. After loading, the permeability of ZG-1, ZG-2, and ZG-3
decreases from 8.9 x 107° m? to 7.4 x 107 ® m? 6.7 x 1071° m?,
and 5.5 x 107'®> m?, with reductions of 16.6 %, 24.4 %, and 37.8 %. At
the end of the creep stage, it further drops to 6.7 x 107> m? 6.0 x
1071 m? and 5.2 x 107'5 m? After unloading, these samples experi-
ence permeability losses of 13 %, 27 %, and 30 % (Fig. 5f).

Permeability tests were conducted on three sandstones during
multistage creep experiments to investigate the effects of temperature
and pore pressure cycling on their permeability evolution. The experi-
mental results in Fig. 6 indicate that permeabilities of all sandstones
generally exhibit a significant downward trend, particularly as the stress
increases. Among them, the high-porosity ST sandstone exhibit a
marked permanent loss in permeability after unloading, exceeding 60 %.
Specifically, the permeability of ST-4 and ST-5 after unloading is 9.2 x
1071 m?, 8.2 x 1071* m?, respectively, showing losses of 64 % and 68 %
compared to their initial, unstressed permeabilities (Fig. 6b). The per-
manent permeability losses of CG and ZG Sandstones is relatively small
(<40 %) by the end of the experiments (Fig. 6d-f). Compared to room
temperature conditions, elevated temperatures significantly reduce the
permeability of the three sandstones, with the most pronounced effect
observed for ST sandstone. This negative impact becomes more evident
as both temperature and pressure increase. Specifically, ST-4 and ST-5
show slightly lower permeability in the first stage compared to ST-1 at
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room temperature (Figs. 5b and 6b). However, in the second and third
stages, their permeability is significantly lower than that of ST-2 and ST-
3, indicating that after high-temperature treatment, the permeability of
ST-4 and ST-5 under the same stress conditions is markedly reduced
compared to that of ST sandstone at room temperature. CG Sandstone
exhibits a similar pattern, with permeability decreasing as temperature
rises. In contrast, while elevated temperatures negatively affect the
permeability of ZG, the impact is not as significant. Additionally, pore
pressure cycling significantly enhances the permeability of ST Sand-
stone. Under identical temperature and pressure conditions, the
permeability of ST-5 Sandstone is higher than that of ST-4, particularly
during the high-temperature and stress stages (Fig. 6b). However, this
trend is not as pronounced in CG and ZG.

4. Discussion
4.1. Deformation mechanisms of porous sandstones

4.1.1. Elastic mechanisms of porous sandstone

During the experiments, all three sandstones exhibited significant
elastic deformation, as indicated by the nearly linear part of the stress-
strain curves. Common microscopic mechanisms of elastic deforma-
tion in sandstones include elastic deformation at grain contact points,
elastic compression of pores and microcracks, and elastic deformation of
rigid cements between grains (Flata and Dvorkin, 1996; Mindlin, 1949;
Zimmerman, 1990). As shown in Fig. 7, the high-porosity ST and CG
sandstones, which primarily exhibit point and line contacts between
grains due to weaker cementation, have lower Young’s Moduli of 4.4
GPa and 6.8 GPa, respectively. Under external stress, the contact points
between grains experience minor elastic deformation, primarily through
compression and slight slip at the contact interfaces, resulting in
reversible deformation of the overall structure. Upon the stress release,
these contact points recover to their original state. Additionally, due to
the high porosity of ST and CG, the pores do not experience significant
fluid flow during the elastic deformation phase, and pore compression
remains reversible. Therefore, the elastic deformation in ST and CG is
predominantly governed by elastic deformation at grain contacts and
the elastic compression of pores. Conversely, ZG is characterised by
smaller grain contacts, low porosity, and contact modes between grains
that are primarily line and surface contacts (Fig. 7e). In comparison to
ST and CG, ZG exhibits larger contact areas between grains, allowing it
to withstand greater stress and mitigate stress concentrations (Heap
et al.,, 2009; Wong and Baud, 2012). These contact modes typically
result in higher strength and stiffness, with a Young’s Modulus of 12.9
GPa. Furthermore, despite the high degree of cementation, which is
mainly through plastic clay minerals (Fig. 7f), the elastic deformation
mechanism in ZG is mainly related to elastic deformation at particle
contacts, elastic compression of pores, and microcracks.

4.1.2. Inelastic mechanisms of porous sandstone

The inelastic deformation of sandstone is usually the result of mul-
tiple micro-mechanisms acting in combination. Grain slip and grain
rearrangement, grain breakage, and the breakdown of cements all
contribute to the inelastic deformation of sandstone. These micro-
mechanisms not only affect the long-term mechanical properties but
also have significant impact on its transport properties (Baud et al.,
2015, 2017; Pijnenburg et al., 2018, 2019; Pijnenburg and Spiers, 2020).
Mechanical data reveal that all three sandstones exhibit cumulative,
irrecoverable inelastic strain after unloading, especially samples sub-
jected to high stress and high temperature conditions, which often
accumulate more inelastic strain (Figs. 5 and 6). It is shown that
high-porosity ST and CG exhibit more inelastic axial strain than
low-porosity ZG under the same stress conditions. As shown in Fig. 7b
and ¢, CG-3 develops a large number of intragranular and transgranular
cracks which differs from the low-density intragranular cracks observed
in CG-2 at lower temperature. Their formation and propagation are
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Fig. 7. SEM images of three sandstones after the experiments. Fig. 7a, Fig. 7d and Fig. 7g are SEM images of ST sandstone after creep experiments under different
differential stress conditions. Fig. 7h-k are enlarged images of the regions within the red, blue, yellow, and purple boxes in montaged Fig. 7b and Fig. 7c are SEM
images of CG sandstone after creep experiments under different differential stress conditions. Fig. 7e and Fig. 7f are SEM images of ZG sandstone after creep ex-

periments under a differential stress of 49 MPa.

irreversible, manifesting as permanent inelastic strain at the macro-
scopic level. The development of these cracks is closely related to the
contact modes within the sandstone. As differential stress increases,
stress concentrations occur at the points of contact between grains,
leading to the initiation and propagation of cracks (Wong et al., 1997;
Zhang et al., 1990). Additionally, clay films are observed consolidating
the quartz and calcite grains within CG-2 (Fig. 7b). Pijnenburg and
Spiers (2020) show that the inelastic strain in weakly cemented porous
sandstones can develop through compaction and the local slip on
intergranular clay films under low-stress conditions. Notably, a signifi-
cant number of fractured feldspar and quartz clusters are observed
within the high-porosity ST sandstone in Fig. 7g-k. As stress increases,
the development of these fractured clusters becomes more pronounced.

10

The fragments from these clusters are dispersed throughout the sand-
stone pores, resulting in a more complex pore structure. These clusters
are surrounded by intact quartz grains, likely due to their typically
rounded morphology and higher mechanical strength. In contrast,
feldspar and quartz clusters exhibit irregular shapes, making them more
susceptible to break under stress, particularly due to stress concentration
on point contacts and the cleavage planes in feldspar. These internally
developed feldspar and quartz clusters manifest as distinct shear bands
at the core scale, as indicated by the red lines in Fig. 8b and c. The
development of these shear bands affects porosity, leading to compart-
mentalisation within the sandstone. Compared to the high-porosity ST
and CG sandstones, the low-porosity ZG sandstone exhibits a lower
density of intragranular cracks, with the compression of clay cements
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Fig. 8. Porosity variations and vertical CT images of three sandstones after multi-level stress creep experiments.

between grains potentially being one of significant micro-mechanism
contributing to its inelastic deformation (Pijnenburg and Spiers, 2020).

4.2. Microstructural variations of sandstones and effects on transport
properties

4.2.1. Porosity variations after the experiments

Microscopic observations indicate that the microstructures of the
three sandstones undergo significant variations after the experiments.
These variations include localised stress-induced compaction (evident
from the tight grain contacts in Fig. 7a-f), and the consolidation of clay
cements between grains (Fig. 7f), the formation of intra- and trans-
granular cracks (Fig. 7c), and the breakage and rearrangement of

11

mineral grains (Fig. 7g-i). Consequently, these microstructural alter-
ations affect porosity and permeability. To investigate the impact on
porosity, three-dimensional porosity changes at the bulk plug scale were
compared before and after the experiment (Fig. 8). For ST, the porosity
curve before the experiments is relatively flat, with an average porosity
of 20.1 % (Fig. 8a). In contrast, the porosity curves of ST-4 and ST-5 after
the experiments show notable compartmentalisation, with three pro-
nounced peaks observed at the 0-2.5 mm, 5-7.5 mm, and 12.5-15 mm
sections. The overall porosity also increases to 20.9 % and 21.3 %
respectively (Fig. 8a), suggesting that the microstructural changes in ST
are dominated by dilatancy rather than compaction. CT images reveal
the formation of shear bands composed of fragmented particles within
ST-4 and ST-5 (Fig. 8b and Fig. 8c), which are likely the primary cause of
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Fig. 8. (continued).

the increased porosity. SEM images indicate that these fragmented
grains consist of feldspar and quartz clusters (Fig. 7g—i). Although the
quartz surrounding these clusters exhibits stress-induced compaction
(with grains closely packed, Fig. 7g-i), the fractured clusters create new
voids, thereby increasing the overall porosity of the sandstone.

For CG, the porosity curve does not exhibit significant changes before
and after the experiments. The peaks observed in certain sections of the
porosity curve after the experiment may be related to the development
of intra and transgranular cracks within the sandstone (Fig. 7c,
Fig. 8e—f). Overall, the porosity of CG-4 and CG-5 are 18.2 % and 18.3 %,
and therefore slightly lower than before the experiments, indicating that
the microstructural changes are dominated by compaction. In contrast,
for low-porosity ZG, the total porosity does not change significantly
before and after the experiments, ranging between 9 and 10 %. The
microstructural changes in this sandstone are also dominated by
compaction, however the porosity curves of ZG-4 and ZG-5 show
considerable morphological differences (Fig. 8g), which may be attrib-
uted to the presence of high clay contents between the sandstone grains,
resulting in strong heterogeneity of the sandstone.

4.2.2. Eyolution of pore structure and effect on permeability

Fig. 9 illustrates that during the creep experiments, permeability
changes are closely related to axial strain. As axial strain increases, the
permeability of all three sandstones gradually decreases. After unload-
ing, although these sandstones experience a certain degree of elastic
recovery due to the removal of external stress, the permeability cannot
return to its initial level due to inelastic deformation accumulations.
This permanent permeability loss is particularly evident after creep at
high stress and temperature stages. This phenomenon can be explained
by the microstructural changes that porous sandstones undergo during
creep experiments (Bandara et al., 2021; Chu et al., 2021). Under low
stress and temperature conditions, the grains within the sandstone may
undergo slight displacements and rearrangements, leading to the
compression of pores and micro-cracks which in turn results in a
permeability decrease. As stress and temperature increase, local stress
concentrations may develop at the contact points between grains,
leading to the formation and propagation of intra- and transgranular
cracks (Wong et al.,, 1997; Zhang et al., 1990). Furthermore, high

12

temperature may induce inelastic deformations by mineral grain
expansion and cracking, resulting in permanent changes to the pore
structure (Fredrich and Wong, 1986; Wong and Brace, 1979). These
changes cannot fully recover after unloading, exacerbating the perma-
nent loss of permeability.

To quantitatively analyse the microscopic mechanisms of permanent
permeability loss, pore network models (PNMs) were extracted at the
whole-core scale before and after the experiments for all sandstone
types, providing information on pore and throat size distributions, as
well as topological properties such as coordination number and tortu-
osity (Fig. 10 and Table 3). As shown in Fig. 10a and Fig. 10b, most pores
and throats in ST before the experiment are within the ranges of 40-160
pm and 30-80 pm. After multi-level stress creep experiments, the
average pore and throat diameters in ST-4 and ST-5 decrease signifi-
cantly, while the number of pores increases. Additionally, their coor-
dination number decreases, and the tortuosity of pores increases.
Microstructural observations and porosity evolution indicate that the
increased porosity in ST-4 and ST-5 after the experiments is attributed to
the extensive development of fractured feldspar and quartz clusters
(Fig. 7g-k), which exist in the form of shear bands within the sandstone.
These fractured clusters create new voids, increasing the overall porosity
of the sandstone (Fig. 8a—c). However, the fine debris generated from
cluster breakage fill and obstruct the throats, reducing both their num-
ber and average diameter. This process complicates the pore structure of
the sandstone, significantly diminishing its connectivity and resulting in
significant permeability loss (Fredrich et al., 1995; Ngwenya et al.,
2003; Vajdova et al., 2004). For CG sandstone, the pore and throat sizes
range from 40 to 200 pm and 20-80 pm, respectively, but its average
pore and throat diameters, as well as its coordination number, are
significantly larger than those of ST sandstone (Fig. 10c and d, Table 3).
Compared to pre-experimental conditions, CG-4 and CG-5 show reduced
average pore and throat diameters, along with a reduction in the number
of pores and throats, and a general decrease in coordination number.
Although SEM and CT images reveal extensive intra- and transgranular
cracks within this sandstone (Fig. 7e), the total porosity of CG-4 and
CG-5 decreases (Fig. 8d), suggesting that deformation is still dominated
by compaction and consequently permeability reduction. While
compaction narrows the pores and throats, it does not significantly alter
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Fig. 9. Relationship between permeability and axial strain. The permeability reduction is closely related to axial strain. Notably, the significant decrease in
permeability of ST sandstone is strongly associated with the development of internal shear bands. (a) ST; (b) CG; (¢) ZG.

the pore tortuosity, resulting in less permeability loss for CG compared
to ST sandstone (Table 3). In contrast to the two high-porosity sand-
stones, ZG has lower porosity, smaller pore and throat sizes, less
developed connectivity, and higher pore tortuosity (Fig. 10e and
Fig. 10f, Table 3), which are the main factors contributing to its lower
permeability. Comparing pre- and post-experiment samples, the reduc-
tion in pore and throat numbers in ZG is likely related to compaction.
Similar to CG, the deformation mechanism is dominated by compaction
and therefore leads to the closure of pores and micro-cracks between
grains, causing permeability loss (Dong et al., 2010; Wang et al., 2017).

4.2.3. The effect of pore pressure cycling

To investigate the effects of pore pressure cycling, creep tests were
performed under identical axial stress, confining pressure, and temper-
ature conditions to compare sandstones’ responses to constant versus
cyclically imposed pore pressure. The results indicate that cyclic pore

pressure leads to an acceleration of creep, ultimately accumulating more
inelastic strain. This is most pronounced in ST, followed by CG Sand-
stone and ZG sandstones. This can be attributed to the microstructure of
ST, which is characterised by higher porosity, smaller grain size, and a
significant amount of low-strength feldspar-quartz clusters with angular
shapes (He et al., 2019; Heidaryan et al., 2023). Cyclic pore pressure
variations induce localised stress concentrations within the sandstone,
promoting the formation of microcracks that gradually develop into
macroscopic fractures with repeated pressure changes (Tullis, 1983;
Tullis and Yund, 1992)(Fig. 8c). These fractures not only increase the
inelastic deformation of the rock but also alter its overall mechanical
properties, which has been reported in previous studies (Asahina et al.,
2019; Cerasi et al., 2018; Han et al., 2018; Noél et al., 2019). It should be
noted that thermal effects were not considered a dominant factor in
fracture development, as the maximum temperature applied was below
100 °C. At this temperature range, thermal stresses are generally
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Fig. 10. Pore body and pore throat evolution before and after experiments. (a), (c), (e) show the pore size distributions and (b), (d), (f) the throat distributions of ST,
CG, and ZG sandstones, respectively.

insufficient to induce significant microcracking in sandstones, and the
observed macroscopic fractures in ST-5 are therefore primarily attrib-
uted to mechanical damage under cyclic loading. The fractures in ST are
predominantly composed of fragmented feldspar-quartz clusters, which

14

degrade the pore structure and result in a further reduction in perme-
ability. Conversely, although CG also has a high porosity, its lower
feldspar and higher quartz contents result in higher strength compared
to ST sandstone. After pore pressure cycling, it does not exhibit
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Table 3
Pore structure characteristics of three sandstones.
Rock type NO.“  Pores Total pore volume Mean pore diameter Mean Coordination Number of pore Mean throat diameter Tortuosity
(pm3) (pm) Number throats (pm)
ST ST* 3.75 x 10*  2.67 x 10! 114.67 7.46 1.45 x 10° 25.16 1.65
Sandstone  ST-4  4.44 x 10*  2.94 x 10! 104.60 6.36 1.22 x 10° 16.86 1.74
ST-5 5.15x10*  3.09 x 10" 112.72 7.18 1.27 x 10° 16.44 1.78
CG CG* 279 x10*  2.37 x 10! 124.78 10.66 1.27 x 10° 42.74 1.63
Sandstone  CG- 2.69 x 10*  2.28 x 10! 106.52 8.26 1.19 x 10° 37.64 1.64
4
CG- 2.64 x 10 2.19 x 10" 102.37 8.93 1.09 x 10° 38.92 1.63
5
ZG ZG* 555 x10*  1.61 x 10" 58.03 4.48 1.46 x 10° 5.37 1.72
Sandstone  ZG-4  4.96 x 10*  1.39 x 10"} 58.27 4.48 1.36 x 10° 4.86 1.72
7ZG-5 4.88 x 10*  1.52 x 10! 57.59 4.27 1.30 x 10° 5.02 1.72

Note: a. Pore structure data for ST*, CG* before the experiments obtained from micro-CT scans of twin plugs, while initial pore structure data for ZG* obtained from ZG-

5.

significant macroscopic cracking. Instead, repeated pressure changes
cause greater pore compression (Table 3), leading to higher axial strains.
In contrast, ZG sandstone, with its lower porosity and smaller pores, is
less affected by changes in pore pressure, resulting in minimal structural
deformation under cyclic pore pressure, thereby exhibiting greater sta-
bility. Additionally, the larger grain sizes of ZG and predominantly line
and surface contacts between grains effectively mitigate localised stress
concentrations, providing it with higher strength. This high strength
enables ZG to better resist deformation caused by external pressures and
pore pressure fluctuations.

4.3. Creep models for porous sandstones under in situ conditions

Underground hydrogen storage involves the long-term retention of
hydrogen within porous sandstone formations, where the creep behav-
iour of the reservoir rocks directly influences the safety and stability of
the storage system. Therefore, accurate prediction of the creep behav-
iour is essential for the development of effective hydrogen storage
strategies and the design of safe and reliable storage facilities. To ach-
ieve this, it is necessary to establish models capable of describing the
creep behaviour of porous sandstones under in situ conditions. Creep
models are generally classified into two main categories: those based on
empirical fitting and those grounded in rheological physical models
(Brantut et al., 2012; Paraskevopoulou et al., 2017; Zheng et al., 2015).
Rheological models simulate the creep behaviour of rocks by utilising
mechanical analogues such as elastic springs, viscous dashpots, plastic
sliders, and brittle yielding elements, arranged in series or parallel
configuration (Fossen, 2016). Fig. 11 illustrates the typical creep char-
acteristics of rocks. Under constant loading conditions, rock creep
typically progresses through three stages: primary creep, secondary
creep, and tertiary creep. During the primary creep stage, the strain rate
gradually decreases, primarily due to stress redistribution and adjust-
ments within the internal microstructure. This stage is often referred to
as transient creep. As the strain rate stabilizes, the rock deformation
enters the secondary creep stage, also known as the steady-state creep
phase. Ultimately, when the strain rate begins to accelerate, the rock
transitions into the tertiary creep stage, which may culminate in brittle
failure (Brantut et al., 2013; Paraskevopoulou et al., 2017).

Previous research indicates that commonly used rheological models
can effectively reproduce primary and secondary creep but often fail to
accurately simulate tertiary creep (Liu et al., 2019; Paraskevopoulou
et al., 2017; Wu et al., 2020). The primary creep is typically charac-
terised by viscoelastic deformation that delays the adjustment to a new
equilibrium state and may involve some irreversible behaviour, leading
to a decrease in strain accumulation over time. The Kelvin model is
frequently employed to simulate this stage (Pajic-Lijakovic, 2021; Ser-
ra-Aguila et al., 2019). The secondary creep is marked by a stable strain
rate over time, accompanied by inelastic deformation. The Maxwell
viscoelastic model is commonly used to phenomenologically describe
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Primary Secondary Tertiary

Time

Fig. 11. Schematic diagram of typical rock creep behaviour. Rock creep typi-
cally progresses through three stages: primary, secondary and tertiary creep.

this stage. However, the tertiary creep is characterised by a sudden in-
crease in strain rate due to stress-driven weakening or crack interaction,
ultimately leading to rock failure (Ranalli, 1995). Traditional rheolog-
ical models do not account for the physical mechanisms associated with
microcrack initiation and propagation, making it challenging to accu-
rately simulate tertiary creep (Paraskevopoulou et al., 2017). In this
study, it can be observed that under in situ conditions, the stresses
experienced by all sandstones were significantly lower than their
strength limits, and their strain-time curves did not exhibit distinct
tertiary creep characteristics. The strain rate gradually decreased and
stabilised over time. Therefore, it is reasonable to utilise the Burgers
model, which combines the Maxwell model and the Kelvin-Voigt model
(Chen et al., 2023; Cong and Hu, 2017; Serra-Aguila et al., 2019), to
simulate the creep behaviour of the three types of sandstone under in situ
conditions.

The Burgers creep model is composed of a series combination of the
Maxwell model and the Kelvin-Voigt model (Fig. 12). The Maxwell
model consists of a spring and a dashpot arranged in series, while the
Kelvin-Voigt model is composed of a spring and a dashpot arranged in
parallel. In this model, the spring element represents the instantaneous
elastic response, and the dashpot element represents the time-dependent
viscous characteristics (Fossen, 2016). Within the Burgers creep model,
the Kelvin-Voigt model is used to describe the transient (i.e., primary
creep) phase, while the Maxwell model primarily accounts for the
instantaneous strain and the secondary creep. In conventional triaxial
compression tests, the applied stress conditions are typically 61 > 02 =
03. Additionally, confining pressure is usually applied before deforma-
tion measurements are taken. Consequently, the volumetric strain
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Fig. 12. Rheological models of creep behaviour. (a) The strain vs strain curve of rheological models; (b) Equivalent components of rheological models.

caused by confining pressure is not considered in the three-dimensional
strain equation of the Burgers creep model. The axial strain of the
Maxwell model under conventional triaxial compression test conditions
is given by (Wang and Li, 2018):

(51 — 03)’:
3y

Maxwell _ (61 — 63) +

(01 —03)
9K +

¢ 3Gy

€]

where K, Gy and 7, are the bulk modulus, shear modulus, and viscosity

coefficient of the Maxwell model, respectively. The axial viscoelastic

strain of the Kelvin-Voigt model caused by deviatoric stress is repre-
(o1

sented as:
g (e 5))

where Gg and 7y are the shear modulus and viscosity coefficient of the
Kelvin-Voigt model, respectively. By combining equations (4) and (5),
the axial strain of the Burgers creep model under a three-dimensional
stress state can be obtained (Zhao et al., 2017):
(e (-5))
Nk

©

The bulk modulus K of three sandstone is calculated from Young’s
modulus and Poisson’s ratio according to (Fjaer et al., 2008):
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Based on the results of the creep tests, this study employs the
Levenberg-Marquardt algorithm combined with the least squares
method to fit the parameters (Liu et al., 2017; Wei et al., 2022), thereby
obtaining the viscoelastic parameters Gy, Gk, iy, Nk of the Burgers
model, as shown in Table 4. The results indicate that the model accu-
rately describes the experimental data, as shown in Fig. 13 and Table 4.

4.4. Implications for underground hydrogen storage

During UHS operations, the mechanical responses of reservoir rocks
and changes in their permeability directly affect the stability of the
reservoir and the efficiency of hydrogen storage. By conducting creep
experiments on three different types of sandstone under in situ condi-
tions for UHS at the laboratory scale, it can be revealed the deformation
mechanisms and their impact on transport properties. In creep experi-
ments, the porous and feldspar-rich ST sandstone exhibits unstable
mechanical properties. Numerous feldspar and quartz clusters within
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Table 4
Parameters of the creep models for the three types of sandstone under in situ
conditions.

Sandstone Q T Gu v Gk nc (GPa  R?
type (MPa) Q) (GPa) (GPa (GPa) h)
h)

ST 19 49 1.52 935 5.50 0.722 0.98
34 69 1.71 2113 5.87 17.71 0.99
49 88 1.68 1688 8.66 49.83 0.98

CG 19 49 1.59 1430 5.96 3.00 0.98
34 69 1.48 1957 15.14 66.05 0.95
49 88 1.72 1757 16.86 99.77 0.97

G 19 49 4.89 1419 13.06 1.34 0.98
34 69 4.89 6483 11.36 80.38 0.97
49 88 4.34 7261 13.12 78.62 0.99

the rock contribute to its vulnerability. As temperature and stress in-
creases (corresponding to greater reservoir depth), these weak clusters
tend to fracture due to stress concentrations, resulting in extensive
cracks. They not only affect reservoir stability but also lead to a sub-
stantial decline in permeability, as the fragmented debris block pore
channels, further deteriorating reservoir performance. Additionally,
under cyclic pore pressure conditions, microcracks within this sandstone
may propagate and even form macroscopic fractures, potentially trig-
gering fault activation and undermining the stability of the hydrogen
storage reservoir. Thus, special attention should be given to the burial
depth and stress concentration regions of such reservoirs in UHS appli-
cations. In contrast, the homogeneous, high-porosity CG sandstone
demonstrates good stability during the experiments. Unlike ST sand-
stone, the deformation of CG is dominated by compaction. With ongoing
compression, the porosity gradually decreases, leading to a reduction in
permeability, which eventually stabilizes. This suggests that quartz-rich,
high-porosity sandstones like CG may exhibit greater stability during
UHS operations, making them suitable for long-term UHS operations.
Nevertheless, with increasing burial depth, the potential for grain
breakage should be considered as it may impact the overall stability of
these reservoirs. In comparison, the low-porosity ZG sandstone is char-
acterised by large and tightly packed grains, exhibiting excellent me-
chanical properties. However, its inherently low porosity and
permeability may restrict hydrogen flow, requiring careful consider-
ation of injection pressure and reservoir depth in the design of UHS
systems to optimize storage efficiency.
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Fig. 13. Comparison of Burgers model results and experimental results during
multi-level stress creep tests under in situ conditions for three sandstones.

5. Conclusion

In this study, creep experiments were conducted on three porous
sandstones under simulated in situ conditions representative of under-
ground hydrogen storage (UHS) operations at the laboratory scale, to
investigate their mechanical responses and permeability evolution. The
main findings are as follows.

1.During the experiments, all three sandstones exhibit stable creep
behaviour, with the steady-state creep rate increasing as temperature
and stress increases. The high-porosity ST and CG sandstones show
higher steady-state creep rates under the same conditions compared
to the low-porosity ZG sandstone, highlighting the strong influence
of porosity on creep susceptibility.

2.The evolution of permeability is strongly coupled with axial strain
accumulation. A permanent loss of permeability is observed in all
sandstones after unloading, indicating irreversible damage to the
pore structure. This irreversible permeability reduction becomes
more pronounced with increasing creep strain and elevated tem-
perature, revealing a direct link between time-dependent deforma-
tion and transport property degradation.

3.Microstructural analysis reveals that the deformation mechanism
of the high-porosity ST sandstone is dominated by dilatancy.
Although shear-induced deformation causes the feldspar and quartz
clusters to fracture, creating new voids and increasing the overall
porosity, the fractured debris from these clusters block the throats,
complicating the pore structure and leading to a significant perme-
ability loss. The deformation mechanisms of CG and ZG sandstones,
on the other hand, are dominated by compaction, with pore
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compression and microcrack closure being the primary causes of
permeability losses.

4.Pore pressure cycling increases the creep rate of the sandstones,
accumulating more inelastic strain. This trend is most evident in the
ST, followed by CG sandstone, with ZG sandstone being the least
affected. This can be attributed to a significant amount of angular,
low-strength feldspar-quartz clusters within the ST Sandstone. Pore
pressure cycling causes localised stress concentrations within the
sandstone, promoting the formation of microcracks. These gradually
develop into macroscopic fractures with repeated pressure changes.
In contrast, CG and ZG are less affected by pore pressure changes and
demonstrated better stability.

5.The Burgers model is used to fit the creep data of the three sand-
stones under in situ conditions, and a good match is achieved, indi-
cating that this model can effectively describe the creep behaviour of
the sandstones tested ion this study. Its successful application con-
firms its suitability for describing time-dependent deformation in
porous reservoir rocks and provides a predictive framework for
assessing long-term mechanical stability in underground hydrogen
storage operations.
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