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The technology of lined rock cavern (LRC) with great geographical flexibility is a promising, cost-effective
solution to underground hydrogen storage. However, the air-tight steel tanks used in this technology are
susceptible to material degradation due to hydrogen embrittlement (HE), potentially leading to leakage and
structural failure, especial for LRCs constructed in complex geological conditions. In this paper, we develop
a 2D multiscale numerical model based on the finite element method to assess the impact of HE on the LRC
performance in fractured rock masses under cyclic gas pressurisation. Within this framework, a large-scale
model is used to simulate the deformation and damage evolution of both fractured rock and an LRC under
in-situ stresses and internal gas pressurisation, while a small-scale model captures HE in the steel lining of the
LRC. Our simulations reveal that damage in the rock, concrete, and steel degradation is strongly affected by
pre-existing fractures and in-situ stresses. Our results also reveal the presence of a strong positive feedback
between hydrogen concentration and stress redistribution in the steel lining. Moreover, a comparison between
models with and without considering HE illuminates that hydrogen concentration significantly contributes
to steel degradation, particularly during the long-term LRC operation, highlighting the critical role of HE in
the safety and performance of the LRC. The findings and insights obtained from our work have important
implications for the design optimisation and performance assessment of LRCs for sustainable underground
hydrogen storage.

1. Introduction Several options for underground hydrogen storage have been pro-
posed, including depleted oil and gas reservoirs, saline aquifers, and
salt caverns as well as unlined or lined rock caverns [1]. However,

each option is faced with specific challenges. Depleted hydrocarbon

The escalating impacts of climate change call for urgent and trans-
formative strategies to counter global warming. Achieving the ambi-

tious goal of net-zero carbon emissions by 2050 requires a fundamental
shift in industrial practices, particularly in transitioning away from the
use of fossil fuels. Among different potential solutions, hydrogen has
emerged as a viable energy carrier, offering a sustainable alternative
to traditional fossil fuels, by storing energy generated from weather-
dependent intermittent renewables like wind, tidal, and solar. More
specifically, techniques like electrolysis can be employed to convert
excess renewable electricity during off-peak periods into hydrogen,
which can then be stored underground for efficient and sustainable
energy use. This strategy is widely regarded as a cornerstone of future
renewable energy systems [1-5].
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reservoirs and saline aquifers, for instance, are associated with risks of
induced seismicity and potential hydrogen loss due to leakage or mi-
crobial activity [3,6]. Salt caverns, while effective, are geographically
limited due to the scarcity of suitable salt deposits. Unlined rock cav-
erns require substantial burial depths to achieve hydrodynamic sealing,
making them costly to construct and maintain [7]. In contrast, lined
rock caverns (LRCs) offer a very flexible and cost-effective solution, as
they can be constructed at shallower depths and are less geographically
constrained [8,9].

The development of LRCs for underground gas storage has a long
history. Initial research began in 1985, leading to the construction of
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a pilot plant in Gréngesberg, Sweden, during the late 1980s to experi-
mentally test this concept [10]. This was followed by the establishment
of a demonstration plant in Skallen, Sweden, between 1998 and 2002,
which has remained operational until today [10,11]. These projects
have generated extensive experiences and datasets, providing critical
insights into the feasibility and performance of LRCs. More recently, the
Hydrogen Breakthrough Ironmaking Technology (HYBRIT) initiative,
launched in 2016, has integrated LRC-based hydrogen storage as a
key component of its fossil-free steelmaking process. As part of this
initiative, a pilot LRC facility has been constructed and commissioned
in Luled, Sweden, since the summer of 2022 [12,13]. This facility
represents a significant step forward in the practical application of
hydrogen storage technologies.

An LRC system is composed of multiple components, each serving
for a distinct purpose [10,14-16]. From the innermost to the outermost,
these components include a steel lining, a bitumen sliding layer, a
reinforced concrete lining, a shotcrete layer equipped with drainage
pipes, and the surrounding rock mass. The stability and functionality
of an LRC depend heavily on the load-bearing capacity of the rock
mass and the reinforced concrete lining, while the steel lining primarily
ensures gas containment. When the LRC is filled with gas, the result-
ing internal gas pressure causes volumetric expansion of the cavern,
which can potentially lead to cracking in concrete or yielding in steel,
compromising the safety and operational performance of the LRC.

Over the past decades, significant research efforts have been de-
voted to evaluating the performance of LRCs under high-pressure gas
storage conditions through numerical simulations, experimental tests,
and analytical calculations. For instance, Lu [17] constructed a 3D
finite element model to simulate the deformation of an LRC during
the pilot tests in Gréngesberg, with results aligned closely with field
measurements. Similarly, Glamheden and Curtis [11] utilised a 2D
finite difference model to study cavern convergence during the exca-
vation phase of the LRC demonstration plant at Skallen. Additionally,
coupled thermo-hydro-mechanical simulations have been employed to
assess the mechanical stability, gas tightness, and energy efficiency of
LRCs for compressed air energy storage [18-21]. Experimental studies
have also played a crucial role in understanding the LRC behaviour.
For example, Tunsaku et al. [22] and Jongradist et al. [23] conducted
laboratory experiments using physical models to study fracture growth
in surrounding rocks induced by cavern pressurisation. Building on
these findings, Tunsku et al. [24,25] applied an element-free Galerkin
method to simulate fracture propagation, validating their modelling
results against experimental observations. Furthermore, Perazzelli and
Anagnostou [26] used a finite difference code to evaluate the resilience
of LRCs against various failure scenarios, including rock mass uplift,
steel lining buckling, fatigue, and concrete plug instability. Recent
advancements in modelling techniques have further enhanced the un-
derstanding of LRC performance. Damasceno et al. [14] developed
a 2D finite element model to analyse the interactions among the
different LRC components, including the steel lining, sliding layer,
reinforced concrete lining, and the surrounding jointed rock mass. In
a separate study, Damasceno et al. [15] combined analytical models
with 2D and 3D finite element simulations to estimate tangential
strain on the cavern wall under high internal gas pressure. From a
design perspective, some new approaches have also been proposed to
optimise LRC construction. Park et al. [27] introduced a probability-
based design methodology that integrates point estimate methods with
numerical modelling. More recently, Damasceno et al. [28] developed
a reliability-based design tool using adaptive directional importance
sampling coupled with 3D finite element analysis, offering a robust
framework for LRC design and performance assessment. To better
understand the impact of pre-existing rock fractures on the LRC be-
haviour, Zhao et al. [29] developed a finite element model to study
the deformation and damage evolution of LRCs and their interactions
with surrounding fractured rock masses. Their results indicate that
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natural fractures tend to exert profound influences on the structural
deformation of LRCs.

To apply the LRC technology for underground hydrogen storage,
some new challenges need to be addressed. For example, under high
gas pressure within the cavern, hydrogen could diffuse into the steel
lining that is in direct contact with the hydrogen gas, leading to hy-
drogen embrittlement (HE) [9,30,31] and strength degradation of steel
materials. This can result in the failure of steel linings and therefore
loss of gas-tight integrity of the LRC system. With the development of
steel degradation, changes in the local strain field can alter the pat-
tern of hydrogen concentration, manifesting a coupling between steel
degradation and hydrogen diffusion. Furthermore, for LRCs situated in
fractured rock masses, it is expected that natural fractures may lead to
stress concentrations in the LRC linings, potentially leading to localised
hydrogen accumulation and embrittlement as well as increased risk
of hydrogen leakage from the container. Apart from that, natural
fractures often strongly control the overall geomechanical behaviour
of rock masses [32-34] and therefore could significantly impact the
deformational response of LRC structures [29,35], which should be
considered when assessing the performance of LRCs for underground
hydrogen storage.

In this paper, we present a 2D multiscale numerical model to
investigate the impact of HE on the performance of an LRC subject
to cyclic hydrogen gas pressurisation and interaction with surrounding
fractured rock masses. Specifically, the study aims to elucidate the
coupled mechanical and diffusive processes driving HE in the steel
liner, identify the dominant failure mechanisms under realistic operat-
ing conditions, and assess how the mechanical properties and fracture
characteristics of the surrounding rock mass influence the structural
integrity of the LRC. The developed multiscale model comprises a large-
scale model for simulating deformation/damage evolution in both the
LRC and rock masses and a small-scale model for capturing HE in the
LRC’s steel lining. This framework is capable of modelling various key
processes across spatiotemporal scales in the system, such as fracture
deformation and propagation in rock masses, damage evolution in
concrete, and strength degradation in steel as well as their couplings.
The remainder of the paper is organised as follows. Section 2 introduces
the governing equations for modelling deformation and damage in
fractured rock and concrete as well as hydrogen diffusion and em-
brittlement in steel. Section 3 describes the model setup including
fracture network generation, model parameterisation, and mesh dis-
cretisation. Section 4 presents and analyses simulation results, followed
by a further discussion in Section 5. Section 6 concludes the paper.

2. Governing equations

This section begins with an overview of the damage model de-
signed to simulate crack propagation in rock and concrete materi-
als in the large-scale model, which is complemented by a detailed
explanation of the constitutive laws governing the displacement be-
haviour of pre-existing fractures in rock. Subsequently, we introduce
the equations governing hydrogen diffusion in steel and the constitutive
equations for capturing HE in the small-scale model. Our framework
is developed based on the computational platform of COMSOL Multi-
physics [36]. Throughout the paper, we adopt the solid mechanics sign
convention with tensile stresses/strains being positive and compressive
stresses/strains negative.

2.1. Solid deformation and damage evolution

The mechanical equilibrium of solids is governed by:
V.-6=0, (@]

where V represents the gradient of a scalar field and o is the stress
tensor. A scalar-based continuum damage constitutive model is utilised
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to simulate fracturing in brittle/semi-brittle materials like rock and
concrete here [37], with the constitutive equation given by:

c=(1-w)D, 2)

where o ranging from 0 to 1 is the damage coefficient, D is the
elastic stiffness matrix. The progression of damage is governed by the
following loading-unloading conditions [37]:

fEx) <0,k 20,kf(&x)=0, 3)

where £ is the equivalent strain and « is an internal variable recording
the historical maximum equivalent strain. We employ an elasto-brittle
model to simulate rock damage [38,39], while concrete damage is
simulated using the Mazars model [40]. The mathematical formulations
of both models are described in the following sections.

2.1.1. Damage in rock

The smooth Rankine criterion is employed to compute the equiv-
alent tensile and compressive strains in rock (denoted as &, and &
respectively) [37], given as:

Ico

KDl
£y = Tl+ s @
and
=MD ©

r
where ||-|| is the norm operator, (-), are the Macaulay brackets denoting
the positive part in the tensor, and E, is the Young’s modulus of the
rock matrix.

When the tensile (or compressive) stress exceeds the material’s
tensile (respectively compressive) strength, a transition from elastic
behaviour to brittle failure would occur, associated with an abrupt
stress drop (see Fig. 1a and b). The tensile and compressive damage
variables (respectively denoted as w, and w,., respectively) can be
calculated as [38,39]:

0 > K <€
Wy = S ©)
1- EK’K‘>8"0’
t
and
0 s Ko > Erc0
0=t )
- E’ Ke S €rco »
C
where €. = fo/E; and € = —f,/E, are the elastic limits of

tensile and compressive strains, respectively; f,,, and f,., represent the
corresponding peak tensile and compressive strengths, while residual
tensile and compressive strengths are calculated as f,, = 7/, and
Jrer = Nfrep» With # being the residual strength ratio; «; and x, denote
the maximum historical strains for tensile and compressive scenarios,
respectively.

2.1.2. Damage in concrete

Damage in concrete, denoted by w,, results from the co-evolution
and interaction of tensile and compressive damage, which is approxi-
mated as [40]:

@, = a Oy + O (€))

where the weighting coefficients ; and «, determine the relative in-
tensity of tension and compression, respectively; o, and ., represent
the tensile and compressive damage variables for concrete. These para
can be calculated as follows. First, the stress and strain partitions are
determined in the principal coordinate system as:

{a: (o), +(o)_

e=¢g +¢.,

©)]
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where

1+v v
&= (o), - 2tr ((o),)

Lo a0
te=—(0).— 3t (o)) .

where (-), and (-)_ represent the positive and negative parts of the
tensor, respectively. The weighting coefficients are calculated as [40]:

gi(e; + €
at :ZiHi U( “é_z Cl)
c
(1n
E.i(E; + €
%:zmiié—ﬁ,
C

where i = 1,2, 3 represents the index of principal components; H; is the
Heaviside step function, which takes the value of 1 when ¢; > 0, and 0
when ¢; < 0; £, is the Mazars equivalent strain, given by [40]:

£ = {e)4lI- 12)

Tensile and compressive damage variables can then be computed as
follows [40]:

1-A
oy = 1= LA B e e
max(k, E¢)
e 13)
Wee = 1 crecd _ ACGXP[—BC(K - gccO)] >

max(k,, Ecco)

where A, A, B, and B, are material para that influence the shape of
post-peak response; .o = foo0/E. and €.y = —f.0/E. represent the
elastic limits of tensile and compressive strains, respectively, with E,
denoting the Young’s modulus of the concrete.

2.2. Fracture normal and shear deformations

We model the nonlinear normal opening and closure behaviour of
rock fractures using an exponential function [32] (see Fig. 1c) :

b, = b, + (by — by)exp(Soy), a4

where b, and b, denote the initial and residual apertures, respectively;
o, is the normal stress; ¢ = 1/[K,o(by — b,)] is the stress-aperture
correlation coefficient, with K, being the initial normal stiffness. The
normal stiffness of the fracture changes in response to the normal stress,
exhibiting a nonlinear behaviour as described by:
do, by — b,
K=2n2_-29 Trg 15
" ob, by—b, ™ (15)
The shear deformation of a fracture obeys Coulomb’s friction law,
expressed as [41] (see Fig. 1d):

Kug, u <u
=4 U8 P 16)
Ty Uy 2 Uy,

In this context, 7, and u, denote the shear stress and shear displacement,
respectively; K, is the fracture shear stiffness of the fracture; 7, =
—ojtang; denotes the peak shear stress, where ¢y is the friction angle.
The peak shear displacement is given by u, = 7,,/K;, which marks the
displacement threshold beyond which the fracture starts to frictionally
slide. Shear dilation is calculated in an incremental way as follows [42]
(see Fig. 1d):

tangydug, 0 < ug < u,
do, =

S

17)
0 L Ug > U,

with ¢4 being the dilation angle and u, the residual shear displacement
beyond which dilation plateaus. The fracture aperture b; under a
combined normal and shear loadings is finally derived as [42,43]:

by = b, + v 18)
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Fig. 1. Constitutive laws for rock matrix and pre-existing fractures. (a) Stress—strain, (b) damage-strain relationships in the context of the elasto-brittle damage model for rock
matrix, (c¢) normal aperture versus normal stress, (d) shear stress (or shear dilation) versus shear displacement for pre-existing fractures.

2.3. Hydrogen diffusion and steel degradation

Below we present the governing equations for modelling hydrogen
diffusion as well as the constitutive equations for modelling HE. Several
simplifications are made to mimic the hydrogen diffusion process in
our finite element model. Firstly, the model considers only two types
of sites: lattice sites (regular atomic positions) and trapping sites (lo-
cations where hydrogen can be trapped). This simplification reduces
complexity by limiting the number of pathways that hydrogen atoms
can move through. Furthermore, all saddle points, which represent
intermediate states in the energy landscape for hydrogen movement,
are assumed to have the same activation energy across the entire
crystal. We simulate the hydrogen diffusion process and employ the
hydrogen enhanced localised plasticity (HELP) mechanism to describe
the plastic behaviour of the steel lining as hydrogen concentration
increases [44]:

aCy
G,
where C; and C; correspond to the lattice and trapping concentration
of hydrogen, respectively; D; is the lattice diffusion coefficient, and
Vy denotes the partial molar volume; R and T stand for gas constant
and temperature, which equal to 8.314 J/ (mol K) and 293.15 K,
respectively; o, represents the hydrostatic stress.

Furthermore, Oriani’s formulation that governs the equilibrium be-
tween lattice and trapping concentration [45] is adopted to solve
0Cy /0Cy:

br 23
1-6; 1-0, T

aC; D, C; Vg
D—L —v(D ZLTL T H oy = 1
+D—= = V(DLVC) + V(—r—=Va;) =0 19)

(20)

where 6, and 0, stand for trapping and lattice occupancy, respectively,
and K;; can be calculated from an Arrhenius law [44]:

E,
Kir= exp(—m) 21)

where E, is the binding energy and kjp is the Boltzmann constant
(1.380649 x 1023 J/K). By assuming 6, < 1, the evolution of hydrogen
concentration can be solved as [46]:
9 _ Crbr (22)
oc,  C;

If the effect of HE is absent, steel is governed by an elasto-plastic
constitutive law with exponential hardening, with the yield stress given
by [301:

eP
Oy = Oyo(1 + g)N (23)

where o, is the initial yield stress, N is the hardening exponent, &’ is
the equivalent plastic strain, and ¢ is reference strain, which equals to
oys0/ E; with E being the elastic modulus of steel.

In the presence of hydrogen, the yield stress of steel would reduce
due to the effect of HE, which is modelled as [30]:

C,

tot
(& —-D Co + 1o,

Yo

ys? Uys(ctot) > To-ys

0ys(Crop) = 24)

ys > O'ys(ctot) < To-ys >

where &, is a softening parameter, ¥o,, denotes the lowest value of the
yield stress, and C, = 1 is the reference concentration. Once yielded,
the steel is considered to be degraded.

3. Model setup

We adopt a multiscale modelling strategy and build the model in
COMSOL Multiphysics [36] (Fig. 2). In this framework, a large-scale
model represents an LRC situated within a fractured rock mass, while
a small-scale model specifically calculates the hydrogen diffusion and
embrittlement within the steel lining of the LRC. The two models are
coupled at the interface between the steel lining and the concrete layer
with displacement compatibility imposed.
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Large scale model

u, v of large scale model

(b)

Small scale model
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Fig. 2. Model design and boundary condition of the multiscale model, including (a) a large-scale model representing an LRC situated in a fractured rock mass and (b) a small-scale
model capturing the response of the steel lining subject to cyclic internal pressurisation and boundary displacement constraints, as well as hydrogen diffusion.

We construct the model based on the available data of the LRC
demonstration plant at Skallen, Sweden [11]. Material properties for
the fractured rock mass are given in Table 1. The LRC of 38 m in
diameter consists of a steel lining of 1.2 cm thickness, a reinforced
concrete layer of 1 m thickness, and a shortcrete layer in contact with
the surrounding rock mass [11]. The material properties of the steel and
concrete are given in Table 2. The reinforced concrete lining assumes
the C30/37 concrete properties in our simulation. Reinforcement con-
sists of steel bars measuring 1.6 cm in diameter spaced at intervals of
15 cm. The influence of reinforcement is accounted for by adopting
an increased modulus and incorporating a residual strength for the
concrete layer. The steel lining and shortcrete layer are modelled using
interface elements rather than volumetric elements due to their thin
nature. The steel lining is specified as AISI 4135. High-strength steels
are used here for two reasons: (i) they increase the gas filling threshold,
allowing the LRC to reach more critical scenarios, and (ii) they are
more susceptible to HE as susceptibility to this phenomenon increases
with strength [47]. Our selected value of 10" m? /s for lattice diffusion
coefficient falls in the typical range of around 1072 to 10=% m?/s
reported in the literature [46,48]. Partial molar volume is selected
based on [46,48]. The softening parameter &, and lowest limit ¥ listed

Table 1
Material properties of fractured rock masses.
Material properties Values Units
Density p, 2650 kg/m?
Young’s modulus E, 70 GPa
Poisson’s ratio v, 0.25 -
Rock .
Tensile strength f, 10 MPa
Compressive strength f,. 300 MPa
Residual strength ratio # 0.1 -
Initial normal stiffness K, 50 GPa/m
Shear stiffness K 10 GPa/m
Friction angle ¢ 30 °
Fract -
ractures Dilation angle ¢, 3 °
Residual displacement u, 3 mm
Initial aperture b, 0.1 mm
Residual aperture b, 0.01 mm

in Table 2 are obtained from [49]. The shortcrete layer has a cohesion
of 2 MPa and a friction coefficient of 1 [14].

This LRC is located 150 m below ground surface (Fig. 3) with
the in-situ stress state defined according to the field condition at
the Skallen site [11]. The in-situ stresses were determined using the
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Fig. 3. The discrete fracture network generated based on the site characterisation data of the LRC demonstration plant at Skallen, Sweden [11], together with a comparison of

fracture orientation between field data and numerical model.

Table 2
Material properties of concrete and steel.

Material properties Values Units
Density p, 2500 kg/m?
Young’s modulus E, 34 GPa
Poisson’s ratio v, 0.2 -

Reinforced Elast%c l?m%t of tensile st$ain €ao 1x 10:‘: -

concrete Elastic limit of compl"e'sswe strain €., 1x107 -

lining Mazars damage coeff{c%ent A 0.7 -
Mazars damage coefficient A, 1.12 -
Mazars damage coefficient B, 7000 -
Mazars damage coefficient B, 1000 -
Maximum damage @, 0.95 -
Density p, 7850 kg/m?
Young’s modulus E 195 GPa
Poisson’s ratio v, 0.3 -
Yield strength o, 1320 MPa
Hardening exponent N 0.11 -

. Softening parameter & 0.99 -

Steellining Lowest limit ¥ 0.5 -
Lattice diffusion coefficient D, 1x107° m?/s
Partial molar volume V, 2% 1076 m3 /mol
Lattice site concentration N 1x10° mol/m?
Trap site concentration N 20 mol/m?
Trap binding energy E, 30x 103 J/mol

overcoring method with four stress cells, complemented by hydraulic
fracturing measurements conducted at 13 locations within a depth
range of 60-200 m, indicating that the minimum horizontal stress is
S, = —8.8 MPa and the maximum horizontal stress is Sy = —4.4 MPa.
The in-situ stresses are applied orthogonally to the boundaries of the
large-scale model, which represents a 2D horizontal cross-section of
the system. We choose an extended domain size of 400 m to minimise
potential boundary effects. The discrete fracture network approach is
employed to represent the distribution of natural fractures in rock,
according to the site characterisation data at Skallen [11] , where
around 400 joint planes were mapped in the vicinity of the cavern.
The predominant joint sets are oriented approximately N-S/dipping
20-60°W, N-S/90°, E-W/90°, and N20-70°E/50-70°E. The fracture
lengths follow a power-law distribution, while the fracture orientations
are generated based on geological mapping data from the surrounding
area, as shown in the right stereonets of Fig. 3 , indicating good
agreement between the modelled DFN and field characterisation data
in terms of fracture orientations. In the small-scale model, the outer

boundary of the steel lining is informed by the displacement derived
from the large-scale model, while the inner boundary of the steel
lining is subject to gas pressure and hydrogen concentration. Cyclic gas
loading is applied, with each cycle lasting for one day (T, = 24 h). The
initial cavern pressure is set at 5 MPa and incrementally increased over
time in a linear manner until it reaches 20 MPa. During each cycle,
the pressure stabilises at both initial and peak values for 0.1 days. The
concentration of hydrogen C, at the inner boundary of the steel lining
is calculated using Sievert’s law [50]:

B
Co=21/p- exp(2=) (25)

where B = 1.584x1075 m3 mol™!, and £ is Sievert’s constant that equals
to 0.0125 wppm bar~1/2 [50].

In the large-scale model, the concrete layer was discretised into
structured quadrilateral elements with an average size of 0.2 m. The
rock matrix was meshed into unstructured triangular elements that vary
in size, starting from 0.2 m near the LRC boundary and growing up to
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Fig. 4. Distribution and evolution of (a) radial displacement in the concrete lining and (b) damage in concrete and rock over multiple loading cycles.

5.0 m at the far end of the domain. Steel lining and shortcrete were
modelled using linear elements, while fractures were represented by
joint elements placed between adjacent triangular elements. This leads
to approximately 300,000 finite elements in our large-scale model. A
mesh sensitivity analysis was performed to ensure solution conver-
gence, confirming that the adopted mesh resolution provides a good
balance between accuracy and computational efficiency. The previ-
ously defined stress boundary conditions are applied to the top and side
boundaries, while a roller constraint is imposed on the bottom bound-
ary. The material properties of the fractured rock mass are summarised
in Table 1. In the small-scale model, the steel lining was discretised
using structured quadrilateral elements with a radial division into 5
layers and a tangential division into 3000 segments. The outer surface
of the small-scale model is constrained using the displacement field
obtained from the large-scale simulation, while the inner surface is sub-
jected to both internal pressure and hydrogen concentration conditions,
as illustrated in Fig. 2. Both models are solved under a quasi-static
assumption with the temporal evolution of the mechanical response
and hydrogen diffusion captured. A one-way coupling strategy is em-
ployed, in which the small-scale model is constrained by the boundary
conditions derived from the large-scale model. This is justified by the
substantially lower stiffness of the steel tank (1.2 cm thick) in the small-
scale model, relative to the surrounding concrete lining (1 m thick) and
rock masses, rendering the influence of steel degradation negligible on
the overall system response. The material properties of the steel lining
are provided in Table 2.

4. Simulation results

4.1. Deformation and damage evolution in the rock mass and concrete
lining

Fig. 4 shows the spatial distribution and temporal evolution of
radial displacement in the LRC lining as well as the damage patterns
in rock and concrete. Note that we adopt the solid mechanics sign

convention with outward expansion being positive and inward contrac-
tion being negative. Variations in the displacement pattern of the LRC
lining are pronounced around pre-existing fractures, highlighting their
strong influence on LRC deformations (Fig. 4a). Around the cavern,
predominant tensile cracks developed along the maximum horizontal
stress direction. Damage in rock is also characterised by wing cracks
originating from the tips of pre-existing fractures. In the concrete layer,
damage is observed in the sections where the concrete is subject to a
tensile loading and intersects with either pre-existing fractures or newly
formed cracks in the surrounding rock mass. During the initial cycles
(t < 5T}), both the concrete lining and rock mass experience significant
increases in damage under cyclic loading. However, after this initial
stage, further changes in damage are negligible. A strong correlation
can be observed between the displacement field of the LRC lining and
the damage distribution in the system. Notably, the damage occurring
at the front and back sections of the lining is accompanied with
significant LRC deformation in these areas. The temporal evolution
of damaged areas within both the rock mass and concrete lining are
further illustrated in Fig. 5. There is a noticeable repeating pattern over
cycles, with damage generally prevailing at the beginning of each cycle.
Most damage occurs in the early cycles and levels off after around ten
cycles, suggesting that the mechanical disturbances from cyclic loading
during LRC operation could potentially affect the structural integrity of
both the LRC and the surrounding rock mass in the short term, with
these effects possibly diminishing over time.

In Fig. 6, we analyse the distribution of damage and local maximum
principal stresses in the vicinity of the cavern under the peak and
residual gas pressures. The regions exhibiting high maximum principal
stresses are areas with concentrated tensile stresses (note that tensile
stresses take positive values, according to the adopted solid mechanics
sign convention), which align with the anticipation from the classical
Kirsch’s solution [41]. Significant stress heterogeneity is observed in
the fractured rock when the cavern is loaded by the peak gas pressure
(e.g. t = 29.5 T), resulting from the complex interplay of cavern
loading, rock mass deformation, and in-situ stresses. When the internal
pressure is reduced to the residual value (e.g. r = 30 T;), the stress
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heterogeneity becomes much less, although some high tensile stress still
remain locally, especially in the regions where new cracks are formed.
By examining the damage pattern and stress distribution, we can see
that tensile stress concentration plays a crucial role in generating
damage in both concrete and rock, while compression-induced damage
seems to be minor.

Fig. 7 illustrates how gas pressurisation within the LRC can in-
fluence the shear and normal deformation of pre-existing fractures
around the LRC. In this figure, the upper panel shows the pattern of
fracture shear displacement after cyclic loading. The lower panel gives
the variation in fracture aperture quantified by the ratio of fracture
apertures before and after the cavern pressurisation. A ratio greater
than 1 (highlighted in red) indicates that the aperture is enlarged, while
a ratio less than 1 (highlighted in blue) signals decreased aperture.
Gas infilling induces significant shear deformation along pre-existing
fractures in the front and back regions of the LRC, which correlates well
with the tensile stress field simulated (e.g. Fig. 6). Fractures in these
regions also experience significant opening driven by shear dilation,
while those in other regions show minimal reactivation during gas

pressurisation. The rock mass undergoes an overall compaction as a
result of the expansion of the LRC structure, leading to widespread
closure of fractures in the rock mass.

4.2. Hydrogen accumulation and strength degradation in the steel lining

Fig. 8 shows the temporal evolution of degraded area and average
value of hydrogen concentration in the steel lining. The hydrogen
concentration is represented by the red line, which exhibits a cyclically
growing pattern in the initial cycles, followed by a stabilisation with
minor fluctuations in the later stages. The steel degradation area con-
tinues to grow even after 15 loading cycles, while both the hydrogen
concentration (shown by the red line in Fig. 8) and the damage to
the concrete lining and rock (depicted in Fig. 5) remain generally
unchanged. This result indicates that HE has a prolonged impact on
the LRC’s performance, leading to fatigue-type degradation of the steel
lining over time, as the mechanical field stabilises within the first few
cycles (Fig. 5), while steel degradation could potentially progress in
subsequent cycles. In Fig. 9, we further show the spatial distribution
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where variations are observed at similar locations across all three rows of plots.

and temporal evolution of hydrogen concentration, maximum principal
stress, steel degradation in the steel lining. The horizontal axis repre-
sents the thickness p of the steel lining, while the vertical axis denotes
the central angle, ranging from 0 to 360° along the tangential direction
of the lining. Most of the variation in hydrogen concentration occurs in
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the thickness direction, with minimal change in concentration observed
as the angle varies at the same depth p. This suggests that the overall
concentration is primarily influenced by the boundary concentration
level. In addition to the gradient along the thickness direction, local
fluctuations are noticeable for ¢/T;, = 9.5,10,29.5. These fluctuations
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align closely with changes in stress and degradation, indicating that
steel degradation influences the local hydrogen concentration. In the
second row of this figure, we plot the maximum principal stress vari-
ation, which show a good consistency with the degradation pattern.
Notably, the spatial alignment between high hydrogen concentration
and stress peaks suggests a potential feedback mechanism, where me-
chanical degradation could possibly facilitate increased local hydrogen
concentration. For the degradation evolution shown in the third row
of this figure, the horizontal grey lines mark the positions where pre-
existing fractures intersect with the LRC lining. Two types of failure
patterns can be observed in the degradation field. The degradation
near 6 = 300° and 240° is possibly related to nearby fractures in rock,
where stress concentration occurs due to shear dislocation along those
pre-existing fractures. For the failure around 6 = 120° associated with
no nearby pre-existing fractures in rock, it seems to be governed by
the deformation field of the LRC under the in-situ stress and cavern
pressurisation (see Fig. 4). This second type of degradation develops in
a progressive manner, increasing as the number of cycles grows, which
highlights the interaction between HE in the steel lining and variation
of local stress field under cyclic loading. Such a mechanism appears
more pronounced in later cycles, where the concentration profiles
become increasingly non-uniform, indicating stronger degradation in
yielding stress of the steel lining.

Fig. 10 illustrates the variation in concrete damage and steel degra-
dation around the cavern. A strong correlation is observed between
concrete damage and fracture intersections, where a fracture that in-
tersects the lining promotes concrete damage. Notably, fractures that
intersect with the lining in the tensile loading zone (45° < 6 < 135°
and 225° < 6 < 315°) lead to more significant damage evolution nearby,
while fractures in the compressive regions cause only minor damage.
A similar pattern is observed in the steel degradation field, where
regions near fractures are more susceptible to strength degradation, and
significant yielding occurs primarily in the tensile zone. This indicates
that pre-existing fractures influence not only the concrete lining but
also the inner steel tank. One key difference between concrete dam-
age and steel degradation with HE is that steel degradation is more
localised, whereas concrete damage is more diffuse. Additionally, for
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the concrete lining, at all the fracture-cavern intersections, damage can
be observed, although of variable extents. In contrast, at only certain
interactions, steel degradation is seen, reflecting the protection effect of
the outer concrete lining on the inner steel lining. This differentiation
suggests that, while concrete serves as the primary liner, any compro-
mise in its integrity can progressively expose the steel lining to more
severe degradation. Furthermore, the observed concentration of steel
degradation near fracture intersections in the tensile zone underscores
the importance of fracture orientation in assessing long-term structural
performance. These findings highlight the necessity of incorporating
detailed fracture mapping and orientation information into the design
and maintenance strategies for LRC systems.

In Fig. 11, variations in tangential strain for both the concrete
(represented by the red line) and steel linings (represented by the blue
line) are shown. The yellow-shaded areas indicate the LRC sections
under tensile loading. It is clear that the changes in tangential strain
for both materials are influenced by the in-situ stress conditions and
the spatial distribution of pre-existing fractures. The overall tangential
strain pattern is primarily controlled by the in-situ stress, with tensile
strains occurring at the front and back sections of the lining (i.e. 45° <
0 < 135° and 225° < 0 < 315°), while the remaining sections are
dominated by compressive strains. Notably, significant concentrations
of tensile strain are observed in both the steel and concrete linings
near some pre-existing fractures (reflected by the spikes in Fig. 11). At
those fracture-cavern intersections, strain fluctuations are noticeable,
but sharp increases in tangential strain are only observed in fractures
located within the tensile regions. Although both concrete and steel lin-
ings exhibit a nonuniform strain distribution, the magnitude of tensile
strain concentration is considerably higher in the steel lining than that
in concrete. Additionally, for the steel lining, while strain variations
are seen at all fracture-cavern intersections, strong fluctuations occur
in the later stages at some specific locations such as at 0 ~ 240° and
0 ~ 360° when t/T,, > 1.5, where strong degradation develops.

5. Discussion

To gain deeper insights into the LRC failure behaviour and mecha-
nism as well as its interaction with the hydrogen diffusion process, we
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conduct further investigations to model the response of an LRC system
with no HE effect and compare with our results considering the HE
effect. In Fig. 12, we show the temporal evolution of degradated area
in model with and without HE. For the case without HE, fewer instances
of degradation are observed during cavern loading, which generally
occur in the first 10 cycles, while the model with HE experience much
stronger and more sustained degradation, suggesting that the HE effect
can indeed significantly affect the LRC performance. In the lower part
of Fig. 12, we also compare the two models regarding the accumu-
lated degradation along the steel lining at different loading stages,
highlighting two key mechanisms that explain the differences between
the two models. Firstly, near the fracture at § = 240°, the model
without HE shows no failure, whereas failure occurs in the model with
HE, indicating that the presence of hydrogen diffusion amplifies the
impact of pre-existing fractures on the LRC structure. Additionally, at
the section around 6 = 120°, both models exhibit degradation, but the
progression is more pronounced and faster in the model with HE. It can
be attributed to the coupling between the concentrations of hydrogen
and stress in the steel lining. More specifically, HE leads to the redis-
tribution of stress within the steel, where stress concentration occurs
in certain areas where hydrogen atoms would further accumulate. This
accumulation increases the local hydrogen concentration, making the
steel weaker by reducing its yield stress. As a result of this positive
feedback, the steel becomes more susceptible to degradation during
cyclic loading. Our simulation results highlight the critical impact of HE
on the LRC integrity and performance. This behaviour implies that HE
not only accelerates failure but can also change the dominant failure
path, leading to more extensive degradation than models that do not
consider HE.

Previous analytical studies [15,51] and numerical simulations [14,
17,24,26] have highlighted that the stability of a pressurised cavern is
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primarily influenced by tensile cracking or damage in the surrounding
rock mass. Other simulations have also shown that the presence and
distribution of pre-existing fractures play a crucial role in the struc-
tural deformation of LRCs [29]. Our current simulation results further
demonstrate that pre-existing fractures in rock can also affect the inner
steel lining in the context of hydrogen storage, potentially jeopardis-
ing the gas-tight environment of the cavern due to hydrogen-induced
fatigue failure. In cases where the LRC is situated within a rock mass
containing numerous pre-existing fractures, the structural deformation
of the cavern is characterised by damage in the concrete lining at
various locations, which can lead to hydrogen accumulation and further
steel degradation. Our findings suggest that fractures intersecting the
LRC significantly influence the development of concrete damage, steel
degradation, and the evolution of tangential strain in both the steel and
concrete linings. Furthermore, our simulations indicate that the growth
of new cracks in the concrete lining can result in localised degradation
in the steel lining.

It is important to note that some aspects were not considered in the
current study and will need to be addressed in future research. One
aspect is related to the presence of groundwater, where overpressure
and underpressure could be generated around the cavern during the
LRC filling-emptying cycles. To investigate the evolution of pore water
pressure and its effects on LRC performance, a fully-coupled hydro-
mechanical model [39,52] can be employed. Secondly, apart from the
hydrogen-induced fatigue controlling the gas-tightness of the cavern,
the reinforced concrete and fractured rock masses can also display time-
dependent, mechanically-driven fatigue behaviour, posing threat to the
structural integrity of the LRC system. Considering the creep behaviour
of the rock/concrete material is crucial when assessing the long-term
performance of LRCs, which will be explored in our future work. Fur-
thermore, more sophisticated models with hydrogen trapping and other
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degradation mechanisms [31], such as the Hydrogen-Enhanced Deco-
hesion and Hydrogen Enhanced Strain-Induced Vacancy mechanisms,
may also need to be considered and explored.

6. Conclusions

In this paper, we developed a novel 2D multiscale model to simulate
the behaviour of a lined rock cavern situated in fractured rock masses
under cyclic hydrogen loading. Our simulations demonstrate that the
damage in the concrete layer and rock masses as well as the degradation
in the steel lining are strongly influenced by the presence of pre-
existing fractures in rock and the in-situ stress conditions. Notably,
more severe concrete damage and steel degradation are observed where
fractures intersect with the extensionally loaded sections of the LRC.
Our results reveal the existence of a strong positive feedback between
the hydrogen concentration and stress redistribution in the steel lining.
HE causes a redistribution of stress within the steel, elevating the stress
in regions where hydrogen atoms accumulate. This in turn leads to
an increased local concentration of hydrogen, which further weakens
the steel by lowering its yield stress. Consequently, the steel becomes
more vulnerable to degradation under cyclic loading. These findings
highlight the significant impact of HE on the safety and performance
of LRCs. Additionally, a comparison between models with and without
HE reveals that hydrogen concentration plays a significant role in steel
degradation, particularly in the context of the long-term LRC operation.
Our research indicate that HE in LRCs can pose significant operational
risks, particularly given the presence of fracture networks in rock
masses. It is thus essential to consider these factors when assessing
the safety and performance LRCs for sustainable underground hydrogen
storage in fractured rocks.
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